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Preface

The timing of a school on Heavy Flavour Physics in August 2001 was particularly
fortunate. Both BaBar and Belle had reported in the previous month new results with
clear evidence for CP-violation in By decays. The Standard Model had been subjected
to a qualitatively and quantitatively new test, and passed with flying colours. The result
on sin283 ~ 0.7 + 0.2 was in excellent agreement with the Standard Model expectations
based on non-CP violating processes of sin 23 of about 0.7. The CP-violation observed
more than 35 years ago in the neutral kaon system was confirmed as coming, at least
predominantly, from the complex phase in the quark mixing matrix.

Of course, there is more, much more, to Heavy Flavour Physics than CP violation
and the b-quark systems, and the course of lectures reflected this—‘heavy flavour’ was
interpreted generously to include the c-quark and as appropriate the s-quark.

The subject was approached from a strongly phenomenological point of view. Jonathan
Rosner gave an overview of the Standard Model and its development, Gerhard Buchalla
introduced the topic of Heavy Quark Theory and Christine Davies explained how these
ideas could be implemented on the lattice. Yosef Nir gave a thorough introduction to
CP-violation, while Steve Abel introduced concepts beyond the current Standard Model.
Sheldon Stone gave an overview of B-phenomenology, and the present and future exper-
imental programme was reviewed by Klaus Schubert (B-factories), Peter Krizan (HERA
and the Tevatron), and Tatsuya Nakada (LHCb and BTeV). Harry Nelson discussed the
opportunities for observing physics beyond the Standard Model in the charm sector, and
Konrad Kleinknecht discussed the status of CP-violation in the neutral kaon system. Two
topics strictly outside the domain of heavy flavour, but with significant relevance were
covered. Lawrence Krauss gave an introduction to cosmology, and Ken Peach discussed
the possibility that CP-violation might one day be measurable in the neutrino sector at
a neutrino factory.

We believe that this series of lectures will provide a thorough introduction to the
phenomenology of heavy flavour physics, not only those working on the B-factories, LHCb
or BTeV, but also those working on HERA, the Tevatron and eventually the LHC general
purpose detectors. While the wealth of data from the B-factories and the Tevatron will
lead to new discoveries and, we hope, clues to the physics beyond the Standard Model, it
is already clear that the model provides a very good description of the data. Meanwhile,
these lectures will be a useful guide to these processes, and will enable the student,
whether theorist or experimentalist, to judge the significance of these developments as
they unfold.

Summer schools are not just about science: they are also about dialogue, discussion,
meeting people, and making friends. The school succeeded in this secondary aim, aided
by full social programme and a friendly environment provided by the staff of the John
Burnet Hall. Within this, the scientific discussions and personal interactions flourished.
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The Standard Model in 2001

Jonathan L Rosner

Enrico Fermi Institute and Department of Physics

University of Chicago, USA

DOI: 10.1201/9780429187056-1

1 Introduction

The “Standard Model” of elementary particle physics encompasses the progress that has
been made in the past half-century in understanding the weak, electromagnetic, and
strong interactions. The name was apparently bestowed by my doctoral thesis advisor.
Sam Treiman, whose dedication to particle physics kindled the light for so many of his
students during those times of experimental and theoretical discoveries. These lectures
are dedicated to his memory.

As graduate students at Princeton in the 1960s, my colleagues and I had no idea of the
tremendous strides that would be made in bringing quantum field theory to bear upon
such a wide variety of phenomena. At the time, its only domain of useful application
seemed to be in the quantum electrodynamics (QED) of photons, electrons, and muons.

Our arsenal of techniques for understanding the strong interactions included analyt-
icity, unitarity, and crossing symmetry (principles still of great use), and the emerging
SU(3) and SU(6) symmetries. The quark model (Gell-Mann 1964, Zweig 1964) was just
beginning to emerge, and its successes at times seemed mysterious. The ensuing decade
gave us a theory of the strong interactions, quantum chromo-dynamics (QCD), based
on the exchange of self-interacting vector quanta. QCD has permitted quantitative cal-
culations of a wide range of hitherto intractable properties of the hadrons (Lev Okun’s
name for the strongly interacting particles), and has been validated by the discovery of
its force-carrier, the gluon.

In the 1960s the weak interactions were represented by a phenomenological (and un-
renormalisable) four-fermion theory which was of no use for higher-order calculations.
Attempts to describe weak interactions in terms of heavy boson exchange eventually
bore fruit when they were unified with electromagnetism and a suitable mechanism for
generation of heavy boson mass was found. This electroweak theory has been spectacu-
larly successful, leading to the prediction and observation of the W and Z bosons and
to precision tests which have confirmed the applicability of the theory to higher-order
calculations.
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In this introductory section we shall assemble the ingredients of the standard model
—the quarks and leptons and their interactions. We shall discuss both the theory of the
strong interactions, quantum chromo-dynamics (QCD), and the unified theory of weak
and electromagnetic interactions based on the gauge group SU{2) @ U{1}. Since QCD is
an unbroken gauge theory, we shall discuss it first, in the general context of gauge theories
in Section 2. We then discuss the theory of charge-changing weak interactions (Section 3)
and its unification with electromagnetism {Section 4). The unsolved part of the puzzle,
the Higgs boson, is treated in Section 5, while Section 6 concludes.

These lectures are based in part on courses that T have taught at the University of
Minnesota and the University of Chicago, as well as at summer schools {e.g., Rosner 1988,
1997}. They owe a significant debt to the fine book by Quigg (1983).

Quarks Leptons
Q=2/3 Q=-1/3 Q=-1 Q=0
F t
2 — =

C . b

L c AT T
o 0 — S
“ C el S M v
= : w e d :
i‘; L e
- - : "
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Figure 1. Patierns of charge-changing weak fransitions emong quarks and leptons. The
strongest inter-quark transitions correspond fto the solid lines, with dashed. dot-dashed,
and dotted lines corresponding fo successively weaker transifions.

1.1 Quarks and leptons

The fundamental building blocks of strongly interacting particles, the guarks, and the
fundamental fermions lacking strong interactions, the leptons, are illustrated, along with
their interactions, in Figure 1. Masses, as quoted by the Particle Data Group (2000),
are summarised in Table 1. The relative strengths of the charge-current weak transitions
between the quarks are summarised in Table 2.

The quark masses quoted in Table 1 are those which emerge when quarks are probed at
distances short compared with 1 fin, the characteristic size of strongly interacting particles
and the scale at which QCD becomes too strong to utilise perturbation theory., When
regarded as constituents of strongly interacting particles, however, the x and d quarks act
as quast-particles with masses of about 0.3GeV. The corresponding “constituent-quark”
masses of s, ¢, and b are about 0.5, 1.5, and 4.9GeV, respectively.
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Quarks Leptons
Charge 2/3 Charge —1/3 | Charge -1 Charge 0
Mass Mass Mass Mass

w 0.001-0.005 | 4 0.003-0.009 | ¢ 0.000511 | v, < 3eV
¢ 1.15-1.35 s 0.075-0175 | p 0.106 v, <190 keV
t 1743+51 | b 4.0-44 r L777 v, < 18.2 MeV

Tahble 1. The knoun quarks and leplons. Masses in GeV except where indicated other-
wise. Here and elsewhere we take ¢ = 1.

Relative Transition | Source of information
amplitude {example)
~1 u+ d | Nuclear 3-decay
~ 1 cers Charmed particle decays
~0.22 Ues Strange particle decays
~0.22 ¢+ d | Neutrino prod. of chanin
~0.04 ce b b decays
~ 0.003-0.004 ue b Charmless b decays
~1 teb Dominance of ¢ = Wi
~ (.04 Lt s Only indirect evidence
~ (.01 ted Only indirect evidence

Table 2. Relative strengths of charge-changing weak transitions.

1.2 Colour and quantum chromo-dynamics

The quarks are distinguished from the leptons by possessing a three-fold charge known
as “colour” which enables them to interact strongly with one another. (A gauged colour
symmetry was first proposed by Nambu 1966.) We shall also speak of quark and lepton
“flavour™ when distinguishing the particles in Table 1 fromn one another. The experimental
evidence for colour comes from several quarters.

1. Quark statistics. One of the lowest-lying hadrons is a particle known as the A++,
an excited state of the nucleon first produced in #7p collisions in the mid-1950s at the
University of Chicago cyclotron. It can be represented in the quark model as wuu. so
it is totally symmetric in flavour. It has spin J = 3/2. which is a totally symmetric
combination of the three guark spins {each taken to be 1/2). Moreover, as a ground state,
it is expected to contain no relative orbital angular momenta among the quarks.

This leads to a paradox if there are no additional degrees of freedom. A state composed
of fermions should be totally antisyminetric under the interchange of any two fermions.,
but what we have described so far is totally symmetric under flavour, spin, and space
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interchanges, hence totally symmetric under their product. Colour introduces an addi-
tional degree of freedom under which the interchange of two quarks can produce a minus
sign, through the representation At ~ ey.utu’u®. The totally antisymmetric product
of three colour triplets is a colour singlet.

2. Electron-positron annihilation to hadrons. The charges of all quarks which can be
produced in pairs below a given centre-of-mass energy is measured by the ratio

_ o(ete” — hadrons) 5
B alete- = ptp=) gQ" ’ (1)

For energies at which only uii, dd, and s5 can be produced, i.e., below the charmed-pair
threshold of about 3.7GeV, one expects

N —1)? —1)?2 2
a=r|(5) +(3) +(F) =5 ;
[ ) +(5) +(5) | =5M (2)
for N, “colours” of quarks. Measurements first performed at the Frascati laboratory in
Italy and most recently at the Beijing Electron-Positron Collider (Bai et al. 2001: see

Figure 2) indicate R = 2 in this energy range (with a small positive correction associated
with the strong interactions of the quarks), indicating N, = 3.

@
2
m L]
; 55F @ BESII(1998)
® BESII (1999)
s t O Gamma2
45 _ 2 Markl
ar | 1} 4
35 | ' + ! |
3 J . .

25

o

1 e 'l I | |
5
E_, (GeV)

Figure 2. Values of R measured by the BES Collaboration.

3. Neutral pion decay. The n° decay rate is governed by a quark loop diagram in
which two photons are radiated by the quarks in 7% = (ui — dd)/v/2. The predicted rate
is

SZm? o\2
[~ 7) = 3 () - (3)
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where f, = 131MeV and S = N(Q2 — Q%) = N./3. The experimental rate is 7.84:0.6 eV,
while (3) gives 7.652 eV, in accord with experiment if S =1 and N, = 3.

4. Triality. Quark composites appear only in multiples of three. Baryons are composed
of gqq, while mesons are ¢g (with total quark number zero). This is compatible with our
current understanding of QCD, in which only colour-singlet states can appear in the
spectrum. Thus, mesons M and baryons B are represented by

1 1 c
M=—=(¢"%)), B= rlcag’d’q"). (4)

V3 V6

Direct evidence for the quanta of QCD, the gluons, was first presented in 1979 on the
basis of extra “jets” of particles produced in electron-positron annihilation to hadrons.
Normally one sees two clusters of energy associated with the fragmentation of each quark
in ete™ — ¢g into hadrons. However, in some fraction of events an extra jet was seen,
corresponding to the radiation of a gluon by one of the quarks.

The transformations which take one colour of quark into another are those of the
group SU(3). We shall often refer to this group as SU(3)colour to distinguish it from the
SU(3)favour associated with the quarks u, d, and s.

1.3 Electroweak unification

The electromagnetic interaction is described in terms of photon exchange, for which the
Born approximation leads to a matrix element behaving as 1/¢%>. Here ¢ is the four-
momentum transfer, and ¢? is its invariant square. The quantum electrodynamics of
photons and charged point-like particles (such as electrons) initially encountered calcula-
tional problems in the form of divergent quantities, but these had been tamed by the late
1940s through the procedure known as renormalisation, leading to successful estimates of
such quantities as the anomalous magnetic moment of the electron and the Lamb shift in
hydrogen.

By contrast, the weak interactions as formulated up to the mid-1960s involved the
point-like interactions of two currents, with interaction Hamiltonian Hw = Gr.J, J‘”/\/ﬁ,
where G = 1.16637(1) x 1073GeV~2 the current value for the Ferm: coupling constant.
This interaction is very singular and cannot be renormalised. The weak currents J, in
this theory were purely charge-changing. As a result of work by Lee and Yang, Feynman
and Gell-Mann, and Marshak and Sudarshan in 1956-7 they were identified as having
(vector)-(axial) or “V—A" form.

Hideki Yukawa (1935) and Oskar Klein (1938) proposed a boson-exchange model for
the charge-changing weak interactions. Klein’s model attempted a unification with elec-
tromagnetism and was based on a local isotopic gauge symmetry, thus anticipating the
theory of Yang and Mills (1954). Julian Schwinger and others studied such models in
the 1950s, but Glashow (1961) was the first to realise that a new neutral heavy boson
had to be introduced as well in order to successfully unify the weak and electromagnetic
interactions. The breaking of the electroweak symmetry (Weinberg 1967, Salam 1968)
via the Higgs (1964) mechanism converted this phenomenological theory into one which
could be used for higher-order calculations, as was shown by 't Hooft and Veltman in the
early 1970s.
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The boson-exchange model for charge-changing interactions replaces the Fermi in-
teraction constant with a coupling constant g at each vertex and the low-¢? limit of a
propagator, 1/(M% — ¢%) = 1/M3,, with factors of 2 chosen so that Gr/V2 = g2 /813,
The ¢? term in the propagator helps the theory to be more convergent, but it is not the
only ingredient needed, as we shall see.

The normalisation of the charge-changing weak currents J, suggested well in advance
of electroweak unification that one regard the corresponding integrals of their time com-
ponents (the so-called weak charges) as members of an SU(2) algebra (Gell-Mann and
Lévy 1960, Cabibbo 1963). However, the identification of the neutral member of this
multiplet as the electric charge was problematic. In the V—A theory the W’s couple
only to left-handed fermions ¢, = (1 — «5)¢/2, while the photon couples to v} + ¥,
where ¥p = (1 + v5)¥/2. Furthermore, the high-energy behaviour of the v — WHW—
scattering amplitude based on charged lepton exchange leads to unacceptable divergences
if we incorporate it into the one-loop contribution to v# — v (Quigg 1983).

A simple solution was to add a neutral boson Z coupling to WtW~ and v in such
a way as to cancel the leading high-energy behaviour of the charged-lepton-exchange
diagram. This relation between couplings occurs naturally in a theory based on the gauge
group SU(2) ® U(1). The Z leads to neutral current interactions, in which (for example)
an incident neutrino scatters inelastically on a hadronic target without changing its charge.
The discovery of neutral-current interactions of neutrinos and many other manifestations
of the Z proved to be striking confirmations of the new theory.

Identifying the W+ and W~ with raising and lowering operations in an SU(2), so that
W* = (W'giW?)v/2, then left-handed fermions may be assigned to doublets of this “weak
isospin”, with Ip(u,c.t)=I(ve,v,. v;) = +1/2 and Iy (d,s.b)=Il(em p~. 77) = =1/2.
All the right-handed fermions have I, = I3, = 0. As mentioned, one cannot simply
identify the photon with W3, which also couples only to left-handed fermions. Instead,
one must introduce another boson B associated with a U(1) gauge group. It will mix
with the W2 to form physical states consisting of the massless photon 4 and the massive
neutral boson Z:

A= Bcosf+Wsing, Z = —Bsinf + W3cosf. (5)

The mixing angle # appears in many electroweak processes. [t has been measured to
sufficiently great precision that one must specify the renormalisation scheme in which it
is quoted. For present purposes we shall merely note that sin? § ~ 0.23. The correspond-
ing SU(2) and U(1) coupling constants g and g' are related to the electric charge e by

e =gsinf = g’ cosf, so that
1 1 1

The electroweak theory successfully predicted the masses of the W+ and Z:
My ~ 38.6 GeV/sinf ~ 80.5 GeV , Mz~ My /cosf ~91.2 GeV, (7)

where we show the approximate ezxperimental values. The detailed check of these predic-
tions has reached the precision that one can begin to look into the deeper structure of
the theory. A key ingredient in this structure is the Higgs boson, the price that had to be
paid for the breaking of the electroweak symmetry.
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1.4 Higgs boson

An unbroken SU(2) ® U(1) theory involving the photon would require all fields to have
zero mass, whereas the W+ and Z are massive. The symmetry-breaking which generates
W and Z masses must not destroy the renormalisability of the theory. However, a massive
vector boson propagator is of the form

~Gu + 440,/ M?
Dy (q) = #—(IQ_LM{/—

(8)
where M is the boson mass. The terms ¢,g,, when appearing in loop diagrams, will
destroy the renormalisability of the theory. They are associated with longitudinal vector
boson polarisations, which are only present for massive bosons. For massless bosons like
the photon, there are only transverse polarisation states J, = £J.

The Higgs mechanism, to be discussed in detail later in these lectures, provides the
degrees of freedom needed to add a longitudinal polarisation state for each of W+, W~,
and WP, In the simplest model, this is achieved by introducing a doublet of complex

Higgs fields:
+ &0
¢=[(ZO]» ¢*=LJ. (9)

Here the charged Higgs fields ¢* provide the longitudinal component of W# and the linear
combination (¢° — ¢°)/iv/2 provides the longitudinal component of the Z. The additional
degree of freedom (¢° + ¢°)/v/2 corresponds to a physical particle, the Higgs particle.
which is the subject of intense searches.

Discovering the nature of the Higgs boson is a key to further progress in understanding
what may lie beyond the Standard Model. There may exist one Higgs boson or more than
one. There may exist other particles in the spectrum related to it. The Higgs boson may
be elementary or composite. If composite, it points to a new level of substructure of the
elementary particles. Much of our discussion will lead up to strategies for the next few
years designed to address these questions. First, we introduce the necessary topic of gauge
theories, which have been the platform for all the developments of the past thirty years.

2 Gauge theories

2.1 Abelian gauge theories

The Lagrangian describing a free fermion of mass m is Lgee = %(z @—m). It is invariant
under the global phase change ¥ — exp(ia)y. (We shall always consider the fermion fields
to depend on z.) Now consider independent phase changes at each point:

Y — ¢ = explia(z)]y. (10)

Because of the derivative, the Lagrangian then acquires an additional phase change at
each point: 6L = Yiv*[i0,a(x)]d. The free Lagrangian is not invariant under such
changes of phase, known as local gauge transformations.
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Local gauge invariance can be restored by the replacement 8, — D, = 9, + ieA, in
the free-fermion Lagrangian, which now becomes

PEP—m)p = P(i §—m)y —ev A(z). (11)

The effect of a local phase in i) can be compensated if we allow the vector potential A,
to change by a total divergence, which does not change the electromagnetic field strength
(defined as in Peskin and Schroeder 1995; Quigg 1983 uses the opposite sign)

F, =08,4, - 3,A,. (12)

Indeed, under the transformation ¥y — ¢’ and with 4 = A’ with A’ yet to be determined,
we have

=P (i §—my — e Ay = (i f—m)y — Y[ Pa(z)]d — ey, (13)
This will be the same as £ if
Al (x) = A,(x) - é@ua(x) . (14)

The derivative D, is known as the covariant derivative. One can check that under a local
gauge transformation, D¢ — ¢ D,y

Another way to see the consequences of local gauge invariance suggested by Yang
(1974) and discussed by Peskin and Schroeder (1995, pp 482-486) is to define —eA,(xz)
as the local change in phase undergone by a particle of charge e as it passes along an
infinitesimal space-time increment between z# and z# + dx*. For a space-time trip from
point A to point B, the phase change is then

®4p = exp (—ie /A ? Au(x)dx“) . (15)

The phase in general will depend on the path in space-time taken from point A to point B.
As a consequence, the phase ® 45 is not uniquely defined. However one can compare the
result of a space-time trlp along one path, leading to a phase <I>AB, with that along another,
leading to a phase <I>AB. The two-slit experiment in quantum mechanics involves such a
comparison; so does the Bohm-Aharonov effect in which a particle beam traveling past
a solenoid on one side interferes with a beam traveling on the other side. Thus, phase
differences

@SL@:E = &s =exp ( ze}{A dx“) , (16)

associated with closed paths in space-time (represented by the circle around the integral
sign), are the ones which correspond to physical experiments. The phase ®¢ for a closed
path C' is independent of the phase convention for a charged particle at any space-time
point xg, since any change in the contribution to ®¢ from the integral up to xy will be
compensated by an equal and opposite contribution from the integral departing from x,.

The closed path integral (16) can be expressed as a surface integral using Stokes’
theorem:

fA dz* _/ z)da* (17)
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where the electromagnetic field strength F),, was defined previously and do** is an element
of surface area. It is also clear that the closed path integral is invariant under changes (14)
of A,(x) by a total divergence. Thus F,, suffices to describe all physical experiments as
long as one integrates over a suitable domain. In the Bohm-Aharonov effect, in which a
charged particle passes on either side of a solenoid, the surface integral will include the
solenoid (in which the magnetic field is non-zero).

If one wishes to describe the energy and momentum of free electromagnetic fields, one
must include a kinetic term Lx = —(1/4)F,, F*" in the Lagrangian. which now reads

1 _ J—
L= =7 FuF* +3(i § = m)d - e Ao (18)

If the electromagnetic current is defined as Jim = a'yﬂz,/}, then this Lagrangian leads to
Maxwell’s equations.

The local phase changes (10) form a U(1) group of transformations. Since such trans-
formations commute with one another, the group is said to be Abelian. Electrodynamics,
just constructed here, is an example of an Abelzan gauge theory.

2.2 Non-Abelian gauge theories

One can imagine that a particle traveling in space-time undergoes not only phase changes,
but also changes of identity. Such transformations were first considered by Yang and Mills
(1954). For example, a quark can change in colour (red to blue) or flavour (u to d). In
that case we replace the coefficient eA, of the infinitesimal displacement dx, by an n x n
matrix —gA () = —gAL (x)T; acting in the n-dimensional space of the particle’s degrees
of freedom. (The sign change follows the convention of Peskin and Schroeder 1995.)
For colours, n = 3. The T; form a linearly independent basis set of matrices for such
transformations, while the AL are their coefficients. The phase transformation then must
take account of the fact that the matrices A,(x) in general do not commute with one
another for different space-time points, so that a path-ordering is needed:

®up=P [exp (ig /AB A#(ur)dz“ﬂ _ (19)

When the basis matrices T; do not commute with one another, the theory is non- Abelian.

We demand that changes in phase or identity conserve probability, i.e., that ®45 be
unitary: ‘I’LB‘I)AB = 1. When ®4p is a matrix, the corresponding matrices A,(x) in (19)
must be Hermitian. If we wish to separate out pure phase changes, in which A,(z) is a
multiple of the unit matrix, from the remaining transformations, one may consider only
transformations such that det(®45) = 1, corresponding to traceless A,(x).

The n x n basis matrices T; must then be Hermitian and traceless. There will be

n? — 1 of them, corresponding to the number of independent SU(N) generators. (One

can generalise this approach to other invariance groups.) The matrices will satisfy the
commutation relations

T, T;] = icije Tk, (20)

where the ¢;j) are structure constants characterising the group. For SU(2), ¢;jr = €51 (the

Kronecker symbol), while for SU(3), ¢;jx = fije, where the fi;. are defined in Gell-Mann
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and Ne'eman (1964). A 3 x 3 representation in SU(3) is T; = A;/2, where X;/2 are the
Gell-Mann matrices normalised such that Tr A;A; = 24;;. For this representation, then,
Tr TiTJ‘ = 11/2

In order to define the field-strength tensor F,, = F;;,/Ti for a non-Abelian transfor-
mation, we may consider an infinitesimal closed-path transformation analogous to (16)

for the case in which the matrices A,(z) do not commute with one another. The result
(see, e.g., Peskin and Schroeder 1995, pp 486-491) is

F. =0,A, —0,A, —ig[A,,A)],  F., =0,A,—0,A, + gcijed) AL (21)

An alternative way to introduce non-Abelian gauge fields is to demand that, by analogy
with (10), a theory involving fermions % be invariant under local transformations

U(z) = ¥'(2) = Ule)ylz), UU=1, (22)

where for simplicity we consider unitary transformations. Under this replacement we find
that £ — L', where

L=0Gg-my

YU p-m)UY
Ui §—m) + iUy (9,U)y. (23)
As in the Abelian case, an extra term is generated by the local transformation. It can be
compensated by replacing §, by

0, - D,=0,—igA,(x). (24)

In this case £ = ¢(i D — m)y and under the change (22) we find

—!

C=3P —my = UG P+g & —m)Uy

= CHTUT U= UGN, (25)
This is equal to £ if we take
AL =UAU™ - é(@uU)U“ : (26)
This reduces to our previous expressions if § = —e and U = e*®®),

The covariant derivative acting on 1 transforms in the same way as ¢ itself under
a gauge transformation: D,y — D)y’ = UD,y. The field strength F,, transforms
as ¥, - F,, = UF,U"". It may be computed via [D,,D,] = —igF,,; both sides
transform as U( )U™! under a local gauge transformation.

In order to obtain propagating gauge fields, as in electrodynamics, one must add
a kinetic term Lx = —(1/4)F}, F* to the Lagrangian. Recalling the representation
F,, = F,, in terms of gauge group generators normalised such that Tr(T;T;) = 6;;/2, we
can write the full Yang-Mills Lagrangian for gauge fields interacting with matter fields as

L=~ TH(R,F*) + Ui B —m) (27)

We shall use Lagrangiahs of this type to derive the strong, weak, and electromagnetic
interactions of the “Standard Model.”
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The interaction of a gauge field with fermions then corresponds to a term in the
interaction Lagrangian AL = gv{x)y* A (z)y(x). The [A,, A,] term in F,. leads to
self-interactions of non-Abelian gauge fields, arising solely from the kinetic term. Thus,
one has three- and four-field vertices arising from

. . 2 .
ALY = (8,4 )gepaia®, ALY = —%c,-jkc,-m,,A"’A""A;“A:ﬁ. (28)

These self-interactions are an important aspect of non-Abelian gauge theories and are
responsible in particular for the remarkable asympiotic freedom of QCD which leads to its
becoming weaker at short distances, permitting the application of perturbation theory.

2.3 Elementary divergent quantities

In most quantum field theories, including quantum electrodynamics, divergences accurring
in higher orders of perturbation theory must be removed using charge, mass, and wave
function renormalisation. This is conventionally done at intermediate calculational stages
by introducing a cutoff momenturn scale A or analytically continuing the number of space-
time dimensions away from four. Thus, a vacuum polarisation graph in QED associated
with external photon mementum & and a fermion loop will involve an integral

k)~ [ Lt (o) (29)
a self-energy of a fermion with external momentum p will involve
q
=)~ f (g:r' %”‘ + i
and a fermion-photon vertex function with external ferrion momenta p,p' will involve
A~ [
Akt T+ F-m U F-m

7. {30)

(31)

The integral {29) appears to be quadratically divergent. However, the gauge invariance of
the theory translates into the requirement k#II,, = 0, which requires I1,, to have the form

npv(kl = {kzg,tw - A’PLV)H(}(2} . (32}

The corresponding integral for I1{4?) then will be only logarithmically divergent. The inte-
gral in (30) is superficially linearly divergent but in fact its divergence is only logarithmic.
as is the integral in (31).

Unrenormalised functions describing vertices and self-energies involving ny external
boson lines and ng external fermion lines may be defined in terms of a momentwm cutoff
A and a bare coupling constant gy (Coleman 1971, Ellis 1977, Ross 1978):

Tl e =Y (i g0 A) (33)

ng.AF

where p; denote external momenta. Renormalised functions T'® may be defined in ternis of
a scale parameter g, a renormalised coupling constant ¢ = g{g, A/ ). and renormalisation
constants Zg{A) and Zp{A) for the external boson and fermion wave functions:

T (piogo) = Jim [Za(A)]"*|Zr (A TV, 0, (i g0, A) (34)
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The scale p is typically utilised by demanding that I'? be equal to some predetermined

function at a Euclidean momentum p? = —p?. Thus, for the one-boson, two-fermion
vertex, we take
R . =
TreO.p,=p) . = lim ZEZpT5(0.p,-p)| ,__ . =9- (35)

The unrenormalised function TV is independent of ., while T# and the renormalisation
constants Zg(A), Zr(A) will depend on p. For example, in QED, the photon wave
function renormalisation constant (known as Z3) behaves as

A2

o (36)

Qg
Zy=1-="
3 37rln

The bare charge e; and renormalised charge e are related by e = engl/Q. To lowest
order in perturbation theory, e < e;. The vacuum behaves as a normal dielectric; charge
is screened. It is the exception rather than the rule that in QED one can define the
renormalised charge for ¢ = 0; in QCD we shall see that this is not possible.

2.4 Scale changes and the beta function

We differentiate both sides of (34) with respect to u and multiply by z. Since the functions
I'V are independent of 1, we find

( a 8—93) PR (s, g.p) = Jim ("—%aﬁﬁi a—ZF~) ZgzETt . @)

“ou " ouay e \Z" o T 2 o
or a a
[”8_,u + 5(9)% + ngyp(g) + nFW(!J)} M (p;,g,p) =0, (38)
where 5 87 87
5(9)—;13”, v8(9) = 75 op vr(g) = 7 o (39)

The behaviour of any generalised vertex function I'? under a change of scale u is then
governed by the universal functions (39).

Here we shall be particularly concerned with the function 3(g). Let us imagine 4 — Ay
and introduce the variables t = In A, g(g,t) = g(go, A/An), Then the relation for the beta-
function may be written

__dgiz* Do b@). 906,00 = glgo M) = g. (40)

Let us compare the behaviour of § with increasing ¢ (larger momentum scales or shorter
distance scales) depending on the sign of 3(g). In general we will find 3(0) = 0. We take
3(g) to have zeroes at § =0, g1, g2, .... Then:

1. Suppose 3(g) > 0. Then g increases from its ¢ = 0 value § = g until a zero g¢; of
B(g) is encountered. Then g — g¢; as ¢t = oc.

2. Suppose 3(§) < 0. Then g decreases from its t = 0 value § = ¢ until a zero g; of
B(g) is encountered.
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In either case § approaches a point at which 8(g) = 0, 8'(g) < 0 as t = oc. Such
points are called ultraviolet fizred points. Similarly, points for which 3(g) = 0, #'(g) > 0
are infrared fized points, and § will tend to them for ¢ = —oo (small momenta or large
distances). The point e =0 is an infrared fixed point for quantum electrodynamics, since
B'(e) >0ate=0.

It may happen that 8'(0) < 0 for specific theories. In that case § = 0 is an ultraviolet
fixed point, and the theory is said to be asymptotically free. We shall see that this property
is particular to non-Abelian gauge theories (Gross and Wilczek 1973, Politzer 1974).

2.5 Beta function calculation

In quantum electrodynamics a loop diagram involving a fermion of unit charge contributes
the following expression to the relation between the bare charge ey and the renormalised

charge e:
cef1-2mA
e=ep <l 3ﬂ_ln ﬂ) , (41)
as implied by (35) and (36), where ag = e2/47. We find
3 3
I
ple) = 1272 ~ 1272° (42)

where differences between eq and e correspond to higher-order terms in e. Thus 3(e) > 0
for small e and the coupling constant becomes stronger at larger momentum scales (shorter
distances).

We shall show an extremely simple way to calculate (42) and the corresponding result
for a charged scalar particle in a loop. From this we shall be able to first calculate the
effect of a charged vector particle in a loop (a calculation first performed by Khriplovich
1969) and then generalise the result to Yang-Mills fields. The method follows that of
Hughes (1980).

When one takes account of vacuum polarisation, the electromagnetic interaction in
momentum space may be written

e? e?

&7 i) (43)

Here the long-distance (¢2—0) behaviour has been defined such that e is the charge
measured at macroscopic distances, so II{(0) = 0. Following Sakurai (1967), we shall
reconstruct II;(¢q2) for a loop involving the fermion species i from its imaginary part,
which is measurable through the cross section for ete™ — ii:

Im [0;(s) = —o(ete™ = ii), (44)

where s is the square of the centre-of-mass energy and o = e?/4w. For fermions f of
charge e; and mass my,

2 2m?2 am2\ 172
Im I0,(s) = g;_; (1 + ﬂ) (1 - ﬂ) 6(s — 4m?), (45)
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while for scalar particles of charge e, and mass m;,

2 4 2 3/2
Im ns(s)=°f; (1— ’:) 8(s — 4m?). (46)

The corresponding cross section for ete”™ — p*u~, neglecting the muon mass, is
o(ete” = ptp~) = 4ma?/3s, so one can define
Ri=o(ete” = ii)/olete” = ptpu™), (47)

in terms of which Im II;(s) = aR;(s)/3. For s — oo one has Rs(s) — e} for a fermion
and R(s) — e2/4 for a scalar.

The full vacuum polarisation function IL;(s) cannot directly be reconstructed in terms
of its imaginary part via the dispersion relation

Mi(s) = l/“’ 9 (), (48)
T Jam?2 8 —

since the integral is logarithmically divergent. This divergence is exactly that encountered

earlier in the discussion of renormalisation. For quantum electrodynamics we could deal

with it by defining the charge at ¢2 = 0 and hence taking I1;(0) = 0. The once-subtracted

dispersion relation for 11;(s) — 11;(0) would then converge:

1 foo ds' ,
i(s) = /W Ty ). (49)
However, in order to be able to consider cases such as Yang-Mills fields in which the
theory is not well-behaved at ¢* = 0, let us instead define II;(—u?) = 0 at some spacelike

scale ¢> = —p®. The dispersion relation is then
1= [ 1 1 ,
i(s) = ;Amz ds [5, — - ;ﬂ] Im TL(s"). (50)
For |¢%| > u? > m?, we find
a —¢?
0;(¢%) > —-—R;(o0) {ln — + const.} , (51)
37 I

and so, from (43), the “charge at scale ¢” may be written as

2
2o ¢ o

2
_C  Ler
‘= 11 L(e?) e{+37r

Ri(oo)ln—Q} . (52)
u

The beta-function here is defined by §(e) = p{de/0u) at fixed e,. This expression gives
Ble) = —Hoed/(167%) + O(e?) and one finds Sy = —(4/3)e% for spin-1/2 fermions and
Bo = —(1/3)e? for scalars.

These results will now be used to find the value of 3, for a single charged massless vector
field. We generalise the results for spin 0 and 1/2 to higher spins by splitting contributions
to vacuum polarisation into “convective” and “magnetic” ones. Furthermore, we take into
account the fact that a closed fermion loop corresponds to an extra minus sign in 1I;(s)
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{which is already included in our result for spin 1/2). The “magnetic” contribution of
a particle with spin projection S, must be proportional to S?. For a massless spin-S
particle, $2 = $%. We may then write

{ (=1)rr(aST +b)(S =0),
fo=

(—1)"r(2S% + 2B)(S #0), (53)

where np = 1 for a fermion, 0 for a boson. The factor of 2b for § # 0 comes from the
contribution of each polarisation state (S, = £35) to the convective term. Matching the
resulis for spins 0 and 1/2,

1 4 a
3=t 5= (3+2). (54
we find @ = 8 and hence for S =1
2 22
50—8—5 3 (53)

The magnetic contribution is by far the dominant one (by a factor of 12}, and is of
opposite sign to the convective one. A similar separation of contributions, though with
different interpretations, was obtained in the original calculation of Khriplovich (1969).
The reversal of sign with respect to the scalar and spin-1/2 results is notable.

2.6 Group-theoretic techniques

The result (55) for a charged, massless vector field interacting with the photon is also the
value of 3y for the Yang-Mills group SO(3) ~ SU(2) if we identify the photon with Ai
and the charged vector particles with 4F = (4] F zAi)/\/‘E We now generalise it to the
contribution of gauge fields in an arbitrary group G.

The value of 8y gauge fietds depends on a sum over all possible self-interacting gauge
fields that can contribute to the loop with external gauge field labels ¢ and m:

Bl G - e (56)
AU~ S

where cﬁk is the structure constant for &, introduced in (20). The sums in (56) are

proportional to &,
CijhCmjk = OimCa(A) . (37)

The quantity Cy{A) is the quadratic Casimir operator for the adjoint representation of
the group G.

Since the structure constants for SO(3) ~ SU(2) are just Cilim = €k, one finds

Ca(A) = 2 for SU{2), so the generalisation of (35) is that By gauge fields = (11/3)CH(A).
The contributions of arbitrary scalars and spin-1/2 fermions in representations R are
proportional to T(R), where
Tr (T:T;) = 65T(R) {58)
for matrices T; in the representation R. For a single charged scalar particle {e.g., a
pion) or fermion (e.g.. an electron), T{R) = 1. Thus Fy spin 0 = —(1/3)TH{R). while
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Bo spin 172 = —(4/3)T1/2(R), where the subscript on T(R) denotes the spin. Summarising
the contributions of gauge bosons, spin 1/2 fermions, and scalars, we find

Bo = %CQ(A) - %ZTW(R!) -2 %TO(RS) : (59)
f 8

One often needs the beta-function to higher orders, notably in QCD where the per-
turbative expansion coefficient is not particularly small. It is

=3 =5

_ g
B(9) = ~Boge —ﬂl(lgﬂ)? +..., (60)

where the result for gauge bosons and spin 1/2 fermions (Caswell 1974) is

b1 = 2 {TICHA = 1T(RIC3(4) — 6T(RICo(R)} (61)
The first term involves loops exclusively of gauge bosons. The second involves single-
gauge-boson loops with a fermion loop on one of the gauge boson lines. The third involves
fermion loops with a fermion self-energy due to a gauge boson. The quantity Cy(R) is
defined such that

[T(RYT*(R)]as = Co(R)bus (62)

where & and 8 are indices in the fermion representation.

We now illustrate the calculation of Cy(A), T(R), and Cy(R) for SU(N). More general
techniques are given by Slansky (1981).

Any SU(N) group contains an SU(2) subgroup, which we may take to be generated
by T, Ty, and T3. The isospin projection I3 may be identified with T3. Then the I3 value
carried by each generator T; (written for convenience in the fundamental N-dimensional
representation) may be identified as shown below:

—2-> ~N-2>

0 1 /2 -+ 1/2
-1 0 | -1/2 - -1/2
-1/2 1/2 0 0
-1/2 1/2 0 0

Since Cy(A) may be calculated for any convenient value of the index i = m in (57).
we chose : = m = 3. Then

2
Cod)= 3 (B =1+1+4(N-2) (%) —N. (63)
adjoint

As an example, the octet (adjoint) representation of SU(3) has two members with |I3| =1
(e.g., the charged pions) and four with |I3| = 1/2 (e.g.. the kaons).
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For members of the fundamental representation of SU(N), there will be one member
with I3 = +1/2, another with [y = —1/2, and all the rest with Iy = 0. Then again
choosing i = m = 3 in (58), we find T{ R}|fundamental = 1/2. The SU(N) resuit for 3y in the
presence of ny spin 1/2 fermions and n, scalars in the fundamental representation then

may be written 5

11 1
}80 = E_N - gn! — =¥, (64)

6

The quantity Cy(A) in (63) is most easily calculated by averaging over all indices
a = 8. If all generators T* are normalised in the same way, one may calculate the result
for an individual generator (say, ;) and then multiply by the number of generators [V -1
for SU(N)]. For the fundamental representation one then finds

o[ (Y] e

2.7 The running coupling constant

One may integrate {60) to obtain the coupling constant as a function of momentum scale
M and a scale-setting parameter A. In terms of & = §° /4w, one has

da at | a , A2
E__ﬁnﬁ_ﬁlw‘ t=2=In (F) . (66}
For large ¢’ the result can be written as
o 47 B In¥ .
alM?) = o [1 - ;3_[% " ] +0¢Y). (67)

Suppose a process involves p powers of & to leading order and a correction of order
atl:

I' = A&*[l + Ba + O{a%)]. (68)
If A is rescaled to AA, then ¢ —+ # — 2InA = ¥'(1 — 2In A/t'), so
d”ﬁd”(l+%%‘-éln)«) ) (69)

The coefficient B thus depends on the scale parameter used to define &.

Many prescriptions have been adopted for defining A. In one ("t Hooft 1973), the
“minimal subtraction” or MS scheme, ultraviolet logarithmic divergences are parame-
terised by continuing the space-time dimension 4 = 4 to d = 4 — ¢ and subtracting
pole terms [d'"*/p? ~ 1/e. In another (Bardeen et al 1978) {the “modified minimal
subtraction” or MS scheme) a term

1 1 Indm-—
—=—+—78 {70)
€ €

2

containing additivnal finite pieces is subtracted. Here yg = 0.5772 is Euler’s constant, and
one can show that Agg = Amsexp{(indr — vg)/2]. Many O(a) corrections are quoted in
the MS scheme. Specification of A in any scheme is equivalent to specification of &(M?).
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Figure 3. Scale-dependence of the sirong-coupling constant &g(M?) subject to the con-
straint ag{MZ2) = 0.118 + 0.002. The solid line shows the ceniral value; dashed lines
indicate £1o limils,

2.8 Applications to quantum chromodynamics

A “golden application™ of the running coupling constant to QCD is the effect of gluon
radiation on the value of R in e*e™ annihilations. Since R is related to the imaginary part
of the photon vacuum polarisation function II{s) which we have calculated for fermions
and scalar particles, one caleulates the effects of gluon radiation by calculating the correc-
tion to I1{s} due to internal gluon lines. The leading-order result for colour-triplet quarks
is R(s) = R(s}[1 + a(s)/w]. There are many values of s at which one can teasure such
effects. For example, at the mass of the Z, the partial decay rate of the Z to hadrons
involves the same correction, and leads to the estimate as(M2) = 0.118 £ 0.002. The
dependence of @s(M?) satisfying this constraint on M? is shown in Figure 3. As we shall
see in Section 5.1, the electromagnetic coupling constant alse runs, but much more slowly,
with a~! changing from 137.036 at ¢> = 0 to about 129 at ¢ = M32.

A systern which illustrates both perturbative and non-perturbative aspects of QCD is
the bound state of a heavy quark and a heavy antiquark, known as quarkonium (in analogy
with positronium, the bound state of a positron and an electron}. We show in Figures 4
and 5 the spectrum of the ¢ and bb bound states (Rosner 1997). The charmonium ()
system was an early laboratory of QCD (Appelquist and Politzer 1975).

The S-wave (L = 0) levels have total angular momentum J, parity P. and charge-
conjugation eigenvalue C equal to J©¢ = 0%~ and 17~ as one would expect for 1Sy and 3S,
states, respectively, of a quark and antiquark. The P-wave (L = 1) levels have JF¢ = 1+~
for the ! P, 0** for the 3£y, 1** for the 37, and 2** for the *Po. The JF< =17 levels
are identified as such by their copious production through single virtual photons in e*e~
annihilations. The 8~ level 5. is produced via single-photon emission from the J/y (so its
C' is positive) and has been directly measured to have J¥ compatible with 0~. Numerous
studies have been made of the electromagnetic (electric dipole) transitions between the
S-wave and P-wave levels and they, too, support the assignments shown.
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Figure 4. Charmonium (c¢) specirum. Observed and predicied levels arve denoted by
solid and dashed horizontal lines, respectively. Arrows denote electromagnetic transitions
{labeled by ) and hadronic transitions (labeled by emitted hadrons).
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Figure 5. Spectrum of bb states. Observed and predicted levels are denoted by solid
and dushed horizontal lines, respectively. In addition to the transitions labeled by arrows,
numerous electric dipole transitions and decays of states below BB threshold to hadrons
containing light quarks have been seen.
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Figure 7. Spectrum of lowest-lying slates containing one bottomn and one hght quark.
Observed and predicted levels are denoted by solid and broken horizontal lines, respectively.



Standard Model 21

The bb and ¢z levels have a very similar structure, aside from an overall shift, The
similarity of the ¢z and bb spectra is in fact an accident of the fact that for the interquark
distances in question (roughly 0.2 to 1 fm), the interquark potential interpolates between
short-distance Coulomb-like and long-distance linear behavior. The Coulomb-like behav-
ior is what one would expect from single-gluon exchange, while the linear behavior is a
particular feature of non-perturbative QCD which follows from Gauss’ law if chroino-
electric flux lines are confined to a fixed area between two widely separated sources
(Nambu 1974). It has been explicitly demonstrated by putting QCD on a space-time
lattice, which permits it to be solved numerically in the non-perturbative regime.

States consisting of a single charmed quark and light (u, d, or s) quarks or antiquarks
are shown in Figure 6. Finally, the pattern of states containing a single b quark (Figure 7)
is very similar to that for singly-charmed states, though not as well fleshed-out. In many
cases the splittings between states containing a single b quark is less than that between
the corresponding charmed states by roughly a factor of m./ms ~ 1/3 as a result of the
smaller chromomagnetic moment of the b quark. Pioneering work in understanding the
spectra of such states using QCD was done by De Rijjula ef al. (1975), building on earlier
observations on light-quark systems by Zel’dovich and Sakharov (1966), Dalitz (1967),
and Lipkin (1973).

3 W bosons

3.1 Fermi theory of weak interactions

The effective four-fermion Hamiltonian for the V'— A theory of the weak iateractions is

Gr
V2
where G and 1y were defined in Section 1.3. We wish to write instead a Lagrangian
for interaction of particles with charged W bosons which reproduces (71) when taken to

second order at low momentum transfer. We shall anticipate a result of Section 4 by
introducing the W through an SU(2) symmetry, in the form of a gauge coupling.

Hw = {Eﬁu(l - '75)'/’2] [a‘ﬂ’”(l - 75)"1’4] = 4% (5114’)’,‘1/)21,) (J:‘L’y#dm‘) » (1)

In the kinetic term in the Lagrangian for fermions,
Ly =9 P—m)Y = (i P)Yr +Ypli P)Yr — miy (72)

the @ term does not mix ¢y, and g, so in the absence of the ¥y term one would have the
freedom to introduce different covariant derivatives P acting on left-handed and right-
handed fermions. We shall find that the same mechanism which allows us to give masses
to the W and Z while keeping the photon massless will permit the generation of fermion
masses even though ¢ and ¥ will transform differently under our gauge group. We
follow the conventions of Peskin and Schroeder (1995, p 700 fI).

We now let the left-handed spinors be doublets of an SU(2), such as
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{We will postpone the question of neutrino mixing until the last section.) The W is
introduced via the replacement

3, =D, =8, —iygT'W;, T = /2, (74)

where 7 are the Pauli matrices and W; are a triplet of massive vector bosons. Here we
will be concerned only with the W*, defined by W = (W] ¥ iWE)/\/E. The field W}
annihilates a W* and creates a W, while W annihilates a W™ and creates a W*. Then
W)= (W}+W,)/v2and W2 =i(W) — W,)/VZ, s0

i _ 1| WE W}
W, = # VW] . (75)
2| vVaw, -W?
The interaction arising from (72) for a lepton { = ¢, g, 7 is then
* g (_ 7 -
ﬁf:f = 7 [V:L‘}f" Wil + v W, Vu,] ) (76)

where we temporarily neglect the W?* terms. Taking this interaction to second order
and replacing the W propagator (Mzﬂ — ¢3)7 by its ¢ = 0 value, we find an effective
interaction of the form (71), with
Gr _ & —
—= T T (77}
V2 8ME
3.2 Charged-current quark interactions

The left-handed quark doublets may be written

HERHEEH ‘"8’
! ] * ' ! ¢
d’L s, b L

where &', 5, and I are related to the mass eigenstates d, s. b by a unitary transformation

d d
sl=V]s|, Viv=1. (79)
b]

The rationale for the unitary matrix 1 of Kobayashi and Maskawa (1973) will be reviewed
in the next section when we discuss the origin of fermion masses in the electroweak theory.
The interaction Lagrangian for W's with quarks then is

w9

int, quarks — \/5

(ULyWiVDL) +he, U , D=ls|. (80
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A convenient parameterisation of V {conventionally known as the Cabibbo-Kobayashi-
Maskawa matrix, or CKM matrix) suggested by Wolfenstein {1983) is

Vie Vie Vs 1 - f\; A AN (p—in)
V| Vy V. Vo l= - 1- r\; AA? ) (81)
Vie Vs Vo AXN1—p—in) —AN 1

Experimentally A ~ 0.22 and A ~ 0.85. Present constraints on the parameters p and 5
are shown in Figure 8. The solid circles denote limits on |V, /|Va| = 0.090 £ 0.025 from

0.6

0.4 F

0.2—

- [\‘\ '-:-.... -
0 [ 1 | 11 | | L1 11 |\‘£F | S N B I I| L1 ‘ 1 ]
-0.50 -0.25 0.00 0.25 0.50

P

Figure 8 Constrainis on parameters of the Cabibbo-Kobayashi- Maskawe (CKM) matriz.
The plotted point at p = 0.21, 5 = 0.38 lies in the middle of the allowed region, (See text. )

charmless b decays. The dashed arcs are associated with limits on Vg from BB mixing.
The present lower limit on B,- B, mixing leads to a lower bound on |V,/Vy4| and the dot-
dashed arc. The doited hyperbolae arise from limits on CP-violating KO-1° mixing. The
phases in the CKM matrix associated with  # 0 lead to CP vielation in neutral kaon
decays (Christenson et al. 1964) and, as recently discovered, in neutral B meson decays
(Aubert et al. 2001la, Abe et al. 2001). These last results lead to a result shown by the
two rays, sin(23) = 0.79 & 0.10, where 8 = Arg(—V4V.} /ViaViy). The small dashed lines
represent 1o limits derived by Gronau and Rosner (2002) (see alse Luo and Rosner 2001)
on the basis of CP asymmetry data of Aubert et ¢l (2001b) for B* = a*x~. Our range
of parameters {confined by 1o limits) is 0.10 < p < 0.32, 0.33 < 5 £ 0.43. Similar plots
are presented in several other lectures at this Summer School (see, e.g., Buchalla 2001,
Nir 2001, Schubert 2001, Stone 2001}, which may be consulted for further details, and an
ongoing analysis of CKM parameters by Hacker et al. (2001) is now incorporating several
other pieces of data.
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3.3 Decays of the T lepton

The 7 lepton (Perl et al. 1975) provides a good example of “standard model” charged-
current physics. The 7~ decays to a v, and a virtual W~ which can then materialise into
any kinematically allowed final state: e~ ¥,, p™1,, or three colours of @d', where, in accord

with (81), d' =~ 0.975d + 0.22s.

Neglecting strong interaction corrections and final fermion masses, the rate for 7 decay
is expected to be

5
T(r~ —all) = 5GF19";f S ~2x107% eV, (82)

corresponding to a lifetime of 7, ~ 3 x 10~13 s as observed. The factor of 5=1+1+3
corresponds to equal rates into e"#,, p~,, and each of the three colours of ad’. The
branching ratios are predicted to be

B(r~ 2 vee i) =B(r" 2 vpy,)= lB(T_ — vud') = 20%. (83
# 3

Measured values for the purely leptonic branching ratios are slightly under 18%, as a
result of the enhancement of the hadronic channels by a QCD correction whose leading-
order behavior is 1 + ag/7, the same as for R in e*e™ annihilation. The 7 decay is thus
further evidence for the existence of three colours of quarks.

3.4 W decays

We shall calculate the rate for the process W — ff and then generalise the result to
obtain the total W decay rate. The interaction Lagrangian (76) implies that the covariant
matrix element for the process W(k) = f(p)f'(p') is

M = 2\/—uf —75)vp (p)e (k) (84)

Here A describes the polarisation state of the W. The partial width is

LW~ = ff) (85)

Z MO
2Mw ot 47er
where (2My)~! is the initial-state normalisation, 1/3 corresponds to an average of W
polarisations, the sum is over both W and lepton polarisations, and p* is the final centre-
of-mass (c.m.) 3-momentum. We use the identity

kK,
3N K)eN (k) = — g + 25 (86)
A MW

for sums over W polarisation states. The result is that
(m2 _ m/2)2

IME, (87)

1
X WMOF = | MG — Jm ") -

pols
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for any process W — ff’, where m is the mass of f and m’ is the mass of f'. Recalling
the relation between Gy and ¢%, this may be written in the simpler form

Gr M p* p*? + 3EF'

My M}
Here E = (p*2 + m2)/? and E' = (p*2 + m'*)1/? are the c.m. energies of f and f’. The
factor @4 reduces to 1 as m,m' — 0.

The present experimental average for the W mass (Kim 2001) is My = 80.451 +
0.033GeV. Using this value, we predict I(W — e~ 7.) = 227.8 £+ 2.3MeV. The widths to
various channels are expected to be in the ratios

(W — ff) =

M3 (M3
€V P T ad e’ =1:1: 1: 3[1+M]: 3[1+MJ , (89)
™ ™

so ag(M%) = 0.120 £ 0.002 leads to the prediction [y (W) = 2.10 £ 0.02GeV. This is
to be compared with a value (Drees 2001) obtained at LEP II by direct reconstruction of
Wes: Ty (W) = 2.150 £ 0.091GeV. Higher-order electroweak corrections, to be discussed
in Section 5, are not expected to play a major role here. This agreement means, among
other things, that we are not missing a significant channel to which the charged weak
current can couple below the mass of the W.

3.5 W pair production

We shall outline a calculation (Quigg 1983) which indicates that the weak interactions
cannot possibly be complete if described only by charged-current interactions. We consider
the process v,(q) + #7.(¢') = Wt (k) + W™ (k') due to exchange of an electron e~ with
momentum p. The matrix element is

_GeMy,

MO
V2

(¢) f )1 - mp—’i /(Rulg) (90)

For a longitudinally polarised W, this matrix element grows in an unacceptable fashion
for high energy. In fact, an inelastic amplitude for any given partial wave has to be
bounded, whereas M®**) will not be.

The polarisation vector for a longitudinal W+ traveling along the z axis is
eM(k) = ([k|,0,0, My ) ~ k, /My , (91)

with a correction which vanishes as |k| — oc. Replacing ¢V (k) by k, /My, using § =¢— #
and gu(g) =0, we find

MOX) & 3G Myi(g) ¢ (K)u(q), (92)

Y. MO =2GEM8g - €M ) —dg- g €] (93)

lepton pol.

This quantity contributes only to the lowest two partial waves, and grows without bound
as the energy increases. Such behavior is not only unacceptable on general grounds
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because of the boundedness of inelastic amplitudes, but it leads to divergences in higher-
order perturbation contributions, e.g., to elastic vv scattering.

Two possible contenders for a solution of the problem in the early 1970s were (1)
a neutral gauge boson Z° coupling to v and W*TW~ (Glashow 1961, Weinberg 1967,
Salam 1968), or (2) a left-handed heavy lepton E* (Georgi and Glashow 1972a) coupling
to v,WT. Either can reduce the unacceptable high-energy behavior to a constant. The Z°
alternative seems to be the one selected in nature. In what follows we will retrace the
steps of the standard electroweak theory, which led to the prediction of the W and Z and
all the phenomena associated with them.

4 Electroweak unification

4.1 Guidelines for symmetry

We now return to the question of what to do with the “neutral W (the particle we called
W3 in the previous section), a puzzle since the time of Oskar Klein in the 1930s. The
time component of the charged weak current

Jl(,.H = NLPY;‘LL + C]LPYMVDL 5 (94)

where Ny, and Lj are neutral and charged lepton column vectors defined in analogy with
Uy and Dy, may be used to define operators

QW = [das?, Q7 =W (95)

which are charge-raising and charge-lowering members of an SU(2) triplet. If we define
Qs = (1/2)[Q™), Q1], the algebra closes: [Q3, Q)] = £Q™). This serves to normalise
the weak currents, as mentioned in the Introduction.

The form (94) (with unitary V') guarantees that the corresponding neutral current will

be
T . _
I = 5 [NuwNy = Ly Lo+ UpyuUs = Dy D] (96)
which is diagonal in neutral currents. This can only succeed, of course, if there are equal

numbers of charged and neutral leptons, and equal numbers of quarks of charge 2/3 and
and quarks of charge —1/3.

It would have been possible to define an SU(2) algebra making use only of a doublet

(Gell-Mann and Lévy 1960)
=) (97)
d . Vidd + Viss L

which was the basis of the Cabibbo (1963) theory of the charge-changing weak interactions
of strange and non-strange particles. If one takes V4 = cosf¢, Vi,s = sinfc, as is assumed
in the Cabibbo theory, the u, d, s contribution to the neutral current J}f’ is

76 1

- 2 7 ) _
B = — [uL'yuuL —cos fcdpy,dy — sin” 0c5y,51
u,d,s 2

—sinﬂccosﬂc(JLyusL+§L'yudL)] . (98)
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This expression contains strangeness-changing neutral currents, leading to the expectation
of many processes like At — ntvi, K9 — putpu~, ..., at levels far above those observed.
It was the desire to banish strangeness-changing neutral currents that led Glashow et
al. (1970) to introduce the charmed quark ¢ (proposed earlier by several authors on the
basis of a quark-lepton analogy) and the doublet

-

In this four-quark theory, one assumes the corresponding matrix V' is unitary. By suitable
phase changes of the quarks, all elements can be made real, making V an orthogonal
matrix with Vg = Vs = cos ¢, V,, = —V.4 = sinf¢. Instead of (98) one then has

&

(99)
Vead + Vs

L

1, _ < _
J;(,:i)]u,d,s,r: = E[UL')/#UL + CLYuCL — dL'Y;tdL - SL'YpSL] ) (100)

which contains no flavour-changing neutral currents.

The charmed quark also plays a key role in higher-order charged-current interactions.
Let us consider AO-R" mixing. The CP-conserving limit in which the eigenstates are
K, (even CP) and R (odd CP) can be illustrated using a degenerate two-state system
such as the first excitations of a drum head. There is no way to distinguish between
the basis states illustrated in Figure 9(a), in which the nodal lines are at angles of +45°
with respect to the horizontal, and those in Figure 9(b), in which they are horizontal and
vertical.

@ : ®

(D "’ @

Figure 9. Basis states for first excitations of a drum head. (a) Nodal lines at £45° with
respect to horizontal; (b) horizontal and vertical nodal lines.

If a fly lands on the drum-head at the point marked “x”, the basis (b) corresponds to
eigenstates. One of the modes couples to the fly; the other doesn’t. The basis in (a) is like
that of (I\'O,—ITO), while that in (b) is like that of (K, Ky). Neutral kaons are produced
as in (a), while they decay as in (b), with the fly analogous to the n7 state. The short-
lived state (A’, in this CP-conserving approximation) has a lifetime of 0.089ns, while
the long-lived state (~ Kj) lives ~ 600 times as long, for 52ns. Classical illustration of
CP-violating mixing is more subtle but can be achieved as well, for instance in a rotating
reference frame (Rosner and Slezak 2001, Kostelecky and Roberts 2001).
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The shared 77 intermediate state and other low-energy states like 7, 7, and 7' are
chiefly responsible for CP-conserving KR’ mixing. However, one must ensure that
large short-distance contributions do not arise from diagrams such as those illustrated in
Figure 10.

@j

d w s j

d
i

Figure 10. Higher-order weak contributions to K°-K' miring due to loops with internal

u,c, t quarks.

If the only charge 2/3 quark contributing to this process were the u quark, one would
expect a contribution to Amg of order

Amgly ~ g* fimy sin? 8¢ cos® O /1672 M, ~ Grfimg(g®/167%), (101)

where fg is the amplitude for d3 to be found in a K, and the factor of 1672 is character-
istic of loop diagrams. This is far too large, since Amg ~ g, ~ G% fim’.. However, the
introduction of the charmed quark, coupling to —dsinf; + s cos f¢, cancels the leading
contribution, leading to an additional factor of [(m2 —m2)/MZ,]In(M2,/m?) in the above
expression. Using such arguments Glashow et al. (1970) and Gaillard and Lee (1974)
estimated the mass of the charmed quark to be less than several GeV. (Indeed, early
candidates for charmed particles had been seen by Niu, Mikumo, and Maeda 1971.) The
discovery of the J/v (Aubert et al. 1974, Augustin et al. 1974) confirmed this prediction;
charmed hadrons produced in neutrino interactions (Cazzoli et al. 1975) and in ete~
annihilation (Goldhaber et al. 1976, Peruzzi et al. 1976) followed soon after.

An early motivation for charm relied on an analogy between quarks and leptons. Hara
(1964), Maki and Ohnuki (1964), and Bjorken and Glashow (1964) inferred the existence
of a charmed quark coupling mainly to the strange quark from the existence of the u — v,

doublet:
Vy c
" ) : leptons = : quarks . (102)
7} s

Further motivation for the quark-lepton analogy was noted by Bouchiat et al. (1972),
Georgi and Glashow (1972b), and Gross and Jackiw (1972). In a gauge theory of the
electroweak interactions, triangle anomalies associated with graphs of the type shown in
Figure 11 have to be avoided. This cancellation requires the fermions f in the theory to
contribute a total of zero to the sum over f of Q}I{ 1- Such a cancellation can be achieved
by requiring quarks and leptons to occur in complete families so that the terms

Leptons :  (0)2 (%) +(-1)? (—%) - ——;: (103)

ot |E) () (D (D]
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4

Figure 11. Ezample of triangle diagram for which leading behaviour must cancel in a
renormalisable electroweak theory.

sum to zero for each family.

We are then left with a flavour-preserving neutral current JL‘”, given by (100), whose
interpretation must still be given. It cannot correspond to the photon, since the photon
couples to both left-handed and right-handed fermions. At the same time, the photon is
somehow involved in the weak interactions associated with W exchange. In particular,
the W+ themselves are charged, so any theory in which electromagnetic current is con-
served must involve a YW+W™ coupling. Moreover, the charge is sensitive to the third
component of the SU(2) algebra we have just introduced. We shall refer to this as SU(2),
recognising that only left-handed fermions v; transform non-trivially under it. Then we
can define a weak hypercharge Y in terms of the difference between the electric charge @
and the third component I3;, of SU(2), (weak isospin):

)/
Q=13L+E. (105)

Values of Y for quarks and leptons are summarised in Table 3.

Particle(s) | @ Iy, Y
Vel 0 1/2 -1
eL -1 | -1/2| -1
ug 2/3 | 1/2 | 1/3
dg -1/3-1/2 | 1/3
€r -1 0 -2
up 2/3 0 4/3
dr -1/3 0 -2/3

Table 3. Values of charge, Iy, and weak hypercharge Y for quarks and leptons.

If you find these weak hypercharge assignments mysterious, you are not alone. They
follow naturally in unified theories (grand unified theories) of the electroweak and strong
interactions. A “secret formula” for Y, which may have deeper significance (Pati and
Salam 1973), is Y = 2I35 + (B — L), where I3 is the third component of “right-handed”
isospin, B is baryon number (1/3 for quarks), and L is lepton number (1 for leptons
such as e” and v,). The orthogonal component of I3z and B — L may correspond to a
higher-mass, as-yet-unseen vector boson, an example of what is called a Z’. The search
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for Z' bosons with various properties is an ongoing topic of interest; current limits are
quoted by the Particle Data Group (2000).

The gauge theory of charged and neutral W’s thus must involve the photon in some
way. It will then be necessary, in order to respect the formula (105), to introduce an
additional U(1) symmetry associated with weak hypercharge. The combined electroweak
gauge group will have the form SU(2); @ U(1)y.

4.2 Symmetry breaking

Any unified theory of the weak and electromagnetic interactions must be broken, since
the photon is massless while the W bosons (at least) are not. An explicit mass term in
a gauge theory of the form mQALA“i violates gauge invariance. It is not invariant under
the replacement (26). Another means must be found to introduce a mass. The symmetry
must be broken in such a way as to preserve gauge invariance.

A further manifestation of symmetry breaking is the presence of fermion mass terms.
Any product ¥y may be written as

Y = (Y, +¥p) (Y1 + YR) = Y ¥R + Vr¥rL (106)

using the fact that ¥, = ¥(1 +v5)/2 and ¥, = ¥(1 — 73)/2. Since ¥, transforms as an
SU(2), doublet but ¢k as an SU(2), singlet, a mass term proportional to ¢'1 transforms
as an overall SU(2), doublet. Moreover, the weak hypercharges of left-handed fermions
and their right-handed counterparts are different. Hence one cannot even have explicit
fermion mass terms in the Lagrangian and hope to preserve local gauge invariance.

One way to generate a fermion mass without explicitly violating gauge invariance is
to assume the existence of a complex scalar SU(2),, doublet ¢ coupled to fermions via a
Yukawa interaction:

_ ot
Ly = _gy(¢!L¢¢R+h.C.), o= [ ¢0 } . (107)

Thus, for example, with 1, = (7., ), and ¢ = ep, we have
Lye=—gyve(Derdter+er¢%p + he.). (108)

If #° acquires a vacuum expectation value, (¢°) # 0, this quantity will automatically
break SU(2), and U(1)y, and will give rise to a non-zero electron mass. A neutrino mass
is not generated, simply because no right-handed neutrino has been assumed to exist.
(We shall see in the last section how to generate the tiny neutrino masses that appear
to be present in nature.) The gauge symmetry is not broken in the Lagrangian, but
only in the solution. This is similar to the way in which rotational invariance is broken
in a ferromagnet, where the fundamental interactions are rotationally invariant but the
ground-state solution has a preferred direction along which the spins are aligned.

The d quark masses are generated by similar couplings involving v/, = (&.d); and
g = dpg, so that

Lyqg= —ng(ﬂL¢+dR + JL¢0dR + hC) . (109)
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To generate 4 quark masses one must either use the multiplet

é= [ “50_ ] =irlg*, (110)
-9
which also transforms as an SU(2) doublet, or a separate doublet of scalar fields
|4
o[2] o
With ¥, = (&,d); and ¢z = up, we then find
Lyu=—gyu(H8"u; — dr¢ up + he)) {112}
if we make use of ¢, or
Lya=—gyu{#¢ ur +dy¢ " uy +he) (113)

if we use ¢'. For present purposes we shall assume the existence of a single complex
doublet, though many theories {notably, some grand unified theories or supersymmetry)
require mote than one.

4.3 Scalar fields and the Higgs mechanism

Suppose a complex scalar field of the form (107} is described by a Lagrangian

2
Lo= (@109 - T8 + 5o, (114

Note the “wrong” sign of the mass term. This Lagrangian is invariant under the symmetry
SU{2}, & U{l)y. The field ¢ will acquire a constant vacuum expectation value which we
calculate by asking for the stationary value of £y

oL,
(#6)

We still have not specified which component of ¢ acquires the vacuum expectation value.
At this point only @'¢ = |¢*|* + |#°|? is fixed, and {Re ¢*, Im ¢*, Re ¢° Im ¢%) can
range over the surface of a four-dimensional sphere. The Lagrangian (114) is, in fact,
invariant under rotations of this four-dimensional sphere, a group SO(4) isomorphic to
SU(2y ® U(1). A lower-dimensional analogue of this surface would be the bottom of a
wine bottle along which a marble rolls freely in an orbit a fixed distance from the centre.

2
=0= (o) =5 (115)

Let us define the vacuum expectation value of ¢ to be a real parameter in the ¢°

direction:
0
a=[ 0]

The factor of 1/+/2 is introduced for later convenience. We then find, from the discussion
in the previous section, that Yukawa couplings of ¢ to fermions t; generate mass terms
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m; = gy,"l)/ \/5 We must now see what such vacuum expectation values do to gauge
boson masses. (For numerous illustrations of this phenomenon in simple field-theoretical
models see Abers and Lee 1973, Quigg 1983, and Peskin and Schroeder 1995.)

In order to introduce gauge interactions with the scalar field ¢, one must replace §,

by D, in the kinetic term of the Lagrangian (114). Here

iWi Y
D#=8u—-ig‘r2 £~ ig 5B, (117)

where the U(1)y interaction is characterised by a coupling constant ¢’ and a gauge field

B,, and we have written g for the SU(2) coupling discussed earlier. It will be convenient

to write ¢ in terms of four independent real fields (£%, 7) in a slightly different form:
v+7

= ()
V2

We then perform an SU(2), gauge transformation to remove the £ dependence of ¢, and
rewrite it as

0

. (118)

0

v Zl
V2

The fermion and gauge fields are transformed accordingly; we rewrite the Lagrangian for
them in the new gauge. The resulting kinetic term for the scalar fields, taking account
that ¥ =1 for the Higgs field (107), is

Lrs = (Dug)' (Do)

ig

This term contains several contributions.

o= . (119)

0

177-}-271

(120)

w3 W;—iwg}_g&}
Wi+ iW? -w3 2

1. There is a kinetic term %(8#7])(8“7]) for the scalar field 7.
2. A term v0,7 is a total divergence and can be neglected.
3. There are WW1n, BBy, WWn?, and BBn? interactions.

4. The v? term leads to a mass term for the Yang-Mills fields:

v? ,
Loym =5 {S[W'V + (W27 + (6W° - ¢'B)} . (121)
The spontaneous breaking of the SU(2) @ U(1) symmetry thus has led to the appearance
of a mass term for the gauge fields. This is an example of the Higgs mechanism (Higgs
1964). An unavoidable consequence is the appearance of the scalar field 7, the Higgs field.

We shall discuss it further in Section 5.

The masses of the charged W bosons may be identified by comparing (121) and (75):

(gv)2/8=M2/2, or My =gv/2. (122)
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Since the Fermi constant is related to g/Mw, one finds
Gr_ o _ L o u =2 MG — 46 Gev . (123)
V2 8ME 202 F

The combination ng — ¢'B, also acquires a mass. We must normalise this com-
bination suitably so that it contributes properly in the kinetic term for the Yang-Mills
fields:

1 i vi 1 v
Lrym = =Wy, W' — 2B, B, (124)
where ' 4 _ '
Wi, = 9,W, - O,W, + geuWiW,, B, =8,B,—9,B,. (125)
Setting
cos b = J sinf= 7 (126)

7+ 7 i+ 7

we may write the normalised combination ~ ng — ¢'B, which acquires a mass as
Z,,EchosG—B,,sinH. (127)

The orthogonal combination does not acquire a mass. It may then be identified as the

photon:

A, =B, cosH+Wfsin9. (128)
The mass of the Z is given by
(> + g™ _ M3 Mw(g® +9")'"* _ Mw
= 2 or MZ = = ,
8 2 g cos 8
using (126) in the last relation. The W’s and Z’s have acquired masses, but they are not

equal unless g’ were to vanish. We shall see in the next subsection that both g and ¢’ are
nonzero, so one expects the Z to be heavier than the W.

(129)

It is interesting to stop for a moment to consider what has taken place. We started
with four scalar fields ¢t, ¢~, ¢, and ¢°. Three of them [¢*, ¢~, and the combination
(¢° — ¢°)/iv/2] could be absorbed in the gauge transformation in passing from (118) to
(119), which made sense only as long as (¢? + ¢)/v/2 had a vacuum expectation value v.
The net result was the generation of mass for three gauge bosons W+, W, and Z.

If we had not transformed away the three components &' of ¢ in (118), the term L 4
in the presence of gauge fields would have contained contributions W,0#¢ which mixed
gauge fields and derivatives of ¢. These can be expressed as

W, 0" = 0#(W,9) — (0*W,)¢ (130)
and the total divergence (the first term) discarded. One thus sees that such terms mix
longitudinal components of gauge fields (proportional to 9*W,) with scalar fields. 1t is
necessary to redefine the gauge fields by means of a gauge transformation to get rid of
such mixing terms. It is just this transformation that was anticipated in passing from
(118) to (119).

The three “unphysical” scalar fields provide the necessary longitudinal degrees of free-
dom in order to convert the massless W* and Z to massive fields. Each massless field
possesses only two polarisation states (J, = +J), while a massive vector field has three
(J, = 0 as well). Such counting rules are extremely useful when more than one Higgs field
is present, to keep track of how many scalar fields survive being “eaten” by gauge fields.
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4.4 Interactions in the SU(2) ® U(1) theory.

By introducing gauge boson masses via the Higgs mechanism, and letting the simplest
non-trivial representation of scalar fields acquire a vacuum expectation value v, we have
related the Fermi coupling constant to v, and the gauge boson masses to gv or (g%+g¢'%)"/?v.
We still have two arbitrary couplings ¢ and ¢’ in the theory, however. We shall show how
to relate the electromagnetic coupling to them, and how to measure them separately.

The interaction of the fermions with the gauge fields is described by the kinetic term
L.y = ¢ Py. Here, as usual,
) Ti ] ) ,)/
P=p-ig QW—zgg,B. (131)
The charged-W interactions have already been discussed. They are described by the terms
(76) for leptons and (80) for quarks. The interactions of W? and B may be re-expressed
in terms of A and Z via the inverse of (127) and (128):

W =2Z,cos0+A,sin,  B,=—Z,sinf+A,cosf. (132)
Then the covariant derivative for neutral gauge bosons is

Dlocutral =P — 19131 ( Z cos 0+ Asinb) — ig' (Q — I31)(— Zsinf+ Acosb). (133)

Here we have substituted Y/2 = (@ — I3;). We identify the electromagnetic contribution
to the right-hand side of (133) with the familiar one —ieQ A, so that

e=g cosf=gsinb. (134)

The second equality, stemming from the demand that I5; A terms cancel one another
in (133), is automatically satisfied as a result of the definition (126). Combining (126)
and (134), we find

! 1 1 1
99 or - =—5+-7, (135)

the result advertised in the Introduction.

e =

The interaction of the Z with fermions may be determined from Eq. (133) with the
help of (126), noting that gcos 6+ ¢'sin8 = (¢ + ¢’*)"/2 and ¢’sind = (g% + ¢'*)'/2sin 4.
We find

Plucueas =P — ieQ A — i(g” + ¢*)'/*(Io ~ Qsin ) £. (136)

Knowledge of the weak mixing angle 8 will allow us to predict the W and Z masses.
Using Gr/v2 = ¢*/8M, and gsinf = e, we can write

1/2
T 1 37.3 GeV
My = |— = 13
W {ﬂGF] sin @ sind (137)
if we were to use a~! = 137.036. However, we shall see in the next section that it is

more appropriate to use a value of a™! ~ 129 at momentum transfers characteristic of
the W mass. With this and other electroweak radiative corrections, the correct estimate
is raised to My ~ 38.6 GeV/sin#, leading to the successful predictions (7). The Z mass
is expressed in terms of the W mass by Mz = My, / cos 6.
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4.5 Neutral current processes

The interactions of Z’'s with matter,
Linz = (92 +9™)/*P(Is — Qsin®6) 2o, (138)

may be taken to second order in perturbation theory, leading to an effective four-fermion
theory for momentum transfers much smaller than the Z mass. In analogy with the rela-
tion between the W boson interaction terms (76) and (80) and the four-fermion charged-
current interaction (71), we may write

HNC = 4G V2[0, (I3, — Q sin? 0)y* s[5 (L1 — Qsin® 6)y,4] , (139)

where we have used the identity (g% + ¢'*)/8M% = G /+/2 following from relations in the
previous subsection.

Many processes are sensitive to the neutral-current interaction (139), but no evidence
for this interaction had been demonstrated until the discovery in 1973 of neutral-current
interactions on hadronic targets of deeply inelastically scattered neutrinos (Hasert et
al. 1973; Benvenuti et al. 1974). For many years these processes provided the most
sensitive measurement of neutral-current parameters. Other crucial experiments (see,
e.g., reviews by Amaldi et al. 1987 and Langacker et al. 1992) included polarised electron
or muon scattering on nucleons, asymmetries and total cross sections in ete™ — ptpu~
or 717, parity violation in atomic transitions, neutrino-electron scattering, coherent =°
production on nuclei by neutrinos, and detailed measurements of W and Z properties.
Let us take as an example the scattering of leptons on quarks to see how they provide a
value of sin? 6. In the next subsection we shall turn to the properties of the Z bosons,
which are now the source of the most precise information.

One measures quantities

ovA—ov+...) o(PA—>v+...)
= ) Ry = — .
R, o(vA = = +...) o(PA > pt+...) (140)

These ratios may be calculated in terms of the weak Hamiltonians (71) and (139). It is
helpful to note that for states of the same helicity (L or R, standing for left-handed or
right-handed) scattering on one another, the differential cross section is a constant:
do (
dfQ

where ¢y is some reference cross section, while for states of opposite helicity,

RR—)RR):%(LL—)LL): Z—; (141)

do do [2fi] 1+ cos ec m 2
C(RL—RL)= (LR~ LR)= T ( . ) (142)
Thus
o(RR = RR) = o(LL — LL) = 3¢(RL — RL) = 3¢(LR — LR).  (143)

We first simplify the calculation by assuming the numbers of protons and neutrons are
equal in the target nucleus, and neglecting the effect of antiquarks in the nucleon. (We
shall use the shorthand v = v, and v = 5,.) Then

o(vu = vu) + o(vd — vd)
o(vd = p~u)

’ R, = a(pu = vu) + o(vd — vd) . (144)

R, = -
o(pu — ptd)
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One can write the effective Hamiltonian (139) in the form

HoC = % [9u(1 = ¥5)v] [27*(1 = s)uer (u) + @y (1 + 15)uep(u)

+dy* (1= ys)der(d) + dv* (1 + ys)den(d)] . (145)
where
er(u) = l—gin26? (u) = 2'26 146
)= 5 -3 , €p(u) = —3sin"0, (146)
e(d)——l+l'26 (d)= Laino 147
id) = -3 3sm s €R = 3Sln . (147)
Taking account of the relations (143), one finds
1 1
R, =[e(u)]’ + g[fﬂ(u)]2 +le(d)] + E[ER(d)F : (148)
Ry = [er(u)]? + 3[en(w)* + [er(d)] +3[er(d)]?, (149)
where we have used the fact that o(vd — p~d) = 30(Pu — ptd). The results are
R 20 ., 1 20 .,
R,,—2 sin 6+27sm G, R,,_2—51n 6+951n 6. (150)

If we consider also the antiquark content of nucleons, this result may be generalised

(Llewellyn Smith 1983) by defining

vN tX
p= SN2 X) (151)
o(vN = pu~X)
Instead of (150) one then finds
| T . 1 3 1
L= g4+2 4 = —sin?04 2 eintl .
R 5~ sin +9(1+r)sm 6, R 5 —sin 0+9(1+r)sm 6 (152)

Some experimental values of R,, R;, and r are shown in Table 4 (Conrad et al. 1998).
The relation between R, and R; as a function of sin? 8 is plotted in Figure 12. This result
has a couple of interesting features.

Experiment R, R, T
CHARM | 0.3091 +0.0031 | 0.390 + 0.014 | 0.456 + 0.011
CDHS 0.3135 + 0.0033 | 0.376 +0.016 | 0.409 & 0.014
Average | 0.3113 £0.0023 | 0.384 + 0.011 | 0.429 +0.011

Table 4. Neutrino neutral-current parameters.

The observed R; is very close to its minimum possible value of less than 0.4. Initially
this made the observation of neutral currents quite challenging. Note that R, is even
smaller. Its value provides the greatest sensitivity to sin®6. It is also more precisely
measured than R; (in part, because neutrino beams are easier to achieve than antineutrino
beams). The effect of » on the determination of sin? 8 is relatively mild.
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Figure 12. The Weinberg-Salam “nose” depicting the relation between R, and R,.
The solid line corresponds to r = 0.429, close to the actual situation; the dashed line
corresponds to the idealised case r = 1/3 in which antiquarks in the nucleon are neglected.
The plotted point with error bars corresponds to the average of measured values.

A recent determination of sin® @ (Zeller et al. 1999), based on a method proposed by
Paschos and Wolfenstein (1973), makes use of the ratio

R = o(vN - VX') - U(I?N - 17X)' _ R, —rR; _ l _sin?d. (153)

o(wN = p=X)—o(wN = p*+X) 1-r 2
In these differences of neutrino and antineutrino cross sections, effects of virtual quark-
antiquark pairs in the nucleon (“sea quarks,” as opposed to “valence quarks™) cancel one
another, and an important systematic error associated with heavy quark production (as

in vs — p~c) is greatly reduced. The result is
sin? @ (en—shel) = 0.2253 + 0.0019(stat.) £ 0.0010(syst.) , (154)

which implies a W mass
My = Mz cosf st = 8021 +0.11 GeV. (155)

The “on-shell” designation for sin? f is necessary when discussing higher-order electroweak
radiative corrections, which we shall do in the next section.
A more recent analysis by Zeller et al. (2001) finds
sin? ¢ n=shell — 0.9277 + 0.0014(stat.) + 0.0008(syst.) , (156)

equivalent to My = 80.136 £ 0.084GeV. Incorporation of this result into the electroweak
fits described in the next section is likely to somewhat relax constraints on the Higgs
boson mass: See Rosner (2001).
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4.6 Z and top quark properties

We have already noted the prediction and measurement of the W mass and width, The Z
mass and width are very precisely determined by studying the shape of the cross section
for electron-positron annihilation as one varies the energy across the Z pole. The results

(LEP Electroweak Working Group [LEP EWWG] 2001) are
Mz =91.1875 £ 0.0021 GeV, 'z =2.4952 £ 0.0023 GeV. {157)

[n much of the subsequent discussion we shall make use of the very precise value of My as
one of our inputs to the electroweak theory; the two others, which will suffice to specify
all parameters at lowest order of perturbation theory, will be the Fermi coupling constant
Gr=1.16637(1) x lﬂ:i GeV ™2 and the electromagnetic fine-structure constant, evolved
to a scale MZ: o' M3I(A12) = 128.933 £ 0.021 (Davier and Hécker 1998). This last
quantity depends for its determination upon a precise evaluation of hadronic contributions
to vacuum polarisation, and is very much the subject of current discussion.

The relative branching fractions of the Z to various final states may be calculated on
the basis of (138). One may write this expression as

Lrr5=(g"+ gD F 201 = w)ay + (1 + ¥s)aglf . (158)

The values of a; and ag for each fermion are shown in Table 5.

Channel ag ag Partial Number of | Subtotal
width (MeV) | channels | (MeV)
vir L 0 165.9 3 498
i 1 (~§ +sin’8) Lsin?6 83.4 3 250
wii, ¢ | §(3—3sin?8) | §(-}sin?6) 206.5 2 593
dd, s5 | 4(-4+4sin?0) | §(}sin?6) 382.1 2 764
b |3 (=4 +}sin®8) | 4 (§sin?8) 3728 1 373
Total 2478

Table 5. Contributions to I'z predicted in lowest-order electrowesk theory (including
leading-order QCD corrections to hadronic channels). Here we have taken sin® # = 0.231
and ag{M2) = (.12,

The partial width of Z into ff is

TZ—=ffi= ;f—jng(ai + agine, {159)

where n, is the number of colours of fermions f: 1 for leptons, 3 for quarks.

The predicted partial width for each Z — v channel is independent of sin®#:

3
[Z—>ww)= G—‘/g% = 165.9 MeV {160)
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using the observed value of Mz. The partial decay rates to other channels are expected
to be in the ratios )
vir: ete” : wu: dd =

32 8
1:1—4sin”8 + 8sin*@ : 3—85in29+§sin49 : 3—4sin29+§sin49, (161)

or 1: 0.503: 1.721: 2.218 for sin? 6 = 0.231. A small kinematic correction for the non-zero
b quark mass leads to a suppression factor

4m? 1/2 2m? 4m}
b, =11-——2L 14250 4 1=
b ( M%) Jv M2 I ML)\ (162)

where fy and f4 = 1— fy are the relative fractions of the partial decay width proceeding
via the vector (~ ay+ag) and axial-vector (~ a;—ag) couplings. For sin?8 = 0.23,
fv =~ 1/3, fa~2/3, and &y ~ 0.988. A further correction to I'(Z — bb), important for
the precise determinations in the next section, is associated with loop graphs associated
with top quark exchange (see the review by Chivukula 1995), and is of the same size,
about 0.988. Taking a correction factor (1 + as/m) with ag(M2) = 0.12 for the hadronic
partial widths of the Z, we then predict the contributions to I'z listed in Table 5. (The
tf channet is, of course, kinematically forbidden.)

The measured Z width (157) is in qualitative agreement with the prediction, but
above it by about 0.7%. This effect is a signal of higher-order electroweak radiative
corrections such as loop diagrams involving the top quark and the Higgs boson. Similarly,
the observed value of I'(Z - e*e™), assuming lepton universality, is 83.984 4 0.086 MeV,
again higher by 0.7% than the predicted value of 83.4MeV. We shall return to these effects
in the next section.

The width of the Z is sensitive to additional v& pairs. Clearly there is no room for an
additional light pair coupling with full strength. Taking account of all precision data and
electroweak corrections, the latest determination of the “invisible” width of the Z (see
the compilations by the LEP EWWG 2001 and by Langacker 2001) fixes the number of
“light” neutrino species as IV, = 2.984 + 0.008.

The Z is produced copiously in e*e™ annihilation when the center-of-mass energy /s

is tuned to Mz. The Stanford Linear Collider (SLC) and the Large Electron-Positron
Collider at CERN (LEP) exploited this feature. The cross section of production of a final
state f near the resonance, ignoring the effect of the virtual photon in the direct channel,

should be
N(Z = ete)I(Z > f)

(s — MZ)? + M3T%
Setting B.+.- = [(Z° - ete™)/T; =~ 3.37% we see that at resonance the peak total cross
section should be gk = 127rBe+(/M2 ~ 59.4 nb, corresponding to

olete” =25 f)=12n

(163)

alete” = 20 5 all) 9B+~
2

Ry = ~ 5000 . (164)

olete- » ptp~) ~  «
This is a spectacular value of R, which is only a few units in the range of lower-energy
ete” colliders. Of course, not all of the cross section at the Z peak is visible: Nearly 12 nb
goes into neutrinos! Another 6 nb goes into charged lepton pairs, leaving ¢'peak. hadrons =

41.541 £ 0.037 nb.



40 Jonathan L Rosner

We close this subsection with a brief discussion of spin-dependent asymmetries at
the Z. These are some of the most powerful sources of information on sin?8. They
have been measured both at LEP (through forward-backward asymmetries) and at SLC
(through the use of polarised electron beams).

The discussion makes use of an elementary feature of vector- and axial-vector cou-
plings. Processes involving such couplings to a real or virtual particle (such as the Z)
always conserve chirality. In the direct-channel reactions e"e* — Z — ff this means
that a left- (right-)handed electron only interacts with a right- (left-) handed positron,
and if the final fermion f is left- (right-)handed then the final anti-fermion f will be right-
(left-) handed. Moreover, such reactions have characteristic angular distributions, with

e 2 1) _ e (Mo
e ) _ e (L)
LI _ a2 (1_—QL"—> ; (167)
WUBIL) _ g4 a2 (1—_—‘;9—"‘>2 ; (168)

where oy is some common factor, and the ay g are given in Table 5. Several asymmetries
can be formed using these results.

The polarised electron left-right asymmetry compares the cross sections for producing
fermions using right-handed and left-handed polarised electrons, as can be produced and
monitored at the SLC. The cross section asymmetry is given by

A7 p(hadrons)

o(ezet — hadrons) — o(ezet — hadrons)
o(eg et — hadrons) 4+ g(eget — hadrons)
(a$)? — (a5)? _ 1 —4sin?6

(a5)2 + (a%)? 1 —4sin?6 +8sin6’

(169)

The measured value (LEP EWWG 2001) A§ p(hadrons) = 0.1514+0.0022 corresponds to
sin?§ = 0.23105 4+ 0.00028 using this formula. (We shall discuss small corrections in the
next section.)

The forward-backward asymmetry in e*e™ — ff uses the fact that

10 10 8
—_ 2: 2= —
(/0 /_l>dcost9(1:tcosl9) 42, (/0 +/_1>dc059(1ic059) 5. (170

so that

f

ab)?
R
f
g

ole” et —ffliwa — o(e"et = f
ole=e*—ffliwa + o(e~et o f
(a
+(a

_ §(<aL)2—<aR>2>(< Iy
1 \(ap)+ (a7 ) (a2

Af,B =

Jbac
Jbac

3

) > TALRALR (171)

)?
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These quantities can be measured not only for charged leptons, but also for quarks
such as the b, whose decays allow for a distinction to be made (at least on a statistical
basis) between b and b.

The discovery of the top quark by the CDF (1994) and D0 (1995) Collaborations cul-
minated nearly two decades of detector and machine work at the Fermilab Tevatron. A
ring of superconducting magnets was added to the 400GeV Fermilab accelerator, more
than doubling its energy. Low-energy rings were added to accumulate and store antipro-
tons, which were then injected into the superconducting ring and made to collide with
oppositely-directed protons at a centre-of-mass energy of 1.8TeV. The top quarks were
produced in the reaction pp — tf +....

The top quark’s mass is currently measured to be m; = 174.3 £ 5.1 GeV. It cou-
ples mainly to b, as expected in the pattern of couplings discussed in Section 3. One
determination (see Gilman, Kleinknecht, and Renk 2000 for details) is that

[V |?
Vidl* + [Vis|? + | Ve *
This result makes use of the measured fraction of the decays t ~» be* v, in top semileptonic
decays.

=0.99 £0.29. (172)

The top quark is the only quark heavy enough to decay directly to another quark
(mainly &) and a real W. Its decay width is

Gpm} M\ M
T(t— Wtb) = 8:\’/”21 [(1 - ?";) <1+2m—‘tj)J ~1.53 GeV. (173)

This is larger than the typical spacing between quarkonium levels (see Figures 4 and 5),
and so there is not expected to be a rich spectroscopy of tf levels, but only a 1nild
enhancement near threshold of the reaction e*e™ — #, associated with the production
of the 1S level (Kwong 1991, Strassler and Peskin 1991). A good review of present and
anticipated top quark physics is given by Willenbrock (2000).

5 Higgs boson and beyond

5.1 Searches for a standard Higgs boson

Let us assume that all quark and lepton masses and all W and Z masses arise from the
vacuum expectation value of a single Higgs boson: (¢%) = v/v/2. where the strength of
the Fermi coupling requires v = 246GeV. The Yukawa coupling gy (107) for a fermion f
is related to the fermion’s mass: gy = \/Q‘mf Jv. (It is a curious feature of the top quark’s
mass that, within present errors, gy: = 1. Since fermion masses “run” with scale y, it is
not clear how fundamental this relation is.) Those quarks with the greatest mass then
are expected to have the greatest coupling to the physical Higgs boson H = /24" — ¢.
(Here we use H to denote the field represented by 7 in the previous section.)

The Higgs boson has a well-defined coupling to W's and Z’s as a result of the discussion
in the previous section. The term (D,¢)"(D#¢) in the Lagrangian leads to

(> +¢°) /2 HM,
2

Laww = gHMw(W;WH) | Lyzz = (Z,2"). (174)
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To lowest order, one find Lyz, = Ly, =0.

Processes involving the couplings (174) include ¢§ =& W iua = W + H and especially

+,- -
e'e — Zreal or virtual — Zvirtual or real + H ’ (1 ‘5)

where the final Z° can be detected (for example) via its decay to eTe™, u*t ™, or even its
existence inferred from its v& decay. For a virtual intermediate and real final Z, the cross
section (Quigg 1983) is
na?(p*? + IM2) 2p*
tem 5 ZH) = 2 1—4sin®@ +8sin*6) =~ 1

olete ) 24sin49cos49(M§—s)2( sin” § + 8sin ) Wz (176)
where p* is the final c.m. 3-momentum. This cross section behaves as 1/s for large s (as
does any cross section for production of ¢, p* ™, ...), so that as s = oc,

oglete” = ZH) . 1 —4sin%6 4 8sin* 4
aglete” = putp~) 128sin* # cos? 6

1
~ g (177)

At very high energies, the Higgs boson can be produced by means of W*W~ and ZZ
fusion; the (virtual) W's and Z’s can be produced in either hadron-hadron or lepton-lepton
collisions. A further proposal for producing Higgs bosons is by means of muon-muon
collisions.

For Higgs bosons far above WW and ZZ threshold, one expects (Eichten et al. 1984)

3Gr 3

1672

as one can show with the help of (174). The longitudinal degrees of freedom of the W and
Z provide the dominant contribution to the decay width in this limit. For My = 1TeV,
this relation implies that the Higgs boson’s width will be nearly 500GeV. Such a broad
object will be difficult to separate from background. However, mixed signals for a a much
lighter Higgs boson have already been received at LEP.

At the very highest LEP energies attained, /s < 209 GeV, the four LEP collabo-
rations ALEPH, DELPHI, L3, and OPAL have presented combined results (LEP Higgs
Working Group 2001) which may be interpreted either as a lower limit on the Higgs bo-
son mass of 114.1GeV, or as a weak signal for a Higgs boson of mass My ~ 115.6GeV
produced by the above process. This latter interpretation is driven in large part by the
ALEPH data sample (Barate et al. 2001). The main decay mode of a Higgs boson in this
mass range is expected to be bb, with 7t7~ taking second place.

Ty=T(HoW'W )+T(H—> ZZ) = (178)

M3~ 60 GeV( My )

500 GeV

LEP now has ceased operation in order to make way for the Large Hadron Collider
(LHC), which will collide 7TeV protons with 7TeV protons and should have no problem
producing such a boson. The LHC is scheduled to begin operation in 2006. In the
meantime, the Fermilab Tevatron has resumed pjp collider operation after a hiatus of
5 years. Its scheduled “Run II"” is initially envisioned to provide an integrated luminosity
of 2 fb~!, which is thought to be sufficient to rival the sensitivity of the LEP search (Carena
et al. 2000), making use of the subprocess ¢§ = Wiyirua = W + H. With 10 fb~! per
detector, a benchmark goal for several years of running with luminosity improvements, it
should be possible to exclude a Higgs boson with standard couplings nearly up to the ZZ
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thresheld of 182GeV, and to see a 3o signal if My < 125 GeV. Other scenartos, inchuding
the potential for discovering the Higgs boson(s) of the Minimal Supersymmetric Standard
Model (MSSM) are given by Carena ef al. (2000}. Meanwhile, we shall turn to the wealth
of precise measurements of electroweak properties of the Z, W, top quark. and lighter
fermions as indirect sources of information about the Higgs boson and other new physics.

5.2 Precision electroweak tests

We have calculated processes to lowest electroweak order in the previous section, with the
exception that we took account of vacuum polarisation in the photon propagator, which
leads to a value of & ! closer to 129 than to 137.037 at the mass scale of the Z. The lowest-
order description was found to be adequate at the percent level, but many electroweak
measurements are now an order of magnitude more precise. Asone example, we found that
the predicted total and leptonic Z widths both fell short of the corresponding experimental
values by about 0.7%. Higher-order electroweak corrections are needed to match the
precision of the new data. These corrections can shed fascinating light on new physics,
as well as validating the original motivatien for the electroweak theory (which was to he
able to petform higher-order calculations).

We shall describe a language introduced by Peskin and Takeuchi {1990} for precise
electroweak tests which allows the constraints associated with nearly every observable to
be displayed on a twe-dimensicnal plot. The Standard Model implies a particular locus
on this plot for every value of m, and My, so one can see how observables can vary
with m, (not much, now that m; is so well measured) and My, Moreover, one can spot
at a glance if a particular measurement is at variance with others; this can either signify
physics outside the purview of the two-dimensional plot, or systematic experimental error.

The corrections which fall naturally into the two-dimensional description are those
known as oblique corrections. The name stems from the fact that they do not divectly affect
the fermions participating in the processes of interest, but appear as vacuum polarisation
corrections in gauge boson propagators. In that sense processes which are sensitive to
oblique corrections have a broad reach for discovering new physics, since they do not rely
on a new particle’s having to couple directly to the external fermion in question.

The obligue correction first identified by Veltman (1977), still the most important, is
that due to top gquarks in W and Z boson propagators. The large splitting between the
top and bottom quarks’ masses violates a custodial SU{2) symmetry (Sikivie et al. 1980)
responsible for preserving the tree-level relation My = Mz cos § mentioned in the previous
section. As a result, an effect is generated which is equivalent to having a Higgs iriplet
vacuum expectation value.

For the photon, gauge invariance prohibits contributions quadratic in fermion masses,
but for the W and Z, no such prohibition applies. The vacuum polarisation diagrams with
W+ = ib — W+ and Z — (t,6b) = Z lead to a modification of the relation hetween
G ., coupling constants, and Afz for neutral-current exchanges:

g2 + g.-?

Gr ¢ +4" 3Grm]
/2 8M2

wRTEg T T e

(179)
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The Z mass is now related to the weak mixing angle by

x4

= \/§Cr'ppsin2 Gcos?f’

M; (180)
where we have omitted some small terms logarithmic in m,. A precise measurement of M
now specifies 8 only if m, is known, so # = 8(m,) and hence M}, = ma/(V2G psin®8) is
also a function of m;.

The factor of p in (179) will multiply every neutral-current four-fermion interaction in
the electroweak theory. Thus, for, example, cross sections for charge-preserving interac-
tions of neutrinos with matter will be proportional to p?, while parity-violating neutral-
current amplitudes (to be discussed below) will be proportional to p. Partial decay widths
of the Z, since they involve the combination g* + ¢'*, will be proportional to p. A large
part of the 0.7% correction mentioned previously is due to p > 1. The observed values of
Myw /Mz = pcos 8 and sin’ # also are much more compatible with each other for a value
of p exceeding 1 by about a percent.

The W and Z propagators are also affected by virtual Higgs-boson states due to the
couplings (174). Small corrections, logarithmic in My, affect all the observables, but
notably p.

In order to display dependence of electroweak observables on such quantities as the top
quark and Higgs boson masses m; and My, we choose to expand the observables about
“nominal” values calculated by Marciano (2000) for specific m; and My. We thereby
bypass a discussion of “direct” radiative corrections which are independent of ms, My,
and new particles. We isolate the dependence on m;, My, and new physics arising from
“oblique” corrections associated with loops in the W and Z propagators.

For m; = 174.3GeV, My = 100GeV, the measured value of Mz leads to a nominal
expected value of sin? 6. = 0.2314. In what follows we shall interpret the effective
value of sin?# as that measured via leptonic vector and axial-vector couplings, namely

sin’ fer = (1/4)(1 — [g¥//94])-
Defining the parameter T by Ap = oT, we find

3 m? — (174.3 GeV)? 3 | My
o~ - n .
167 sin” 6 M, 8mcos?d 100 GeV

(181)

The weak mixing angle #, the W mass, and other electroweak observables now depend on
m; and M.

The weak charge-changing and neutral-current interactions are probed under a num-
ber of different conditions, corresponding to different values of momentum transfer. For
example, muon decay occurs at momentum transfers small with respect to My, , while the
decay of a Z into fermion-antifermion pairs imparts a momentum of nearly Mz/2 to each
member of the pair. Small “oblique”™ corrections, logarithmic in m, and My, arise from
contributions of new particles to the photon, W, and Z propagators. Other (smaller)
“direct” radiative corrections are important in calculating actual values of observables.

We may then replace the lowest-order relations between G g, couplings, and masses by

2 2 72
Gr g (1 aSw)‘ Grp _ 9"ty ( aSz ) (182)

V2 8MZ 4sin® 6 N 4sin® @ cos?d
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where Sy and Sz are coefficients representing variation with momentum transfer. To-
gether with T, they express a wide variety of electroweak observables in terms of quantities
sensitive to new physics. (The presence of such corrections was noted quite early by Velt-
man 1977.) The Peskin and Takeuchi (1990) variable U is equal to Sy — Sz, while
S= Sz.

Expressing the “new physics” effects in terms of deviations from nominal values of top
quark and Higgs boson masses, we have the expression (181) for 7', while contributions of
Higgs bosons and of possible new fermions U and D with electromagnetic charges @y and
Qp to Sw and Sz, in a leading-logarithm approximation, are (Kennedy and Langacker
1990)

SR I P O™
Sz = & [lnloo Govja T2 Ne (1—4Q1an>J, (183)
S —LI—MH—+ZN(1_4Q1@> 184
W T Br | 100 Gev/e c pln-"o)) (184)

The expressions for Sy and S are written for doublets of fermions with N¢ colours and
my > mp > mz, while @ = (Qu + Qp)/2. The sums are taken over all doublets of new
fermions. In the limit my = mp, one has equal contributions to Sy and Sz. For a single
Higgs boson and a single heavy top quark, (183) and (184) become

Sz = 1 In My —2In i
Z 7 6x| 100 GeV/c 174.3 GeV/c?
_ 1 A[H my
Swo= & [l“ 100 Gev/e T M 17a3 GeV/c"’] ’ (185)

where the leading-logarithm expressions are of limited validity for My and m; far from
their nominal values. (We shall plot contours of S and T for fixed m; and My values
without making these approximations.) A degenerate heavy fermion doublet with N.
colours thus contributes AS; = ASy = N,/67. For example, in a minimal dynamical
symmetry-breaking (“technicolour™) scheme, with a single doublet of N, = 4 fermions,
one will have AS = 2/37 ~ 0.2. This will turn out to be marginally acceptable, while
many non-minimal schemes, with large numbers of doublets, will be seen to be ruled out.

Many analyses of present electroweak data within the S, T rubric are available (e.g.,
Swartz 2001). We shall present a “cartoon” version after discussing possible extensions of
the Higgs system. Meanwhile we note briefly a topic which will not enter that discussion.

The anomalous magnetic moment of the electron and muon have been measured ever
more precisely. The latest measurement of the u* (Brown et al. 2001), performed in a
special storage ring at Brookhaven National Laboratory, gives

-2
At exp = (9——2—>u+ =11 659 202(14)(6) x 107'° (1.3 ppm), (186)

The theoretical value (CPT invariance implies a,+ = a,-) is

auem =~ 11 659 177(7) x 107'% (0.6 ppm), (187)
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being the sum of three terms:

auqep = 11658 470.56(0.29) x 107! (0.025 ppm),
Quweak = 15.1(0.4) x 10710 (0.03 ppm),
691(7) x 10710 (0.6 ppm),

12

@y had

where we have incorporated a recently-discovered sign change in the hadronic light-by-
light scattering contribution (Knecht and Nyffeler 2001; Hayakawa and Kinoshita 2001).
The difference,

At exp — @yt on = 25(17) x 10719, (188)

is not yet known precisely enough to test the expected weak contribution. Results of
analysing a larger data sample are expected shortly.

5.3 Multiple Higgs doublets and Higgs triplets

There are several reasons for introducing a more complicated Higgs boson spectrum. Rea-
sons for introducing separate Higgs doublets for u-type and d-type quarks include higher
symmetries following from attempts to unify the strong and electroweak interactions, and
supersymmetry. We examine the simplest model with more than one Higgs doublet, in
which a single doublet couples to d-type quarks and charged leptons, and a different dou-
blet couples to u-type quarks. This model turns out to naturally avoid flavour-changing
neutral currents associated with Higgs exchange (Glashow and Weinberg 1977).

Let us denote by ¢, the Higgs boson coupling to u-type quarks and by ¢, the boson
coupling to d-type quarks and charged leptons. We let

<¢u) = ‘Uu/\/i, <¢d) = Ud/\/i. (189)
The contribution of ¢, and ¢4 to W and Z masses comes from
Lk + (Duou) (D*¢,) + (D,da) (D¥¢) . (190)

We find the same WE — B,, mixing pattern as before, and in fact this pattern would remain
the same no matter how many Higgs doublets were introduced. The parameters v, and vy
may be related to the quantity v = 246GeV introduced earlier by v2 413 = #2, whereupon
all previous expressions for My and My remain valid. One would have v? = izr;-z for

any number of doublets.

The quark and lepton couplings to Higgs doublets are enhanced if there are multiple
doublets. Since m, = gyv,/v2 (¢ = u or d) and v, < v, one has larger Yukawa couplings
than in the standard single-Higgs model. A more radical consequence, however, of multiple
doublets in the SU(2), gauge theory is that there are not enough gauge bosons to “eat”
all the scalar fields. In a two-doublet model, five “uneaten” scalars remain: two charged
and three neutral. The phenomenology of these is well-described by Gunion et al. (1990).

The prediction Mz = My / cos 8 is specific to the assumption that only Higgs doublets
of SU(2); exist. [SU(2), singlets which are neutral also have ¥ = 0, and do not affect
W and Z masses.] If triplets or higher representations of SU(2) exist, the situation is
changed. We shall examine two cases of triplets: a complex triplet with charges (++.4.0)
and one with charges (+.0,-).
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Consider first a complex triplet of the form

¢++ +1
¢ = P+ N Iy = 0 . (191)
o0 -1

Since @ = Iy + (Y/2), one must have ¥ = 2 for this triplet. In calculating |D,®|* we will
need the triplet representation for weak isospin:

1 BERR Cfo -1 0
i

L= 0 ., h==>|101|, h=—4|1 0 -1 192
3 =7 t= 5 (192)

-1 010 0 0

The result, if {#°) = V| _/v/2, is that
2 VF—I 92 1 2

(Do) = o { St P+ g2} o

The same combination of W? and B gets a mass as in the case of one or more Higgs
doublets, simply because we assumed that it was a neutral Higgs field which acquired a
vacuum expectation value. Electromagnetic gauge invariance remains valid; the photon
does not acquire a mass. However, the ratio of W and Z masses is altered. In the presence
of doublets and this type of triplet, we find

2 2 12
MZ = %(v?wvﬁ_l), M} = (%) (0 +4V2)), (194)

50 the ratio p = (My /Mz cos 82 is no longer 1, but becomes

2 2
p= % ‘ (195)
This type of Higgs boson thus leads to p < 1.
A complex triplet o
b= @ (196)
&

is characterised by ¥ = 0. If we let (#%) = V1,/v?2, we find by an entirely similar
calculation, that

2 2 /2
M2 = %(1!2 +4V7),  Mi= (9 ‘:9 ) o2, (197)
Here we predict -3
4VE,
p=1+—F (198)

so this type of Higgs boson leads to p > 1.
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We now examine a simple set of electroweak data (Rosner 2001), updating an earlier
analysis (Rosner 1999) which may be consulted for further references. (See also Peskin
and Wells 2001.) We omit some data which provide similar information but are less
constraining. Thus, we take only the observed values of My as measured at the Fermilab
Tevatron and LEP-II, the leptonic width of the Z, and the value of sin? 6.4 as measured
in various asymmetry experiments at the Z pole in ete™ collisions. We also include parity
violation in atoms, stemming from the interference of Z and photon exchanges between
the electrons and the nucleus. The most precise constraint at present arises from the
measurement of the weak charge (the coherent vector coupling of the Z to the nucleus),
Qw = p(Z — N — 4Zsin’ ), in atomic cesium. The prediction Qw (Cs) = —73.19 £ 0.13
is insensitive to standard-model parameters once My is specified; discrepancies are good
indications of new physics.

The inputs, their nominal values for m; = 174.3GeV and My = 100GeV, and their
dependences on S and T are shown in Table 6. We do not constrain the top quark mass;
we display its effect on S and T explicitly. Each observable specifies a pair of parallel
lines in the S-T plane. The leptonic width mainly constrains T; sin?8°F provides a
good constraint on S with some T-dependence; and My, lies in between. Atomic parity
violation experiments constrain S with almost no 7' dependence. Although the errors on
S they entail are too large to have much impact, we include them for illustrative purposes.
Since the slopes associated with constraints are very different, the resulting allowed region
is an ellipse, shown in Figure 13. [Note added: Milstein and Sushkov (2001) have noted
that a correction due to the strong nuclear field changes the central value of Qw (Cs) in
Table 6 to ~ —72.2, while Dzuba et al. (2001) include this and further corrections to
obtain Qw = —72.39 £ 0.58.]

Quantity Experiment Theory
Mw ( GeV/c?) | 80.451 £ 0.033 80.385 ¥ — 0.29S + 0.45T
Tw(Z) (MeV) | 83.984 £ 0.086 © 84.011 Y —0.185 + 0.78T
sin® g=ff 0.23152 £ 0.00017 9 | 0.23140 ¥ + 0.00362S — 0.00258T
Qw(Cs) —-725+08 —73.19 — 0.800S — 0.007T
Qw (T1) —115.0 £ 4.5 —116.8 — 1.175 — 0.06T

Table 6. Electroweak observables described in fit. The superscripts refer to (a) Charlton
(2001), (b) Marciano (2000) and (c) LEP EWWG (2001). References for atomic physics
experiment and theory are given by Rosner (2001).

Figure 13 also shows predictions by Peskin and Wells (2001) of the standard elec-
troweak theory. Nearly vertical lines correspond, from left to right, to Higgs boson masses
My = 100, 200, 300, 500, 1000 GeV; drooping curves correspond, from top to bottom, to
+10, central, and —1¢ values of m; = 174.3 £ 5.1 GeV.

In the standard model, the combined constraints of electroweak observables such as
those in Table 6 and the top quark mass favour a very light Higgs boson, with most
analyses favouring a value of My so low that the Higgs boson should already have been
discovered. The efficacy of a small amount of triplet symmetry breaking has recently been
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Figure 13. Regions of 68% (inner ellipse) and 0% (ouier ellipse) confidence level
values of § and T based on the comparison of the theoretical and experimental electroweak
observables shown i Table 6. Details are given in the text.

stressed in a nice paper by Forshaw et al. (2001). It is also implied in the discussions of
Dobrescu and Hill (1998), Collins et al. (2000}, He et al. (2001), and Peskin (2001).

The standard medel prediction for § and T curves down quite sharply in T as My
is increased, quickly departing from the region allowed by the fit to electroweak data.
{Useful analytic expressions for the contribution of a Higgs boson te § and T are given
by Forshaw et al. 2001.) However, if a small amount of triplet symmetry breaking is
permitted, the agreement with the electroweak fit can be restored. As an example, a
value of V;¢/v = 0.03 permits satisfactory agreement even for My = 1TeV, as shown by
the vertical line in the Figure.

5.4 Supersymmetry, technicolour, and alternatives

What could lie beyond the standard model? The odds-on favourite among most theorists
is supersymmetry, an extremely beautiful idea which may or may not be realised at the
electroweak scale, but which almost certainly plays a role at the Planck scale at which
space and time first acquire their meaning.

The simplest illustration of supersymmetry (in one time and no space dimensions!}
does back to Darboux in 1882, who factored second-order differential operators into the
product of two first-order operators. Dirac’s famous treatment of the harmonic oscillator,
writing its Hamiltonian as H = fiw(a’a + }), is an example of this procedure, which was
generalised by Schrodinger in 1941 and Infeld and Hull in 1931, Some of this literature
is reviewed by Kwong and Rosner {1986). The Hamiltonian is the generator of time
translations, so this form of supersymmetry essentially amounts to saying that a time
transiation can be expressed as a composite of more fundamental operations.
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Modern supersymmetry envisions both spatial and time translations as belonging to a
super-algebra. The Lorentz group is isomorphic to SU(2) ® SU(2) (with factors of i thrown
in to account for the Minkowski metric); under this group space and time translations
transform as (1/2,1/2). The supercharges transform as (1/2,0) and (0,1/2), clearly more
fundamental objects.

Electroweak-scale supersymmetry is motivated by several main points. You will hear
further details in this lecture series from Abel (2001).

1. In any gauge theory beyond the standard SU(3)colour® SU(2) 1, if the scale A of new
physics is very high, this scale tends to make its way into the Higgs sector through
loop diagrams, leading to quadratic contributions ~ g?A? to the Higgs boson mass.
Unless something cancels these contributions, one has to fine-tune counter-terms in
the Lagrangian to exquisite accuracy, at each order of perturbation theory. This is
known as the “hierarchy problem.”

2. The very nature of a A(¢$)? term in the Lagrangian is problematic when considered
from the standpoint of scale changes. This is known as the “triviality problem.”

3. In the simplest theory by Georgi and Glashow (1974) unifying SU(3)coiour™ SU(2) .
based on the gauge group SU(5), the coupling constants approach one another at
high scale, but there is some “astigmatism.” In a non-supersymmetric model, they
do not all come together at the same scale. This is known as the “unification
problem.” It is cured in the simplest supersymmetric model, as a result of the dif-
ferent particle content in loop diagrams contributing to the running of the coupling
constants. The model has a problem, however, in predicting too large a rate for
p - K*© (Murayama and Pierce 2001, Peskin 2001).

An alternative scheme for solving these problems, which has had a much poorer time
constructing any sort of self-consistent theory, is technicolour, the notion that the Higgs
boson is a bound state of more fundamental constituents in the same way that the pion
is really a bound state of quarks. This mechanism works beautifully when applied to the
generation of gauge boson masses, but fails spectacularly (and requires epicyclic patches!)
when one attempts to describe fermion masses. The basic idea of technicolour is that
there is no hierarchy problem because there is no hierarchy; a wealth of TeV-scale new
physics awaits to be discovered in the simplest version (applied to gauge bosons) of the
theory.

A further, even more radical notion, is that both Higgs bosons and fermions are
composite. This scheme so far has run aground on the difficulty of constructing quarks
and leptons, keeping their masses light by nearly preserving a chiral symmetry ('t Hooft
1980). One can make guesses as to quantum numbers of constituents (Rosner and Soper
1992), but a sensible dynamics remains completely elusive.

5.5 Fermion masses

We finessed the question of the origin of the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
It comes about in the following way.

The electroweak Lagrangian, before electroweak symmetry breaking, may be written
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in flavour-diagonal form as

L YWD +hel, (199)

9 77
it = ——=[U’
' \/2—[

where U’ = (¢/,,t') and D' = (d',¢', ') are column vectors describing weak eigenstates.
Here g is the weak SU(2), coupling constant, and ¢;, = (1 — v5)¢/2 is the left-handed
projection of the fermion field ¥y = U or D.

Quark mixing arise because mass terms in the Lagrangian are permitted to connect
weak eigenstates with one another. Thus, the matrices My, p in

Lo = —[eMyU'y + DaMpD's + hec] (200)

may contain off-diagonal terms. One may diagonalise these matrices by separate unitary
transformations on left-handed and right-handed quark fields:

REMgLg = LEMERg =Aq . (201)
where
QL=LoQu; @r=ReQr (Q=U.D). (202)
Using the relation between weak eigenstates and mass eigenstates: U';, = LyU,; and
D'y = LpDy, we find
Lin = ——L[Uy*W, VD, +hel, (203)

V2
where U = (u,¢,t) and D = (d,s,b) are the mass eigenstates, and V = L}Lp. The
matrix V is just the Cabibbo-Kobayashi-Maskawa matrix. By construction, it is unitary:
V+V = VV+ = 1. It carries no information about Ry or Rp. More information would be
forthcoming from interactions sensitive to right-handed quarks or from a genuine theory
of quark masses.

Quark mass matrices can yield the observed hierarchy in CKM matrix elements. As
an example (Rosenfeld and Rosner 2001), the regularities of quark masses evolved to a
common high mass scale can be reproduced by the choice

0 ee? 0
Mg = my| e & ], (204)
0 e 1

where m3 denotes the mass eigenvalue of the third-family quark (¢ or b), and ¢ ~ 0.07 for
u quarks, &~ 0.21 for d quarks. Hierarchical descriptions of this type were first introduced
by Froggatt and Nielsen (1979). The present ansatz is closely related to one described by
Fritzsch and Xing (1995). This type of mass matrix leads to acceptable values and phases
of CKM elements.

The question of neutrino masses and mixings has entered a whole new phase with
spectacular results from neutrino observatories such as super-Kamiokande (“Super-K")
in Japan and the Sudbury Neutrino Observatory (SNO) in Canada. These indicate that:

1. Atmospheric muon neutrinos oscillate in vacuum, probably to 7 neutrinos, with
near-maximal mixing and a difference in squared mass Am? ~ 3 x 1073 eV2.
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2. Solar electron neutrinos oscillate, most likely in matter, to some combination of
muon and 7 neutrinos. All possible Am? values are at most about 10~ eV?; several
ranges of parameters are permitted, with large mixing favoured by some analyses.

In addition one experiment, the Liquid Scintillator Neutrino Detector (LSND) at Los
Alamos National Laboratory, suggests #, — #, oscillations with Am? ~ 0.1 to 1 eV,
with small mixing. This possibility is difficult to reconcile with the previous two, and a
forthcoming experiment at Fermilab (Mini-BooNE) is scheduled to check the result. For
late news on neutrinos see the Web page maintained by Goodman (2001).

A possible explanation of small neutrino masses (Gell-Mann, Ramond, and Slansky
1979, Yanagida 1979) is that they are Majorana masses of order my = m? /M)y, where
mp is a typical Dirac mass and M}, is a large Majorana mass acquired by right-handed
neutrinos. Such a mass term is invariant under SU(2), and hence is completely acceptable
in the electroweak theory. The pattern of neutrino Majorana and Dirac masses, and the
mixing pattern, is likely to provide us with fascinating clues over the coming years as to
the fundamental origin and nature of mass.

6 Summary

The Standard Model of electroweak and strong interactions has been in place for nearly
thirty years, but precise tests have entered a phase that permits glimpses of physics
beyond this impressive structure, most likely associated with the yet-to-be discovered
Higgs boson. Studies of mixing between neutral kaons or neutral B mesons, covered by
Stone (2001) in these lectures, are attaining impressive accuracy as well, and could yield
cracks in the Standard Model at any time. It is time to ask what lies behind the pattern
of fermion masses and mixings. This is an input to the Standard Model, characterised by
many free parameters all of which await explanation.
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1 Introduction

The dedicated study of b-flavoured hadrons has developed into one of the most active
and promising areas of experimental high-energy physics. The detailed investigation of b
decays at the B-meson factories and at hadron colliders will probe the flavour physics of
quarks with unprecedented precision. To fully exploit this rich source of data a systematic
theoretical approach is necessary. The required field theoretical tools are the subject of
these lectures.

We shall discuss the construction of effective weak Hamiltonians, introducing the op-
erator product expansion (OPE) and the renormalisation group (RG) and presenting the
effective Hamiltonians for nonleptonic AB = 1 and AB = 2 transitions as examples. The
subsequent chapter is devoted to heavy-quark effective theory (HQET). It explains the
basic formalism as well as the application to heavy-light and heavy-heavy currents, dis-
cussing the B-meson decay constant fp and the exclusive semileptonic decay B — D*[v,
respectively. Inclusive b decays and the heavy-quark expansion (HQE) are treated next, in
particular the general formalism, the issue of quark-hadron duality, the theory of b-hadron
lifetimes and of inclusive semileptonic decays. Finally, we discuss QCD factorisation for
exclusive hadronic B decays, focusing on B — D7 and B — 7r. We conclude with a
short summary.

The effective-Hamiltonian framework is the oldest and most general of the methods
we shall discuss. It dates back, more or less, to the beginnings of the standard model
itself. HQET and HQE are later developments that have been established in the second
half of the eighties and at the beginning of the nineties. The last topic, QCD factorisation
for exclusive B decays is the most recent. It is the least well established among these
methods and it continues to be studied and developed in further detail.
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We would like to mention a very short selection of literature, which we hope will
be helpful to obtain further information on the various subjects related to the contents
of these lectures. Very useful resources are the BaBar Physics Book (Harrison & Quinn
1998) and the Fermilab B Physics Report (Anikeev et al. 2002). They collect nice reviews
on both theoretical and experimental topics in B physics. A textbook more specifically
directed towards theoretical heavy quark physics is the work of Manohar & Wise {2000).
Review articles on particular subjects are (Buchalla, Buras & Lautenbacher 1996) on
effective weak Hamiltonians, (Neubert 1994) on HQET and (Bigi, Shifman and Uraltsev
1997) on HQE.

2 Introduction and overview

2.1 Motivation

In the following chapters we will study the theoretical tools to compute weak decay
properties of heavy hadrons. To put the formnalism into perspective, we start by recalling
the main motivation for this subject.

The central goal is the investigation of flavour physics, the most complicated sector
in our understanding of fundamental interactions. A good example is give by particle-
antiparticle mixing, as first studied with neutral kaons. The strong interaction eigenstates
K° (3d) and K° (ds) can be transformed into each other through second order weak
interactions, which leads to a tiny off-diagonal entry Mj; in the mass matrix {Figure 1).

d %,C 8
K '+ K° _ M Mp\ K
KL,S= \/';_! Kﬂ %4 KD (M12 M R’U
s U, C d

Figure 1. K° - K° mizing.
The physical eigenstates are K ¢ = (K £°)/+v/2 with a mass difference Amyg=m; —mg
given by 2|M)2| so that

Amg  GEfiBx
mg 62

Wi Vgl m? = 71071, (1)

where the number on the right-hand side is the experimental value. The theoretical
expression is derived neglecting the third generation of quarks and CP violation, which
is a valid approximation for Amy. The factors f2Bg (Bg = 1 for the purpose of a
fiest estimate) account for the binding of the quarks into mesons. A crucial feature of
(1) is the Glashow-Ilieponlos-Maiani {GIM) cancellation mechanism: the orthogonality
of the quark mixing matrix Vj; (i=u,¢; j=d, s) leads to a cancellation among the varicus
contributions with intermediate up and charm quarks (symbolically the amplitude has the
form (uu) — (uc) — (cu) + (ec)). For m, = m, this cancellation would he complete, giving
Amg = 0. Still, even for m, # m,, the contributions from virtual momenta & >3 m,, m,
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cancel since hoth ., and m, are negligible in this case. What is left is a characteristic
effect propottional to mf, the up-quark contribution being subleading for m, <€ Agcep <
m,. This circumstance allowed Gaillard and Lee in 1974 to correctly estimate the charm-
quark mass m,. =2 1.5 GeV, before charm was eventually discovered in the Fall of the same
vear.

In a similar way, the discovery of B; - B, mixing by the ARGUS collaboration {Al-
brecht et al. 1987) proved to be another milestone in flavour physics. In full analogy to
K - K mixing we have

Amp _ G%fiBg
mg 62

I m? _
“’w"w!g Mﬁ;S (—M; ) =6-10"", {2)
2

2

where now the top-quark contribution is completely dominant. The unexpectedly large
value observed by ARGUS provided the first evidence that the top-quark mass (mg po. =
176 GeV) was comparable to the weak scale and in any case much heavier than anticipated
at the time.

These examples show very nicely the “Aavour” of flavour physics: precision observables
are sensitive probes of high-energy scales and yield crucial insights into the fundamental
structure of weak interactions. At the same time we see that hadronic effects manifest in
quantities such as fg, Bg, and strong interactions of the participating quarks in general,
play an important role. Their understanding is necessary to reveal the underlying fAavour
dynamics and is the main subject of heavy quark theory.

B - B mixing, CP violation in B decays and other loop-induced teactions of -flavoured
hadrons are of great interest and continue to be pursued by numetrous experiments, A
central target is the Cabibbo-Kobayashi-Maskawa (CKM) matrix

2
Vie Vis Var 1-4 A AN~ in)
. . . . 2 ,
V=| Vg Vi Ve Y -4 aw (3)
Via Vie Vi ANl —p—in) —AN 1

12

which parametrises charged-current weak interactions in the standard model. The second
equality in (3) introduces the approximate form of the Wolfenstein parametrisation, where
the four independent CKM quantities are A, A, ¢ and %, The unitarity triangle, as defined
in terms of g and » is shown in Figure 2, indicating the CP violating angles «, # and .

A (9’ 7?)

(0,0) (1,0)

Figure 2. Definition of the unitarity triangle.
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Figure 3. Global fit of the unitarity triangle (darker shaded region), without sin 23 from
CP violation in B — J/UKs. The constraint from the world average sin28 (hatched
areas) is overlaid (Hicker et al. 2001).

The status of the unitarity triangle (in terms of § = p(1 — A?/2) and 7 = n(1 — A\?/2)) is
displayed in Figure 3, with input from CP violation in the kaon sector (ex) and from B
decays (|Vis/Vin], Amp,, Amp, and sin 23).

2.2 B decays — overview

A vast number of different B-decay observables is available to further test the standard
scenario of flavour dynamics. One may distinguish the following broad classes.

« Dominant decays:
b—cud, b—cts, b—cli

B-Dr, B—VUK, B- DM
« Rare decays:

b_—) uid, b_—} wiis, b_—} uli \
B-ar, B-=rK, B-onlp, B-=lp

« Rare and radiative (loop induced) decays:
b—s(d)yy, b—s(d)tl~, b— s(dve
B—}K(*)‘y, B—=py, ...

« AB = 2 oscillations: - .
B, - By, B, - B, mixing
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Other obvious classifications are between inclusive and exclusive processes or between
hadronic and (semi)leptonic decays.

A few key properties of b-hadrons enhance considerably the possibilities in B physics
both experimentally and theoretically. First, the smaliness of V; = 0.04 leads to a long
lifetime of 75 = 1.6 ps. In addition the b-quark mass is large compared with the QCD
scale

Ty 2 AQCD = 0.3GeV. {4)

The exact value of m; depends on the definition. In particular, the running M8 mass
1y (M) = 4.240.1GeV, the pole mass my poe = 4.8GeV, whereas the mass of the lightest b-
hadron is mg = 5.28GeV. The smallness of Agcp/my provides us with a useful expansion
parameter. Together with the property of asymptotic freedom of QCD and o (m,) < 1,
this opens the possibility of systematic approximations, which are exploited in the various
applications of heavy quark theory.

3 Effective weak Hamiltonians

Computing weak decays of hadrons is a complicated problem in quantum field theory.
Two typical cases, the first-order nonleptonic process B® — n*n~, and the loop-induced,
second-order weak transition B~ — K~ v are illustrated in Figure 4. The dynamics

K-

A |

Figure 4. QCD effects in weak decays.

of the decays is determined by a nontrivial interplay of strong and electroweak forces,
which is characterised by several energy scales of very different magnitude, the W' mass,
the various quark masses and the QCD scale: m,, Mw > my, m > Agcp > M,
my, {m;}. While it is usually sufficient to treat electroweak interactions to lowest non-
vanishing order in perturbation theory, it is necessary to consider all orders in QCD.
Asymptotic freedom still allows us to compute the effect of strong interactions at. short
distances perturbatively. However, since the participating hadrons are hound states with
light quarks, confined inside the hadron by long-distance dynamics, it is clear that also
non-perturbative QCD interactions enter the decay process in an essential way.

To deal with this situation, we need a method to disentangle long- and short-distance
contributions to the decay amplitude in a systematic fashion. A basic tool for this purpose
iz provided by the operator product expansion (OPE).
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3.1 Operator product expansion

We will now discuss the basic concepts of the OPE for B meson decay amplitudes. These
concepts are of crucial importance for the theory of weak decay processes, not only in
the case of B mesons, but also for kaons, mesons with charm, light or heavy baryons and
weakly decaying hadrons in general. Consider, for instance, the basic W-boson exchange
process shown on the left-hand side of Figure 5. This diagram mediates the decay of

d U d u
b wé + QCD x (M q,). b><
U

i

Figure 5. OPE for weak decays.

a b quark and triggers the nonleptonic decay of a B meson such as 8° — 7*1~. The
quark-level transition shown is understood to be dressed with QCD interactions of all
kinds, including the binding of the quarks into the mesons. To simplify this problem, we
may look for a suitable expansion parameter, as we are used to do in theoretical physics.
Here, a key feature is provided by the fact that the W mass My is very much heavier
than the other momentum scales p in the problem (my, Agcp, My, ma, m,;). We can
therefore expand the full amplitude A, schematically, as follows

Muw P’ .
A=C(M ) (Q)+O(Mz), (5)

which is sketched in Figure 5. Up to negligible power corrections of O(p?/M3,), the full
amplitude on the left-hand side is written as the matrix element of a local four-quark
operator ¢, multiplied by a Wilson coefficient €. This expansion in 1/My is called a
(short-distance) operator product expansion because the nonlocal product of two bilinear
quark-current operators (du) and (@d) that interact via W exchange, is expanded into a
series of local operators. Physically, the expansion in Figure 5 means that the exchange
of the very heavy W boson can be approximated by a point-like four-quark interaction.
With this picture the formal terminology of the OPE can be expressed in a more intuitive
language by interpreting the local four-quark operator as a four-quark interaction vertex
and the Wilson coefficient as the corresponding coupling constant. Together they define
an effective Hamiltonian H.qx = C-Q, describing weak interactions of light quarks at low
energies. Ignoring QCD, the OPE reads explicitly (in momentum space)

4 = gg Lu:tlubk : ? [d‘lt)-,r_‘_-;[ﬂb)v_g
p— GF 2
- \/_ VIVAC - (Y + O M2 (6)
with C =1, Q = {du)y_4(@b)y_4 and
Gr -
Hep = 7%L-';';v:.b(du)»—_A(ﬂb)v_» (7)

As we will demonstrate in more detail below after including QCD effects, the most
important property of the OPE in (5) s the factorisation of lobg- and short-distance
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contributions: all effects of QCD interactions above some Ffactorisation scale p (short
distances) are contained in the Wilson coefficient €. All the low-energy contributions
below g (long distances) are collected into the matrix elements of local operators ().
In this way the short-distance part of the amplitude can be systematically extracied and
caleulated in perturbation theory. The problem to evaluate the matrix elements of local
operators between hadron states remains. This task requires in general nonperturbative
techniques, as for example lattice QCD or QCD sum rules, but it is considerably simpler
than the original problem of the full standard-model amplitude. In some cases also the
approximate flavour symmetries of QCD (isospin, SU(3)) can help to determine the non-
perturbative input. This is true in general for hadronic weak decays. A decisive advantage
of heavy hadrons is the fact that the heavy-quark mass itself is still large in comparison
to Agep. The limit Agep/ms < 1 can then be exploited, which is achieved, depending
on the application, by using heavy quark effective theory, heavy quark expansion or QCD
factorisation for exclusive nonleptonic decays.

The short-distance OPE that we have described, the resulting effective Hamiltonian,
and the factorisation property are fundamentat for the theory of B decays. However, the
concept of factorisation of long- and short-distance contributions reaches far beyond these
applications. In fact, the idea of factorisation, in various forms and generalisations, is the
key to essentially all applications of perturbative QCD, in¢luding the tmportant areas of
deep-inelastic scattering and jet or lepton pair production in hadron-hadron collisions.
The reason is the same in all cases: Perturbative QCD is a theory of quarks and gluons,
but those never appear in isolation and are al ways bound inside hadrons. Nenperturbative
dynamics is therefore always relevant to some extent in hadronic reactions, even if these
occur at very high energy or with a large intrinsic mass scale. Thus, before perturbation
theory can be applied, nonperturbative input has to be isolated in a systematic way, and
this is achieved by establishing the property of factorisation. It turns ocut that the weak
effective Hamiltonian for nonleptonic B decays provides a nice example to demonstrate
the general idea of factorisation in simple and explicit terms.

We would therefore like to discuss the OPE for B decays in more detail, including the
effects of QCD, and illustrate the calculation of the Wilson coeflicients. A diagrammatic
representation for the OPE is shown in Figure 6. The key to calculating the coefficients

é . ?'e'g,)\ vo= O (><+>‘§+)

Figure 6. Caleulation of Wilson coefficients of the OPE.

C; is again the property of factorisation. Since factorisation implies the separation of all
long-distance sensitive features of the amplitude into the matrix elements of {(;}, the
short-distance quantities C; are, in particular, independent of the external states. This
means that the C; are always the same, no matter whether we consider the actual physical
amplitude where the quarks are bound inside mesons, or any other, unphysical amplitude
with on-shell or even off-shell external guark lines. Thus, even though we are ultimately
interested in, e.g., B — ww amplitudes, for the perturbative evaluation of C; we are free to
choose any treatment of the external quarks according to our calculational convenience.
A convenient choice that we will use below is to take all external quarks massless and
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with the same off-shell momentum p (p? # 0). The computation of the C; in perturbation
theory then proceeds in the following steps:

» Compute the amplitude A in the full theory (with W propagator) for arbitrary
external states.

« Compute the matrix elements (Q;) with the same treatment of external states.

« Extract the C; from A = C; (Q;).

We remark that with the off-shell momenta p for the quark lines the amplitude is even
gauge dependent and clearly unphysical. However, this dependence is identical for A and
(Q;) and drops out in the coefficients. The actual calculation is most easily performed in
Feynman gauge. To O(a;) there are four relevant diagrams, the one shown in Figure 6
together with the remaining three possibilities to connect the two quark lines with a gluon.
Gluon corrections to either of these quark currents need not be considered, they are the
same on both sides of the OPE and drop out in the C;. The operators that appear on
the right-hand side follow from the actual calculations. Without QCD corrections there
is only one operator of dimension 6

Q1 = (diwi)v_a(tby)v_a, (8)

where the colour indices have been made explicit. To O(a;) QCD generates another
operator

Q2 = (diuz)v—a(t;bi)v—a, (9)
which has the same Dirac and flavour structure, but a different colour form. Its origin is
illustrated in Figure 7, where we recall the useful identity for SU(N) Gell-Mann matrices

(BT 3T = = o () (i51y) + 3 () (35:). (10)

TS
dz’ 1k up

b U
gl
Figure 7. QCD correction with colour assignment.

It is convenient to employ a different operator basis, defining

Q.= 9T (11)

The corresponding coefficients are then given by

Cy=C %0, (12)
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If we denote by S the spinor expressions that correspond to the operators Q4 (in other
words: the tree-level matrix elements of @), the full amplitude can be written as

2 2
A= (1 + vyi051n Mp ) S, + (1 +v_agln Mp ) S.. (13)

Here we have focused on the logarithmic terms and dropped a constant contribution (of
order oy, but nonlogarithmic). Further, p? is the virtuality of the quarks and . are
numbers that we will specify later on. We next compute the matrix elements of the
operators in the effective theory, using the same approximations, and find

Q) = (1+vias (1 +In —Z)) Ss. (14)

The divergence that appears in this case has been regulated in dimensional regularisation
(D = 4 — 2¢ dimensions). Requiring

A=CHQs) +C(Q-), (15)

we obtain )

M

Ci=14+7via,In M—;V7 (16)

where the divergence has been subtracted in the minimal subtraction scheme. The effec-
tive Hamiltonian we have been looking for then reads

Hor = ZVVr (Co0)Qs + C-(0)Q-) (17)

\/_
with the coefficients C determined in (16) to O(a,log) in perturbation theory. The
following points are worth noting:

+ The 1/ (ultraviolet) divergence in the effective theory (14) reflects the My — oo
limit. This can be seen from the amplitude in the full theory (13}, which is finite, but
develops a logarithmic singularity in this limit. Consequently, the renormalisation
in the effective theory is directly linked to the In My, dependence of the decay
amplitude.

« We observe that although A and (Q.) both depend on the long-distance properties
of the external states (through p?), this dependence has dropped out in Cy.. Here we
see explicitly how factorisation is realised. Technically, to O(a,log), factorisation
is equivalent to splitting the logarithm of the full amplitude according to

M2 M2 2
In = —jp =W g £ (18)

—p? u? -p?
Ultimately the logarithms stem from loop momentum integrations and the range of
large momenta, between Mw and the factorisation scale g, is indeed separated into

the Wilson coefficients.

« To obtain a decay amplitude from Heg in (17), the matrix elements (f|Q+|B) ()
have to be taken, normalised at a scale u. An appropriate value for u is close to
the b-quark mass scale in order not to introduce an unnaturally large scale into the
calculation of (@).
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« The factorisation scale u is unphysical. It cancels between Wilson coefficient and
hadronic matrix element, to a given order in o, to yield a scale independent decay
amplitude. The mechanism of this cancellation to O(ay) is clear from the above
example (13-16).

« In the construction of H.q the W-boson is said to be “integrated out”, that is,
removed from the effective theory as an explicit degree of freedom. Its effect is still
implicitly contained in the Wilson coefficients. The extraction of these coeffcients
is often called a “matching calculation”, matching the full to the effective theory by
“adjusting” the couplings C\.

« If we go beyond the leading logarithmic approximation O(«;log) and include the
finite corrections of O(a;) in (13), (14), an ambiguity arises when renormalising
the divergence in (14) (or, equivalently, in the Wilson coefficients C'.). This ambi-
guity consists in what part of the full (non-logarithmic) O(«) term is attributed
to the matrix elements, and what part to the Wilson coefficients. In other words,
coefficients and matrix elements become scheme dependent, that is, dependent on
the renormalisation scheme, beyond the leading logarithmic approximation. The
scheme dependence is unphysical and cancels in the product of coefficients and ma-
trix elements. Of course, both quantities have to be evaluated in the same scheme to
obtain a consistent result. The renormalisation scheme is determined in particular
by the subtraction constants (minimal or non-minimal subtraction of 1/¢ poles), and
also by the definition of 5 used in D # 4 dimensions in the context of dimensional
regularisation.

« Finally, the effective Hamiltonian (17) can be considered as a modern version of the
old Fermi theory for weak interactions. It is a systematic low-energy approximation
to the standard model for -hadron decays and provides the basis for any further
analysis.

3.2 Renormalisation group

Let us have a closer look at the Wilson coeflicients, which read explicitly

(0) 2
Loy o_J] ¢
C:i: =1+ in 9 In ]LI?, Y+ = _8 3 (19)

where we have now specified the exact form of the O(a,log) correction. Nuinerically
the factor as(mb)yg))/(&r) is about +3.5% (—7%), a reasonable size for a perturbative
correction (we used a;(u = 4.2GeV) = 0.22). However, this term comes with a large
logarithmic factor of In{u?/M2,) = —6, for an appropriate scale of y = 4.2GeV. The
total correction to Ci = 1 in (19) is then —21% (42%)! The presence of the large
logarithm spoils the validity of a straightforward perturbative expansion, despite the fact
that the coupling constant itself is still reasonably small. This situation is quite common in
renormalisable quantum field theories. Logarithms appear naturally and can become very
large when the problem involves very different scales. The general situation is indicated
in the following table, where we display the form of the correction terms in higher orders,
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denoting £ = In{u/Muy-}:

LL NLL
af a
ot oM ol
al® o &3t al (20)
4 4
O1) Ofay)

In ordinary perturbation theory the expansion jis organised according to powers of «,
alone, corresponding to the rows in the above scheme. This approach is invalidated by
the large logarithms since .4, in contrast to a,, is no longer a small parameter, but
a quantity of order t. The problem can be resolved by re-summing the terms (a,f)"
to all orders n. The expansion is then reorganised in terms of columns of the above
table. The first column is of Q1) and yields the leading logarithmic approximation,
the second column gives a correction of relative order a,, and so forth. Technically the
reorganisation is achieved by solving the renormalisation group equation (RGE) for the
Wilson coefficients. The RGE is a differential equation describing the change of Cy{)
under a change of scale. To leading order this equation can be read off from (19)

%

437[3]‘6;(#}- (21)
m

I “C:t(lu) =

The factors (as/4fr)fy(im are called the anomalous dimensions of C.. To understand the

term “dimension”, compare with the following relation for the quantity p™, which has
{energy) dimension n:

d no__ n
aimpt T (22)

The analogy is obvious. Of course, the Cy{u) are dimensionless numbers in the usual
sense; they can depend on the energy scale p only because there is another scale, My,
present under the logarithm in (19}, Their “dimension” is therefore more precisely called
a scaling dimension, measuring the rate of change of Cy with a changing scale yg. The
nontrivial scaling dimension derives from {a;) loop corrections and is thus a genuine
quantum effect. Classically the coefficients are scale invariant, Cy = 1. Whenever a
symmetry that holds at the classical level is broken by quantum effects, we speak of an
“anomaly”. Hence, the % represent the anomalous (scaling) dimensions of the Wilson
coefficients.

We can solve (21), using

das, o? _33-2f P
= e =g M) =L (=)
and find
25 —v% f20,
 Jag(Mw)] "/ asly) . M
Culp) = [ () ] I+ﬁu—4ﬂ In p (24)

This is the solution for the Wilson coefficients Cy in leading logarithmic approximation,
that is to leading order in RG improved perturbation theory. The all-orders re-summmation
of g log terms is apparent, in the final expression in (24).
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3.3 The AB =1 effective Hamiltonian

In this section we will complete the discussion of the AB = 1 effective Hamiltonian. So
far we have considered the operators

QY = (dipi)v_a(Pibj)v-a, (25)

Qb = (dipj)v_a(Psbi)v_a, (26)

which come from the simple W-exchange graph and the corresponding QCD corrections
(Figure 8). We have slightly generalised our previous notation, allowing for the cases
p=u,c

w
u,c
d ’ : ;u, ¢t
g ©
b u,c Q‘*“E—' q
Figure 8. Correction to W exchange. Figure 9. QCD-penguin diagram.

In addition, there is a further type of diagram at O(a;), which we have omitted until
now: the QCD-penguin diagram shown in Figure 9. It gives rise to the four new operators

Qs = (dibi)v_ad (Gg5)v-a, (27)
Qi = (Jibj)v_AZq:(tijqz')v_A, (28)
Qs = (&ibi)V—Azq:(‘ijj)V+Av (29)
Qs = (Jibj)v_AZ::(djqi)wA. (30)

Two structures appear when the light-quark current (g¢)y from the bottom end of the
diagram is split into V — A and V + A parts. In turn, each of those comes in two colour
forms in a way similar to ¢, and Q.. Finally, one further gauge-invariant operator of
dimension six appears in the matching procedure, the chromomagnetic penguin operator

- 2

This operator corresponds to the diagrams in Figure 9 with the lower quark line omit-
ted. The gluon is thus an external field, represented in (31) by the field-strength tensor
G, Note that the characteristic tensor current necessitates a helicity flip in the b — d
transition, which is accompanied by a factor of the quark mass m, (the effect of my is
neglected). The contribution of Qg, would be very small for the Hamiltonian of K decays,
which only involves light external quarks, but it is unsuppressed for b decays.

The operators @y, ..., Qs, Qs, mix under renormalisation, that is the RGE for their
Wilson coefficients is governed by a matrix of anomalous dimensions, generalising (21).
In this way the RG evolution of C| ; affects the evolution of Cj, . .., Cs, Cgg. On the other
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hand C  remain unchanged in the presence of the penguin operators (3, ..., Qs, Qsg, 50
that the results for C) 2 derived above are still valid.

The construction of the effective Hamiltonian follows the principles we have discussed
in the previous sections. First the Wilson coefficients C;(uw), i = 1,...,6,8g, are de-
termined at a large scale uy = O(Mw,m;) to a given order in perturbation theory.
In this step both the W boson and the heavy top quark are integrated out. Since the
renormalisation scale is chosen to be py = O(Mw,m,), no large logarithms appear and
straightforward perturbation theory can be used for the matching calculation. The anoma-
lous dimensions are computed from the divergent parts of the operator matrix elements,
which correspond to the UV-renormalisation of the Wilson coefficients. Solving the RGE
the C; are evolved from py to a scale y = O(my) in a theory with f = 5 active flavours
q = u,d, s, c,b. The terms taken into account in the RG improved perturbative evaluation
of C;(u) are, schematically:

LO: (as In %‘i)n, NLO: « (as In M‘—P’»)n,

at leading and next-to-leading order, respectively.

The final result for the AB = 1 effective Hamiltonian can be written as

HE = Gr SN |CRE+CRE+ Y. CQif| + he, (32)
2 p=u,c 1=3,...,6,8g
where A\, = VP’ZV,,,,. In principle there are three different CKM factors, A,, A; and X;, cor-
responding to the different flavours of up-type quarks that can participate in the charged-
current weak interaction. Using CKM unitarity, one of them can be eliminated. If we
eliminate \;, we arrive at the CKM structure of (32).

The Hamiltonian in (32) is the basis for computing nonleptonic -hadron decays within
the standard model (to lowest order in electroweak interactions) with AB =1 and AS,
AC = 0. The Hamiltonian for b-decays with different flavour quantum numbers of the
light quarks has a completely analogous form. For instance, AB = 1 transitions with
a simultaneous change in strangeness, AS = 1, are simply described by (32) after the
replacement d — s. When new physics is present at some higher energy scale, the
effective Hamiltonian can be derived in an analogous way. The matching calculation
at the high scale uw will give new contributions to the coefficients C;(uw ), the initial
conditions for the RG evolution. In general, new operators may also be induced. The
Wilson coefficients C; are known in the standard model at NLO. A more detailed account
of HAP=! and information on the technical aspects of the necessary calculations can be
found in (Buchalla, Buras & Lautenbacher 1996) and (Buras 1998).

3.4 B-—B mixing at NLO

In the following section we present the effective Hamiltonian for a AB = 2 transition,
which is relevant for B — B mixing. In this case only a single operator contributes. The
form of the Hamiltonian is therefore particularly simple. We use this example to illustrate
the structure of Wilson coefficients at next-to-leading order. The mass difference Ampg in
the B — B system is related to the effective Hamiltonian H3P=2 by

1 = _
Amp = 2|Mig|s = — |(BIHE"Y|B)|. (33)
mp
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In order to construct H52=2, the full standard model amplitude for AB = 2 transitions is
matched onto the eﬂ'ectwe I;hec-ry amplitude ar the matching scale py = O(m,) = O{My).
This is sketched in Figure 10.

b u, ¢t d b d
d b d b
u, et

Figure 10. OPE for B - B mizing.

There is only one local operator

Q = (bd)v_albd)y_4. (34)

The Wilson coefficient, up to next-to-leading order, can be written as
[y
Clue) = CV () + ﬁcm(u:], (35)

where (% is the lowest order result and C'" comes from the corrections with one-giuen
exchange. The RG evolution from the high scale g, down to a scale g = Q(m,) has the

form 6/23
C(“) P C(’s(ﬂ) ;ﬂas(“t)l{l . [(;3((;::-))} B C(P’a.‘,) {36)

The second factor on the right-hand side is familiar from the leading logarithmic approx-
imation (the only difference is that at NLO the two-loop expression for a,{u) has to be
used). The first factor represents the next-to-leading order correction. Here J; is a scheme-
dependent constant, which in the usual, so-called NDR, scheme reads J; = 5165/3174.

We now have the ingredients to write the effective Hamiltonian up to NLO precision

GLMZ, e e
HEP™ = M(h;"m)z-cm)c? (37)

(Vi Via)So(m)mslos ()] [1 + %")Js] Q.

The result is entirely dominated by the top-quark contribution. It is common practice to
separate the coefficient C{y) into the function Sy(z,) (with £, = m7/M{,), which wouid
be the coefficient in the absence of QCD effects, into the terms that depend on a,{x), and
the remainder, which is defined as the QCD-correction factor fg. This has been done in
the second equation in {37). Taking the matrix element of H3F=2 between the B and the
B state and using (33) gives

G2 M3 .
Amp = WV Vigl*Solxns Bafame. {38)
One encounters the hadronic matrix element of 2, which is written as

(BIQIBN = 2 fimdBalu) (39)
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defining the (scale and scheme dependent) hadronic parameter Bg(u). The combination

By = Bp(p)[os (1)) %% [l + %Js} ; (40)

is formally scale and scheme independent and has been used in (38). The parameter Bg(u)
is a nonperturbative quantity and has to be determined e.g. by lattice calculations. At
present the value of Bp is still very uncertain, in contrast to the short-distance QCD
corrections, which are precisely known. A numerical illustration is given in Table 1,
where we have put Bg(p) = 0.9 as an example.

Table 1. 0.846 | 09 |=0761

me la] o [1+ 58] BaG)

0.551 [ 1.38 —0.761

Two different definitions of a short-distance QCD factor can be considered, depending
on where the terms with «,(iz) are included. One possibility is to include them with
ng into a Wilson coefficient (=0.846), which is to be multiplied by the hadronic matrix
element Bg(u) = 0.9. The other possibility is the formally scheme independent separation
into g = 0.551 and Bg = 1.38 (for np this is the precise result; Bg = 1.38 is only true
in our example). The purpose of this exercise is to remind us that different definitions
are sometimes employed for the parameter Bp and care has to be taken which one is
being used, in order to combine it with the appropriate short-distance corrections. We
can also see that the large deviation of the QCD correction factor np from 1 is merely a
consequence of pulling out the large factor [a,(12)]7%/2%. It is somewhat artificial and does
certainly not indicate a problem for perturbation theory. In fact, the coefficient 0.846 is
the one that has the proper limit, approaching 1 as «, —» 0. It is indeed much closer to
unity in accordance with the expectation for a perturbative correction factor. Still, the
use of 7p = 0.551 is often adopted due to its formally scheme invariant definition.

An important application is the ratio of the mass differences for By and B, mesons,
for which (38) implies
Amg, Via
Vis
This quantity is a very useful measure of [V;q/V}|. All other short-distance physics (top-
dependence, np) has dropped out. Hadronic uncertainties are reduced in the ratio of
matrix elements, which is 1 in the limit of unbroken SU(3) flavour symmetry. The can-
cellation of the short-distance contribution is a direct consequence of the factorisation
property of the OPE. Lattice calculations give for the ratio of matrix elements (Hocker
et al. 2001, and references therein)

I8.vBa. 4 164 0.06. (42)

de\/B—Bd

The ratio Amg,/Amp, is a very powerful constraint for the unitarity triangle, as can be
seen in Figure 3.

2 2
dedeBBd

. 41
ma, 13, Bs, ()

AmBs
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4 Heavy quark effective theory

4.1 Basic formalism

Heavy quark effective theory (HQET) is an effective field theory designed to systematically
exploit the simplifications of QCD interactions in the heavy-quark limit for the case of
hadrons containing a single heavy quark. The HQET Lagrangian can be derived as follows.
We start from the usual QCD Lagrangian for a heavy-quark field ¥ with mass m

L =Vip¥ — m¥¥, (43)
with the covariant derivative

D, =0, —gT"Aj. (44)
The heavy-quark momentum can be decomposed as

p=mv+k, (45)

where v is the 4-velocity of the heavy hadron. Once mv, the large kinematical part of the
momentum is singled out, the remaining component k is determined by soft QCD bound
state interactions, and thus k& = O(Aqcp) € m. We next decompose the quark field ¥
into

ho(z) = eimﬂ-x#mx), (46)
H,(z) = ei"“”’:%\ll(z), (47)

which implies _
U(z) = e ™ (hy(z) + Hy(2)) . (48)

The expressions (1t ¢)/2 are projection operators. Their action represents the covariant
generalisation of decomposing ¥ into upper and lower components. Using the standard
representation for y-matrices, this is evident in the rest frame where ¢ = 7. Note also that
the equation of motion with respect to the large momentum components, m($ —1)h, = 0,
is manifest for h,.

The exponential factor exp(imv-z) in (46), (47) removes the large-frequency part of
the z-dependence in ¥(z) resulting from the large momentum mv. Consequently, the
z-dependence of h,, H, is only governed by the small residual momentum and derivatives
acting on h, and H, count as O(Aqcp). (Our sign conventions are appropriate for a heavy
quark. To describe the case of a heavy anti-quark, similar definitions are valid with the
sign of v reversed.)

Multiplying the QCD equation of motion (i) —m)¥ = 0 with the projectors (1 —#)/2
and (1 + $)/2, and using (46) - (48) and the definition

DY = D* — v D, (49)
we obtain the coupled system of equations

ww-Dhy, = —ilp,H,, (50)
(iv-D + 2m) H, iDL hy. (51)
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They represent the equation of motion in terms of k, and H,. The second equation implies
that H, = O(Aqcp/m)h, by power counting. Hence H, is suppressed with respect to h,
in the heavy-quark limit. In other words, h, contains the large components, H, the small
components of U.

The HQET Lagrangian is obtained starting from (43), expressing ¥ in terms of h,,
H, and eliminating H, using (51). We find
T T 1 .
L= hv'L’U'th + hvlwl mlwlhv. (52)
Alternatively, H, as obtained from (51) in terms of h, can be inserted into (50) to yield
the equation of motion for h,. This equation is just the equation of motion implied by
(52) (upon variation with respect to h,, i.e. 6£/6h, = 0). The Lagrangian may thus be
written down immediately given the equation of motion for the field h,.

The second term in (52) contains the nonlocal operator (1v-D + 2m)~!. It can be

expanded in powers of Aqcp/m to yield a series of local operators. Keeping only the
leading-power correction we can simply replace (iv-D + 2m)~! by (2m)~! and get

= Fiv- L h DR 4+ kg -
£ = hyiv-Dhy + 5=hy(iD1)*hy + 3 =hyo" Gpuhi. (53)

We now discuss some important aspects of this result.

The first term on the right hand side of (53) is the basic, lowest-order Lagrangian of
HQET. It describes the “residual” QCD dynamics of the heavy quark once the kinematic
dependence on m is separated out. Since there is no longer any reference to the mass
m, the only parameter to distinguish quark flavours, this term is flavour symmetric: The
dynamics is the same for b and ¢ quarks in the static limit. Since the operator v-D
contains no ~y-matrices, which would act on the spin degrees of freedom, the leading
HQET Lagrangian also exhibits a spin symmetry. This corresponds to the decoupling of
the heavy-quark spin in the m — oo limit. Together, we have the famous spin-flavour
symmetries of HQET (Isgur & Wise 1989). They lead to relations among different heavy-
hadron form factors.

From the Lagrangian h,iv-Dh, the Feynman rules for HQET can be read off. The
propagator is y
1+
-7 54
vk 2 (54)
where the projector (1 + #)/2 appears since h, is a constrained spinor (see Equation 46).
The interaction of the heavy-quark field h, with gluons is given by the vertex

igvtTe. (55)

These Feynman rules enter in the computation of QCD quantum corrections.

The remaining terms in (53) are the leading power corrections. They have an intu-
itive interpretation. In the first term one recognises the operator for the nonrelativistic
kinetic energy p?/(2m), which describes the residual motion of the heavy quark recoiling
against the light degrees of freedom inside the heavy hadron. The last term represents the
chromomagnetic interaction of the heavy-quark spin with the gluon cloud. Both effects
violate flavour symmetry, the chromomagnetic term also spin symmetry, but they are
power suppressed.
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So far we have only considered QCD interactions. Weak interactions introduce exter-
nal currents, which can also be incorporated in HQET. A generic heavy-light transition
current gI'¥, arising for instance in semileptonic decays, can be represented as

1
qrxyzqrhv+0(5), (56)

replacing the heavy-quark field ¥ by the HQET field h, using (48).

4.2 Theory of heavy-hadron masses

Before considering HQET in the context of weak decays, let us discuss a, first application of
the basic HQET Lagrangian (53) in the spectroscopy of heavy hadrons. To be specific, we
shall analyse the masses of the ground-state mesons B and B*. These mesons constitute
a doublet that arises because the spin 1/2 of the heavy quark couples with the total spin
1/2 of the light degrees of freedom in their ground state to form a spin-0 and a spin-1
meson, the pseudo-scalar B and the vector B*, respectively. Because the b-quark spin
decouples in the heavy-quark limit, the state of the light cloud is identical for B and B*
to leading order, and the angular-momentum coupling described above is the appropriate
scheme. If we neglect the power corrections in (53), we can immediately write down the
composition of the meson masses

m® = m(gi =my + A. (57)

Evidently the meson mass has a component m, from the heavy quark. In addition it has
a term A = O(Aqcp) from the energy of the light constituents. The latter is determined
only by the interactions among the light degrees of freedom and their interaction with
the static b-quark (h,) through the first term in (53). It is therefore independent of m,,.
The sum of m, and A is a physical quantity, however, separately both parameters are
dependent on the scheme used to define them.

In order to include the first power corrections, we treat the 1/m terms in (53) as
perturbations to the lowest-order HQET dynamics. To first order in perturbation theory
the corrections to (57) are then simply given by the expectation values of the 1/m terms.
The proper normalisation is obtained as follows. If X = —L,,, is the Hamiltonian
(density) corresponding to the correction term Li/, in (53), and H = [d*zH is the
Hamilton operator, the mass correction due to H is just

dmp = (B|H|By), (58)

where | B} is the B-meson state normalised to one, (B|B;) = 1. Using the conventionally
normalised states with (B|B) = 2mpg}’, we can write

! 3 1 (B|#(0)|B)
= B) = / &z (BIH(0)|B) = 22 (s
omp = 5 (Bl [ e HEB) = 5 [ da (BIH(©)|B) = =5 == (59)
where we have used the translation invariance of # and [ d%z = V. Defining
h(iD)? 1(B|hgo-Gh|B
\, = (BIRGDPHB) | _ 1(Blhgo GhiB) 0
2m3 6 2m3
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we obtain
X+ 34

me (61)

6??’13 =

Note that we may replace D® by D? in the definition of A, up to higher order corrections
{see (49), (50)). The parameter A, corresponds to (minus) the expectation value of the
momentum squared of the heavy quark, A} = —{p?} = O(Aécn)- This gives a positive
correction in {61) representing the (small) kinetic energy of the heavy-quark. The .-
correction to the mass reflects the interaction energy of the heavy-quark spin with its
hadronic environment, as already discussed in the previous section. While the A -term
is independent of the heavy-quark spin and identical for B and B*, the chromomagnetic
correction ~ Ay = O(Ad¢p) is different for B*. We have

AL — Ay

dmps = — S (62)
Including (57) we arrive at the following expansion for the meson masses
- A F+3A
ms = my+A- 2—2, (63)
me
5 1— A2
Mpx = My + A - 23’]’%5 y (64)
where the dependence on m, is explicit order by order,
If we apply the heavy-quark limit to D mesons, we obtain analogous relations
- M+ 3M e
mp = .+ A '—'W, (6\)}
M= A
mpr = me+A- e {66}

with the same A, X, and ) as before.

These results have a few interesting consequences. First, > parametrises the spin-
splitting between the psendo-scalar and the vector mesons:

2Ag

Mpx — g = ™ = 46 MeV, (67)
2),
Mpx ~mp = — =141 MeV. (68)

HQET predicts that the spin-splitting scales inversely proportional to the heavy-quark
mass. This is seen to be quite well fulfilled given that my = 3m,. Relation (67) can be
used to determine the nonperturbative quantity A, from experiment

1
Ay = Zl(m'g* - m%) = 0.12GeV?, (69)

On the other hand, the quantity A; has to be estimated theoretically. Finally one may
introduce the spin-averaged masses

_ m3+3mB* - /\|
= £ 8 _ A - 2L
ity 2 my + 2ty (70)
+ 3 - A
fp = RTVMpY L A (71)
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This eliminates A2 and yields the useful result

_ _ A1
—m, = (mp — 1- . 2
my —m, = (Mp mD)< 2_3_0) (72)

Since the Aj-correction is fairly small, the quark-mass difference is rather well determined,
much better than individual quark masses.

Exercise

Derive the relative factor between the chromomagnetic correction to the mass of the B
and the B* meson.

Solution: Denote the heavy-quark spin by s, the total spin of the light degrees of
freedom by j and the total spin of the meson by J = s + j. The chromomagnetic field of
the light cloud has to be proportional to j. Hence the energy of the interaction between
this field and s is proportional to (s-j). The angular momentum algebra then gives
(28-§) = J(J + 1) — s(s+ 1) — j(j + 1), which is (=3/2) for B and (1/2) for B*, hence
the relative factor (—1/3) of the Ao-term in (62) with respect to (61).

4.3 Heavy-light currents and fp
The B-meson decay constant fg is defined by the matrix element

<Q|AuIB(1))> = —ifpmpu,, (73)
of the heavy-light axial vector current

Ay =y V. (74)

Here q is the light-quark, ¥ the heavy-quark field in full QCD, with ¥ = b in the present
case. The B-meson momentum is p = mpgv.

Let us analyse A, in HQET, including QCD corrections. The expansion of A, in
HQET to leading order in 1/m, but allowing for QCD effects, has the form

. ~ 1
A=Ci)A + G + O (E) (75)
Ar = Fyurshe Ay = quuysha- (76)

The matching conditions at the b-quark mass scale p = m, are
Ci(ms) = 14 O(a) Ca(my) = O(as). (77)

To leading order in QCD only A, is present in HQET, with coefficient one. Radiative
corrections at O(a;) modify C; and generate a new operator A,. Note that the matching
calculation of the full-QCD current A onto HQET, leading to (75), is completely anal-
ogous to the OPE procedure of constructing the effective weak Hamiltonian from the
W-exchange amplitude in the full standard model, which we have discussed in Section 3.
The difference is only that a 1/My, expansion is performed in the latter case, and a 1/m,
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expansion in the case of HQET. The basic philosophy is essentially the same. In partic-
ular, a factorisation of long and short-distance contributions is obtained: contributions
from large scales greater than y, including the m;-dependence, are again contained in the
coefficient functions Cj . Soft scales less than p are factorised into the hadronic matrix
elements of 21,2-

In contrast to the full-QCD current A, the HQET currents do have an anomalous
dimension, reflecting a logarithmic dependence of fg on the heavy-quark mass at O(ay).
The logarithms can be re-summed by renormalisation group methods, again in full analogy
to the procedure in Section 3. In leading logarithmic approximation (LLA) Cy can be
neglected and C) acquires the familiar form

as(mb)] —2/Bo
as(p)

Here the LLA assumes the hierarchy a;(my) < 1, o, In(my/p) = O(1), which holds in
the heavy-quark limit (m, large, 4 = O(1GeV)).

To express fz in HQET via (73), (75) and (78), we need the matrix element of A,
(014 |B(p)) = ~if () /5o, (79)

Since the dynamics of HQET is independent of m;, the reduced decay constant f(p) is
my-independent. The only m,-dependence in (79) enters through a trivial factor \/mg
from the normalisation of the B-meson state, which in the usual convention is given by

Cilw) = [ (78)

(B|B) = 2mgV. (80)
Collecting the ingredients, (75) yields
fa = L) ["‘S(’”")]_m. (81)
Vg | os(u)

This expression for fg is true to leading order in the HQET expansion in Aqcp/m
and in leading logarithmic approximation in QCD. The factor f(u) in (81) is still a
nonperturbative quantity to be determined by other methods. However, the dependence
of fg on the heavy-quark mass is now explicit. Equation (81) implies the scaling behaviour
fs ~ 1/\/mg, up to a calculable logarithmic dependence on m,. In principle such a
relation can be used to relate fg to the analogous quantity fp for heavy mesons with
charm. In practice, it turns out that the leading order scaling result for fg is not very
well fulfilled even for the b-mass scale and that subleading power corrections are important
in this case. Nevertheless the result in (81) is of conceptual interest and can serve as a
simple example of an application of HQET.

4.4 Heavy-heavy currents: B—D™)5 and V,

One of the most important results of HQET is the extraction of V;, from exclusive semilep-
tonic B = D*1i decay. We will here give a short outline of the main steps in this analysis.
The starting point is the differential decay rate

dT'(B — D*Iv)

S = Vol K(w) F*(w) (82)
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in the kinematical variable w = v-v’, where v and v’ are the 4-velocities of B and D*,
respectively. The dependence of (82) on |V,,|, the quantity of interest, is obvious, and K(w)
is a known kinematical function. Finally, F(w) contains the nontrivial QCD dynamics
encoded in the B — D* transition form factors. The corresponding matrix elements of
the weak currents can be written in the heavy-quark limit as

ﬁw*(vcenmbm(v» = i) el v v), (83)
L (D", ennsblBE) = ) [(1+we,— (0] (84)

R /mD*mB

In the heavy-quark limit, that is to lowest order in HQET, all hadronic dynamics is
expressed in a single function £(w), the Isgur-Wise function (Isgur & Wise 1989). In this
limit we further have

F(w) = &(w). (85)

Moreover, £ is absolutely normalised at the no-recoil point

(1) = 1. (86)

The no-recoil point w = 1 corresponds to the kinematical situation where the D* meson
stays at rest in the rest frame of the decaying B (v' = v = w = 1). Measuring dI'/dw at
w = 1, |Vpp| can then be determined from (82) since all ingredients are known. Because
w == 1 is at the edge of phase space, an extrapolation is necessary to find dI'/dw|,—, from
the measured spectrum.

For a realistic analysis corrections to the heavy-quark limit need to be considered. An
important property of B — D*[7 is that linear power corrections in HQET are absent,
d1/m = 0, where m can be either m, or m;. Consequently the leading corrections enter
only at second order and are thus greatly reduced. This result is known as Luke’s theorem.
The absence of linear corrections does not hold for B — DI decays, hence the particular
importance of B — D*[p. Including corrections, the lowest order approximation F(1) =
£(1) = 1 is modified to

-7:(1) :nA(1+51/m2)’ (87)

where 6,2 are the second order power corrections and 74 is a correction from perturbative
QCD. To first order in «; it reads

o1 2 (e -5) )
A detailed numerical analysis yields (Harrison & Quinn 1998)
F(1) = 0.913 + 0.042, (89)
which gives (Hocker et al. 2001)
Veo = 0.0409 £ 0.0014exp £ 0.0019. (90)

To summarise the crucial points for the extraction of Vi from B — D*Ii decay:
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Heavy-quark symmetry relates the various semileptonic form factors {four different.
fupctions V¥, Ay, A,, 4; in fuill QCD) to a single quantity £{w), the Isgur- Wise
function.

The function £ is absolutely normalised, £(1) = 1. This property has an intuitive
reason: At the kinematical point w = 1 the decaying b-quark at rest is transformed
into a c-quark, also at rest. Since both quarks are ireated in the static approximation
(my, M ~+ 00, my/m, fixed), the light hadronic cloud doesn't notice the flavour
change b — ¢ and is transfered from the B to a D meson with probability one.
The function ¢ is identical for B — D and B — D* transitions, because these are
related by heavy-quark spin symmetry.

HQET provides a framework for systematic corrections to the strict heavy-quark
limit governed by £(w). Luke’s theorem guarantees the absence of first-order cor-
rections in 1/m for B — D*{5.

HQET: conclusions

We would finally like to summarise the basic ideas and virtues of HQET, and to re-
emphasise the salient points.

-

-»

HQET describes the static approximation for a heavy quark, covariantly formu-
lated as an effective field theory and allowing for a systematic inclusion of power
corrections.

Order by order in the expansion in Agep/m HQET achieves a factorisation of hard,
perturbative contributions {momentum scales between m and a factorisation scale )
and soft, nonperturbative contributions (scales below g). The former are contained
in Wilson coefficients, the latter in the matrix elements of HQET operators.

The procedure of matching full QCD onte HQET is analogous to the construction
of the effective weak Hamiltonian H.q. The difference lies in the massive degrees
of freedom that are being integrated out: the W bhoson (mass Mu) for Heq, the
lower-component spinor field #, (mass 2m) for HQET. The perturbative matching
can be supplemented by RG resummation of logarithms, In(Mw /i) in the former
case, In{m/y) in the latter.

The usefulness of HQET is based on two important features: The spin-flavour sym-
metry of HQET relates form factors in the heavy-quark limit and thus reduces
the number of unknown hadronic quantities. The dependence on the heavy-quark
masses is made explicit (scaling, power corrections).

We conclude with briefly mentioning another field, called large energy effective theory
(LEET), which has some similarities with HQET. LEET is needed for matrix elements
of the form (M|gTb|B) at large recoil of the light meson M = =, p, K™, ete. Then
HQET is not sufficient in this situation because not only soft but also collinear infrared
singularities need to be factorised. The latter occur due to the light-like kinematics of
the fast and energetic light quark emitted from the weak current. To define LEET the
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usual heavy-quark limit can be considered for the B meson with velocity v. The large-
energy limit is taken for the light meson M with light-like momentum vector En. Here
E = O(my) is the energy of M and n is a light-like 4-vector with n? = 0 and v-n = 1.
The momentum of the energetic light quark ¢ is written as p, = En + k, with a residual
momentum k£ = O(Aqcp). In formal analogy to the fields h, and H, in HQET, the new
light-quark fields

wle) = o) Q) = oo o) (o1)

can be defined and used in the construction of LEET (Dugan & Grinstein 1991, Charles
et al. 1999, Beneke & Feldmann 2001, Bauer et al. 2001a). As a consequence of the
LEET limit the ten form factors needed to describe all matrix elements (M|qT b|B) of
bilinear heavy-light currents can be reduced to only three independent functions. LEET
has received increasing interest quite recently and is still under active development.

5 Inclusive decays and the heavy quark expansion

5.1 Basic formalism and theory of lifetimes

The heavy-quark limit, m > Aqcp, proves to be extremely useful also for the computation
of inclusive decay rates of heavy hadrons (Chay et al. 1990, Bigi et al. 1992, 1997). The
specific technique appropriate for this application is distinct from HQET and goes by
the name of heavy quark expansion (HQE). Consider the total decay rate 'y of a heavy
hadron H. The starting point for the HQE is the following representation of I'y

1
T = o (HITIH) = (T), (92)
my
where the transition operator 7 is defined as
T =Im i/d4ITHeff(I)Heff(0)’ (93)

with H.q the effective weak Hamiltonian. Equations (92), (93) express the total decay
rate as the absorptive part of the forward scattering amplitude H — H under the action
of Heg. This expression is referred to as the optical theorem by analogy to a similar
relation in optics. One may rewrite (92), (93) in a more directly understandable form
by inserting a complete set of states | X){X| between the two factors of Heg in (93) and
removing the T-product by explicitly taking the absorptive part. This yields

Ly~ (H|Hes

XN X | Hea| H), (94)

where one immediately recognises the decay rate as the modulus squared of the decay
amplitude (summed over all final states X). The reason to introduce (93) is that the 7-
product, by means of Wick’s theorem, allows for a direct evaluation in terms of Feyninan
diagrams.

In order to compute ['y an operator product expansion is applied to (93), resulting in
a series of local operators of increasing dimension. The coefficients of these operators are
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correspondingly suppressed by increasing powers of 1/my. The series has the form
T:I‘;,Eb+Z—G;Bgcr’Gb+Zz—"§EF§qu§b+m, (95)
my, iy

where we have written the first few operators of dimension three {bb), five (bgo-Gb) and
six (b;g ¢[:b). The matrix elements of the operators contain the soft, nonperturbative
physics, their Wilson coefficients I'y, z; the hard contributions, which are calculable in
perturbation theory. Again, the coefficients are determined by an appropriate matching
calculation between (93) and the rh.s. of (95). The Feynman diagrams for the three
terms in {95) are shown in Figure 11 The two weak-interaction vertices in these diagrams

Figure 11. Heavy quark expansion for the total decoy rate of b-hadrons.

correspond to the two factors of Hey in the definition of 7 in {93) (the absorptive part of
the diagrams is understood).

Obviously, the heavy quark expansion is different from HQET. However, we may
still use HQET in conjunction with (95) in order to further analyse the hadronic matrix
elements. An important example is the leading dimension-three operator bb. Its matrix
element between heavy-hadron states H can be expanded in HQET as

- 1 - 1 -
(B0) = 1+ 5 (RGDYR) + 1 (oo G), (96)

where {...) = (H}...|H}/(2my).

Equations (92), (95) and {36) imply that to leading order in the HQE 'y = [y, that
is the total decay rate of all b-flavoured hadrons is equal to the rate of free d-quark decay.
Pictorially this can be seen from the first diagram in Figure 11, which represents essentially
the amplitude squared for the partonic decay of a #-quark. Note also that perturbative
QCD corrections to [y can consistently be taken into account. The gluonic corrections
to inclusive b-quark decay are infrared safe, as required for [, in its role as a Wilson
coefficient of the HQE. Also, corrections proportional to powers of a;{my) ~ 1/ In(my/A)
are only suppressed by inverse powers of In m, in the heavy-gquark limit, and hence formally
leading in comparison to higher corrections in the HQE, which are suppressed by powers
of A/my. The calculation of heavy-quark decay in the parton picture has been used since
the beginnings of heavy-quark physics as an approximation for inclusive decays of the
cotresponding heavy hadrons. As we have seen, the HQE gives a formal justification for
this approach and provides us with a theoretical framework to compute nonperturbative
corrections.

The first correction term in (96) depends on the expectation value of the momentum
squared {p2) of the heavy quark inside the hadron. This matrix element is non-zero
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because the heavy quark is recoiling against the light degrees of freedom through gluonic
interactions in the hadronic bound state. This term has a very intuitive interpretation.
It corresponds to a correction factor 1 — (p?)/(2m?) = 1 — (v2)/2, which is just the
reduction of the free decay rate from time dilatation due to the recoil motion of the heavy
quark. The second correction comes from interactions of the light hadronic cloud with
the heavy-quark spin. We have

(miy —m%) H=B

Hon, (97)

S e

(hgoGh) = {

The result is zero for the A, baryon since the light degrees of freedom are in a state of zero
total angular momentum. Note that the spin interaction enters twice in (95), explicitly
with coefficient z¢ and via the expansion of (bb).

The leading nonperturbative corrections start only at second order. There is no cor-
rection linear in 1/my. This is because there is no gauge-invariant operator of dimension
four that could appear in the HQE.

At order 1/m} contributions appear where the spectator quark participates directly
in the weak interactions. For b-mesons they can be interpreted as the effect of weak
annihilation (WA) of the b-quark with the valence d-quark (for B,) and as the effect of
Pauli interference (PI)(for B,). The latter phenomenon occurs because in the nonleptonic
decay of a B,, b(@) — ctid(@), two identical G-quarks are present in the final state. These
corrections distinguish, in particular, between B, and B, mesons and are responsible for
their lifetime difference. Despite the suppression by three powers of my these effects can
be relatively important due to their two-body kinematics, which brings a phase-space
enhancement factor of 1672 in comparison to the leading three-body decay.

As one of the possible applications, the HQE provides us with a theory of heavy-
hadron lifetimes. The deviations of lifetime ratios from unity probes the power corrections.
At present there are still sizeable theoretical uncertainties due to the hadronic matrix
elements (bT'ggI'b). They can in principle be computed with the help of lattice gauge
theory. Table 2 shows a comparison of theoretical predictions and experimental results
(see for instance (Ligeti 2001)).

Table 2. Experiment Theory
r(B*Y)/r(BY) | 1.068+0.016 | 1-1.1
0.947+0.038 | 0.99 — 1.01
7(Ap)/7(Bg) | 0.795+£0.053 | 0.9—1.0

~
-
—
oy}
A
—

5.2 Local quark-hadron duality

A systematic uncertainty within the HQE framework, which is often debated in the lit-
erature, arises from the issue of quark-hadron duality. In this paragraph we give a brief
and heuristic discussion of the basic idea behind this topic.

The theoretical prediction for an inclusive decay rate obtained from the HQE has the
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my

Figure 12. I'/Iy as function of my (arbitrary units).

form

/T =1+ f’;? . (%) (98)

where we have denoted the leading, free-quark result by I'y. Let us consider the decay
rate as a function of my, keeping A = Agep constant. Then the quantity I'/T, to any
finite order in {A/m}, is a simple polynomial expression in this variable. This is sketched
as the monotonie curve in Figure 12 showing '/ as function of my, (in arbitrary units).
Now since, by construction, the HQE for I'/I'y yields a power expansion in (A/m), any

term of the form
mp\EY My k
exp ( ( A ) ) s (_A_) ' (99)

for example, present in the true result for I'/I’y would be missed by the HQE. This is
due to the exponential suppression in the expamsion parameter. In fact, the function
exp{—1/z) is non-analytic. Its power expansion arcund z = 0 gives identically zero.
However, such (or similar) terms are expected to be part of the true I'/Ty on general
grounds. The corresponding complete result for I'/Iy, including such a term, is sketched
as the oscillating graph in Figure 12. This true curve represents the physical result for
the decay rate I' /Ty, which consists of the inclusive sum over all the different exclusive
decay channels. [t is intuitively understandable that the true my-dependence will have
such a damped oscillating behaviour: if we imagine continually increasing my, I'/Ty will
undergo a small jump whenever it reaches a value at which the presence of a further higher
hadronic resonance in the final state becomes kinematically allowed. Since the excited
hadrons have finite widths, the threshold behaviour will be smoothed out, resulting in the
pattern of damped oscillations.

The term gquark-hedron duality refers to the idea that the inclusive rate as the sum
over all exclusive hadronic decay channels and the inclusive rate as predicted by the heavy
quark expansion are dual to each other. This means they are both valid representations
of the same quantity using different descriptions, the hadron level or the quark level. The
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term local refers to the fact that the energy scale my is a fixed quantity, as opposed to e.g.
the centre-of-mass energy in e*e™ annihilation, which can be averaged to obtain suitably
defined “global” quantities. In principle, the hadronic description gives the true result,
measured in experiment. The problem is, however, that we would have to compute all
exclusive rates first, which is far beyond our current control of nonperturbative QCD. On
the other hand, the HQE calculation can be performed, within some uncertainties, but
it is clear that the result need not be identical to the true answer. A deviation between
the latter and the HQE (including power corrections) is referred to as a violation of
quark-hadron duality. Indeed, contributions violating quark-hadron duality are expected
(see(99)), but the numerical size of these terms cannot be strictly computed at present.
Conceptually this is no problem because they are formally subleading in comparison to
power corrections, so that the HQE still makes sense even at higher orders. The remaining
question is how large can violations of quark-hadron duality be numerically. While there
are at the moment, within the uncertainties intrinsic to HQE, no established cases in
inclusive B decays where duality is violated, the issue clearly needs further investigation,
both theoretically and phenomenologically.

A more detailed account of the status of quark-hadron duality can be found in the
papers by Blok, Shifman & Zhang (1998), Shifman (2000) and Bigi & Uraltsev (2001).

5.3 Inclusive semileptonic decays: V., and V

The HQE cannot only be applied to the total decay rates, but also to inclusive rates
with specific flavour quantum numbers in the final state, such as semileptonic processes.
Furthermore one can analyse differential decay rates.

An example of special interest is the inclusive decay B — X[, which can be used to
extract V. The HQE for the integrated rate has the form

G%mbs 9 /\1 + 3/\2 6/\2
X = e 1+ ——— s — + ..., 100
I'(B — X v) 19273 |Ves|® |23 + 2mg + 25 mg (100)
with N 3
(Bhy =14 Lo (BoGb) = 6 = S(m%y — mb). (101)
2mg 2
The Wilson coefficients read
z3 = 1-8zx+8z—z'—122%Inz + O(ay), (102)
z = —(1-2), (103)

where z = (m./my)?.

A major source of theoretical uncertainty for the determination of |V;;| using (100)
is the b-quark mass. This appears to be especially problematic since m; comes with the
fifth power in (100). Fortunately, however, the actual situation is not as bad. Taking into
account the phase-space function 23, one finds that the combined dependence on my and
m, shows the approximate behaviour

(B = X v) ~m3 (my — me)*". (104)
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Since the difference my — m. is better known than the individual quark masses, the
corresponding uncertainty is reduced. The quark-mass difference is in fact constrained by

HQET, which gives (72)
A
(mp — mp) (1 p—a )

2mpmp
3.40 + 0.03 + 0.03GeV, (105)

Il

my — M

I

where mp = (mg + 3mgx)/4.

The QCD corrections to z3 are known to O(a,) and partly at O(a?). The special class

of corrections O(F¢ 'a™) has been calculated to all orders n.

Numerically the inclusive method gives (Hocker et al. 2001)
Ves = 0.04076 £ 0.00050e,, £ 0.00204y;, (106)

which can be compared with the result from the exclusive determination via B — D*li
(90).

One can also try to extract |Vy| from B — X,lv decays. This is more difficult since
the very large background from semileptonic b — ¢ transitions requires kinematical cuts
(in the lepton energy, the hadronic or the dilepton invariant mass), which renders the
HQE less reliable and introduces larger uncertainties. A recent discussion has been given
by Bauer et al. (2001b). The HQE has further useful applications, for instance in the
case of the inclusive rare decays B — X, vy, B — X, 4*17, or B = X, qv0.

Exercise

Show that quark-hadron duality is exactly fulfilled for the semileptonic b — ¢ transition
rate in the Shifman-Voloshin (small-velocity, or SV) limit my, m, > my — m. > Aqep.
This holds with only two exclusive channels on the hadronic side of the duality relation,
that is the inclusive rate is saturated as T(B — X lv) = (B — Dlv) + (B — D*lv) in
this limsit.

Solution: We start from the exclusive differential decay rates in the heavy-quark limit.
They read (see e.g. Harrison & Quinn 1998):

dT(B - Dlv)  G3|Va|?

220 = ZEa g+ mp om0 = 1) €¥(w) (107)
d[(B — D*1v) G2|Vial?
o = :87r3 (ms — mp)*m’ « Vw? — 1w + 1)
4w my — 2wmpmpx + Moy
x (1 D= ) e (w). 108
( + w1 (mg — TTLD*)2 & (w) ( )
In the strict SV limit we have

mg = Mp, Mpx = Mp = Mg, me = mp(l — €), (109)

where € = (my — m.)/m; is a small parameter. The variable w is related to the dilepton
invariant mass ¢° through

¢ =m% +mk — 2mpmpw. (110)
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The kinematic limits of ¢° are easily identified as

qgnax = (my — mc)Qa qgﬂn =0. (111)
The corresponding limits of w are
2 2
my + mg
Win = 1, Wiax = 21‘: . (112)
Wiy,

Defining s = w — 1 we have 0 < s < ¢2/2, where the upper limit is valid to leading order
in e. Expanded to leading order in ¢, (107) gives

¥ 2| Ves)?
I(B — Div) = GQP' "’1 5\/'/ S gf'—‘*'(mb — m,)P, (113)
60r3

which is the decay rate in the SV limit. In this derivation we have made use of the fact
that £{w) = £(1) + O(e?), which can be approximated by £(1) = L. In this way any
dependence on nontrivial hadronic input has disappeared. Similarly we can expand the

integral over (108) in ¢ to extract the leading contribution in the SV limit. We obtain
Gzil |2

2073

We also observe that higher D-meson resonances and hadronic multiparticle states have
wave functions of the light degrees of freedom that are orthogonal to the ground state
wave function of the light cloud (identical for I, D* and B) in the SV limit. There is
therefore no overlap of those higher excitations with the initial B and the correspounding
rates vanish.

T(B —» D*iv) =

{my — me). (114)

Finally, we need to take the SV limit of the inclusive rate as obtained from the heavy
quark expansion in {100). In this limit the second-order power corrections and pertirba-
tive QCD corrections disappear, and we only have to expand the phase space function z
in the small-¢ limit. We find 23 = 64¢* /5 + O(¢%) and

GrlVwl?
153

B — X)) = (my — m.)°. (115)
We see that indeed the inclusive HQE result (115) is saturated by the sum of just the
two exclusive rates (113) and (114). Clearly, the SV limit is a very special situation.
Nevertheless, it is an interesting example of exact (local) quark-hadron duality. Morcover,
the semileptonic rates intc D and D* measured in experiment account for roughly two
thirds of the inclusive rate, indicating that the SV limit is not even entirely unrealistie.

6 QCD factorisation in exclusive hadronic B decays

6.1 Introduction

Decay amplitudes for exclusive nonleptonic B decays, such as B — 77, can be computed
starting from the effective weak Hamiltonian discussed in Section 3.3. Whereas the Wilson
coefficients C; are well understood, the main problem is posed by the hadronic matrix
elements of the operators ¢;. [n some cases this problem can be circumvented {CI*
asvinmetry in B — J/VKg), or at least reduced using SU(2) or SU(3) Aavour syminetries
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and an appropriate combination of various channels. However, an improved understanding
of the QCD dynamics in exclusive hadronic B decays would greatly enhance our capability
to extract from these processes the underlying flavour physics.

Indeed, it turns out that the heavy-quark limit leads to substantial simplifications also
in the problem of hadronic two-body decays of heavy hadrons. Again the main feature
is the factorisation of short-distance and long-distance contributions. In the case of the
matrix elements of four-quark operators @Q; the factorisation takes the form

() @IQIBE) = 27 [ duT! ), )
+/01 dedudv T (€, u, v)®5(€) Py () B, (v).  (116)

This factorisation formula is valid up to corrections of relative order Agep/ms,. Here
f8™(¢%) is a B — « form factor evaluated at ¢> = m2 =~ 0, and ®, (®g) are leading-
twist light-cone distribution amplitudes “wave functions”) of the pion (B meson). These
objects contain the long-distance dynamics. The short-distance physics, dominated by
scales of order m,, is described by the hard-scattering kernels T’ 'Twhich are calculable
in perturbation theory. T}/ starts at O(a?), T}! at O(al) (see Flgure 13). In (116) long-

a ad A
e Ll
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Figure 13. Order oy corrections to the hard scattering kernels T! (first two rows) and
T (last row). In the case of T}, the spectator quark does not participate in the hard
interaction and is not drawn. The two lines directed upwards represent the two quarks
forming the emitted pion.

and short-distance contributions are thus systematically disentangled, that is factorised.
The long-distance sensitive quantities (form factors and wave functions) still need to be
determined by other means, but they are universal quantities and much simpler than the
original full B — 77 matrix elements we started with. They could in principle be cal-
culated by nonperturbative methods or extracted experimentally from other observables.
In any case (116) represents a substantial simplification of our problem.

The general expression (116) further simplifies when we neglect perturbative o,-
corrections. The T!! term is then absent and the kernel 7! becomes a constant in wu,
such that the pion distribution amplitude integrates to the pion decay constant. The
matrix element of operator Q%, for instance, reduces to

(mFr | (ub)y_a(du)y—a|B) = (7 |(ab)y_a| B) - (x| (du)y_4l0) = im% fP77(0) fr. (117)

This procedure, termed “naive factorisation” has long been used in phenomenological
application, but the justification had been less clear. An obvious issue is the scheme
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and scale dependence of the matrix elements of four-quark operators, which is needed to
cancel the corresponding dependence in the Wilson coefficients. This dependence is lost
in naive factorisation as the factorised currents are scheme independent objects. In QCD
factorisation (116) the proper scale and scheme dependence is recovered by the inclusion
of O(ay) corrections as we will see explicitly below.

A qualitative justification for (117) had been given by Bjorken (1989). It is based on
the colour transparency of the hadronic environment for the highly energetic pion emitted
in B decay (the 7~ in the above example, which is being created from the vacuum). This
is related to the decoupling of soft gluons from the small-size colour-singlet object that
the emitted pion represents. The QCD factorisation approach as encoded in (116) may be
viewed as a consistent formalisation and generalisation of Bjorken’s colour transparency
argument. This treatment of hadronic B decays is based on the analysis of Feynman dia-
grams in the heavy quark limit, utilising consistent power counting to identify the leading
contributions. The framework is very similar in spirit to more conventional applications
of perturbative QCD in exclusive hadronic processes with a large momentum transfer, as
the pion electromagnetic form factor (see the article by Sterman and Stoler (1997) for a
recent review). It justifies and extends the ansatz of naive factorisation. In particular the
method includes, for B — 7w, the hard nonfactorisable spectator interactions, penguin
contributions and re-scattering effects (Figure 13). As a corollary, one finds that strong
re-scattering phases are either of O(a;), and calculable, or power suppressed. In any case
they vanish therefore in the heavy quark limit. QCD factorisation is valid for cases where
the emitted particle (the meson created from the vacuum in the weak process, as opposed
to the one that absorbs the b-quark spectator) is a small size colour-singlet object, e.g.
either a fast light meson (7, o, K, K*) or a J/¥.

Note that the term factorisation is used here for two a priori entirely different things.
In the case of QCD factorisation (116), it refers to the factorisation of short-distance
and long-distance contributions. In the sense of the phenomenological approach of naive
factorisation (117), it simply denotes the separation of the hadronic matrix element of
a four-quark operator into two factors of matrix elements of bilinear currents. It is a
nontrivial result that the latter, naive factorisation is obtained as the lowest order ap-
proximation of QCD factorisation. To avoid confusion, it is useful to keep the distinction
in mind. For example, the hard gluon exchange corrections between the two quark cur-
rents in Figure 13 are “nonfactorisable” in the sense of naive factorisation, although they
are a consistent ingredient of (116), hence “factorisable” in the sense of QCD.

In the following we shall discuss QCD factorisation in some detail using the example
of B — Dr decays. In this case the b — u transition current is replaced by a heavy-heavy
b — c current. This case is somewhat simpler than B — 77 since the spectator interaction
(the T'! term, bottom line of Figure 13) does not contribute to leading power. This is
because for a heavy-to-heavy transition the spectator quark, and hence the gluon attached
to it, is always soft. This leads to a suppression, according to the colour transparency
argument, when this gluon couples to the emitted pion. Also penguin contributions are
absent for B — Dw. We shall illustrate explicitly how factorisation emerges at the one-
loop order in this specific case, and in the heavy-quark limit, defined as my, m. > Aqep
with m,/m, fixed.

Further details on QCD factorisation in B decays and additional literature can be
found in the articles by Beneke et al. (1999, 2000 & 2001).
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6.2 B — Dx: factorisation to one-loop order
6.2.1 Preliminaries

The effective Hamiltonian relevant for B — D= can be written as

Heg = \/— ViV {CoOp + CsO%) (118)

with the operators
Oy = {1 — w)bdn(l — w)u, (119)
Oy = ¥l —v)T*bd,{l — )T u. (120)

Here we have chosen to write the two independent operators in the singlet-octet basis,
which is most convenient for our purposes, rather than in the more conventional bases of
@1, &= or @4, Q_ (see the discussion in Section 3; because all four quark flavours are
different in (118), penguin operators are absent}. The Wilson coefficients Cy, Cy have
been calculated at next-to-leading order in renormalisation-group improved perturbation
theory {Altarelli et al. 1981, Buras & Weisz 1990} and are given by

Netl,  N.-1

C|]: QN‘_. v++ 2Nc C_| Cs=C+—C_, {121)
where
Calp) = (1 ; %‘flsi) Caly), (122)
5 . d* r —
Calpt) = [%] [1 g 2lM) Z ol Ji)] . (123)

(The coefficients Cy, Cy are related to the ones of the standard basis by Cy = C, + C,/3
and Cs = 2C;.) We employ the next-to-leading order expression for the running conpling,

A7 1 InIn{g? /A, CD}]
a, _ - W) 12
() = Bo In{g? / Ajep) B3 In( (u2/Agcp) (124)
1N, -2f 34, 10 _N?-1 ]
By = — = ?N‘? - ?NJ - 2Crf, Cr= N, (125)

where N, is the number of colours, and f the number of light flavours. Agcp = j\ﬂ is

the QCD scale in the MS scheme with f flavours. Next we have

{0}
T +O NeF1 N.F1
==+12 R B, =
2}90 2N, * 2N,

dy =

(126)

The general definition of J. may be found in (Buchalla, Buras & Lautenbacher 1996).
Numerically, for N, =3 and f =5

5 6473
ds = { 12 Bi—Ju= { _9371 (127)
RN 1587
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d % 143 u ¢
b q
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Figure 14. Busic guark-level topologies for B — Dn decays (¢ = u, d): (o) class-1, (b) class-
II, {c) weak annihilation. By — D*n~ receives contributions from (a) aend (c), By — D7°
from (b} and fe), and B~ — D%x~ from (e) and (b). Only {a) coniributes in the heavy-quark
limil,

The quantities 3, 5y, di, By —J1 are schetne independent. The scheme dependence of the
coefficients at next-to-leading order is parametrised by By in {122). In the naive dimen-
sional regularisation (NDR) and ‘t Hooft-Veltman (HV) schemes, this scheme dependence
is expressed in a single number B with Bypg = 11 and Byyv = 7. The dependence of
the Wilson coefficients on the rencrmalisation scheme and scale is cancelled by a corre-
sponding scale and scheme dependence of the hadronic matrix elements of the operators
Oy and Og.

Before continuing with a discussion of these matrix elements, it is useful to consider
the flavour structure for the various contributions to B — D decays. The possible
quark-level topologies are depicted in Figure 14. In the terminology generally adopted
for two-body non-leptonic decays, the decays By — D*n~, By — D% and B~ — Dz~
are referred 1o as class-I, class-I1 and class-III, respectively. In beth By — D¥x~ and
B~ — D'z~ decays the pion can be directly created from the weak current. We may
call this a class-I contribution, following the above terminology. In addition, in the case
of B; = D*x~ there is a contribution from weak annihilation and a class-1I amplitude
contributes to B~ — D%, see Figure 14. The important point is that the spectator
quark goes into the light meson in the case of the class-Il amplitude. This amplitude is
suppressed in the heavy-quark limit, as is the annihilation amplitude. The ainplitude for
By — D°7°, receiving only class-11 and annihilation contributions, is therefore subleading
compared with B; — D*x~ and B~ — D'r=~, which are dominated by the class-I
topology. The treatment of this leading class-1 mechanism will be the main subject of
the following sections., We shall use the one-loep analysis for By — D*x~ as a concrete
example on which we will illustrate explicitly how the factorisation formula can be derived.

6.2.2 Soft and collinear cancellations at one-loop

In order to demonstrate the property of factorisation for By — D*#~, we have to anal-
yse the “non-factorisable” one-gluon exchange contributions (Figure 13) to the b — cad
transition. We consider the leading, valence Fock state of the emitted pion. This is justi-
fied since higher Fock components only give power-suppressed contributions to the decay
amplitude in the heavv-quark limit. The valence Fock state of the pion can be written as

du
Inta)) = [ <= o T (it — ol ) 0) ¥ da). (128)



Heavy guark theory 91

N L R\

(a) {b) (e) (d)

Figure 15. “Non-factorisable” vertex corrections.

where @l {b!) denotes the creation operator for a quark (antiquark) in a state with spin
s =1 or s =], and we have suppressed colour indices. This representation of the pion
state 15 adequate for a leading-power analysis. The wave function ¥(u,1,) is defined
as the amplitude for the pion to be composed of two on-shell quarks, characterised by
longitudinal momentum fraction u and transverse momentum {,. The on-shell momenta
(I2 , = 0) of the quark (l;) and the antiquark ({;) are given by

12 ‘2
= I Iy = t 2
=ug+ J_+"-1E 3 Hy — J_+4E (1 9]
In these expressions ¢ = E{1,0,0,1) is the pion momentum, E = pg - ¢/mp the pion
energy and n_ = (1,0,0,—1}. Furthertore {,.¢ = {,-n_ = 0. For the purpose of power

counting !, ~ Agcep € E ~ my. Note that the invariant mass of the valence state is
(Ig +15)% = 1} /(u@), which is of order A}y, and hence negligible in the heavy-quark limit,
unless u is in the vicinity of the endpoints (0 or 1). In this case the invariant mass of
the quark-antiquark pair becomes large and the valence Fock state is no longer a valid
representation of the pion. However, in the heavy-quark limit the dominant contributions
to the decay amplitude come from configurations where both partons are hard {(u and
@ both of order 1) and the two-particle Fock state yields a consistent description. The
suppression of the soft regions (u or @ < 1) is related to the endpoint behaviour of the
picn wave function. We will provide an explicit consistency check of this important feature
later on.

As a next step we write down the amplitude
d*l 1 ,
(m(@u(0)edy)el0) = [ duges—me ¥ o L) Osdlas explilgnl,  (130)

which appears as an ingredient of the B — Dr matrix element. The right-hand side
of {130} follows directly from (128). Using (130) it is straightforward to write down the
one-gluon exchange contribution to the B — Dw matrix element of the operator Oy
{Figure 15). We have

(D*77|08|Ba)1—gluon = (131)

C d*k d?l 1)
L A e
where
_ 7)\(?5(‘. —E+m)l' T{p+E+ mb)7A
Alk) = Wk -k ppk+ kT 132
Al i k) = Vit Bn e £ AT (133)

2k + K AUpk+ k2
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Here I' = +#(1—1s) and py, p, are the momenta of the b quark and the ¢ quark, respectively.
Note that this expression holds in an arbitrary covariant gauge. The gauge-parameter
dependent part of the gluon propagator gives no contribution to (131), as can be seen
from (132) and (133). There is no correction to the matrix element of Oy at order a;,
because in this case the (dz) pair is necessarily in a colour-octet configuration and cannot
form a pion.

In (131) the pion wave function ¥(u,[ ) appears separated from the B — D transition.
This is merely a reflection of the fact that we have represented the pion state by (128).
It does not, by itself, imply factorisation, since the right-hand side of (131) involves still
nontrivial integrations over 1; and gluon momentum k, and long- and short-distance
contributions are not yet disentangled. In order for (131) to make sense we need to
show that the integral over k receives only subdominant contributions from the region of
small k2. This is equivalent to showing that the integral over k does not contain infrared
divergences at leading power in 1/my.

To demoustrate infrared finiteness of the one-loop integral
1
JE/d“lcpAl(k)@)Ag(lq,lq, k) (134)

at leading power, the heavy-quark limit and the corresponding large light-cone momentum
of the pion are again essential. First note that when & is of order my, J ~ 1 for dimensional
reasons. Potential infrared divergences could arise when k is soft or when % is collinear
to the pion momentum g. We need to show that the contributions from these regions are
power suppressed in m,. (Note that we do not need to show that J is infrared finite. It
is enough that logarithmic divergences have coefficients that are power suppressed.)

We treat the soft region of integration first. Here all components of £ become small
simultaneously, which we describe by scaling k ~ X. Counting powers of X (d'k ~ A%,
1/k* ~ X7%, 1/p- k ~ A7!) reveals that each of the four diagrams (corresponding to
the four terms in the product in (134)) is logarithmically divergent. However, because
k is small, the integrand can be simplified. For instance, the second term in 4, can he
approximated as

2

werpr (e ), .

_ ~ D 135)
oAk + k2 I e (
g K 2ug-k+20, k4| —)n_ k+k ?

2uFE

where we used the fact that ¢ to the extreme left or right of an expression gives zero due
to the on-shell condition for the external quark lines. We get exactly the same expres-
sion but with an opposite sign from the other term in A; and hence the soft divergence
cancels out when adding the two terms in A;. More precisely, we find that the integral
is infrared finite in the soft region when [, is neglected. When [} is not neglected, there
is a divergence from soft k which is proportional to I3 /mj ~ A§cp/mj. In either case,
the soft contribution to J is of order Aqcep/me or smaller and hence suppressed relative
to the hard contribution. This corresponds to the standard soft cancellation mechanism,
which is a technical manifestation of colour transparency.

Each of the four terms in (134) is also divergent when k becomes collinear with the
light-cone momentum q. It is convenient to introduce, for any four-vector v, the light-cone
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components
o + 3
vy = E“\/i—v {136)
The collinear region is then described by the scaling
Y~ 0%k~ kT~ (137)

Then d'% ~ dktdk~d*k, ~ X and g-k = g7k ~ X2, kZ = 2kYk~ + k% ~ X2 The
divergence is again logarithmic and it is thus sufficient to consider the leading behaviour
in the collinear limit. Writing k¥ = ¢ + . . . we can now simplify the second term of A, as

nle + BT 2{u+a)l
A, k+ k2 - Po kR

(138)

No simplification occurs in the denominator (in particular {, cannot be neglected}, but the
important point is that the leading-power contribution is proportional to g.. Therefore,
substituting & = og into 4, and using ¢* = 0, we obtain

d[ﬁr + mc)F _ I‘(?"b + mb)g
2cp. - g 2apy - q

grAy = =0, (139)

employing the equations of motion for the heavy quarks. Hence the collinearly divergent
region is seen to cancel out via the standard collinear Ward identity. This completes
the proof of the absence of infrared divergences at leading power in the hard-scattering
kernel for By — D*n~ to one-loop order. In other words, we have shown that the “non-
factorisable” diagrams of Figure 15 are dominated by hard gluon exchange. The proof at
two loops has been given by Beneke et al. (2000) and a proof to all orders by Bauer et
al. (2001¢).

Since we have now established that the leading contribution to J arises from k of order
my (“hard" k), and since [1,| < E, we may expand A, in |1, |/E. To leading power the
expansion simply reduces to neglecting I, altogether, which implies I; = ug and {; = @g
n (133). As a consequence, we may perform the I, integration in (131} over the pion
wave function. Defining

iy W, 1) ifx
167> 2N, ~ 4N,

@ (), (140)
the matrix element of (g in (131) becomes

(D*717|08| Ba)1—gruon = (141)

ESC; (2r )4 (D"" A (k)bLBd) 2 fr f du P, (u) tl‘[')rs,dA.z(uq, iig, k)]

Putting y on the light-cone in (130), y* = y1 = 0, hence {;-y = LTy~ = uqgy, we see
that the {-integrated wave function ¢.(u} in (140) is precisely the light-cone distribu-
tion amplitude of the pion in the usual definition. Indeed, the leading-twist light-cone
distribution amplitude for pseudoscalar mesons (P} reads

(P@)1F)a'(2)310) e

(gm0 = 3 AT)00 [ du €77 $p (u, 1), (142)
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Here it is understood that the operator on the left-hand side is a colour singlet. We
use the “bar”-notation, i.e. # = 1 — v for any longitudinal momentum [raction variable.
The parameter g is the renormalisation scale of the light-cone operators on the left-hand
side. The distribution amplitude is normalised as f, du®p{u, #) = 1. One defines the
asymptotic distribution amplitude as the limit in which the renormalisation scale is sent
to infinity. The asymptotic form is

®p(u, p) "= 6ui. {143)

The decay constant appearing in (142) refers to the normalisation in which f; = 131 MeV.
There is a path-ordered exponential that connects the two quark fields at different posi-
tions and makes the light-cone operators gauge invariant. In {142) we have suppressed
this standard factor.

This derivation demonstrates the relevance of the light-cone wave function for the
factorisation formula. Note that the collinear approximation for the quark-antiquark
momenta emerges antomatically in the heavy-quark limit.

After the & integral is performed, the expression {141} can be cast into the form
_ 1
(D" 171081B)) - gron ~ Farp(0) [U du Ty, )8, (), (144)

where z = m./my, Ts(u,z) is the_ hard-scattering kernel, and Fp_ p((}) the form factor
that parametrises the {D7|é[. . .]b| By} matrix element. The result for Tg(x, 2} will be given
in the following section.

6.2.3 Matrix elements at next-to-leading order

As we have seen above, the B; — Dtr~ amplitude factorises in the heavy-quark limit.
into a matrix element of the form {D*|e[.. ]| By) for the B — D transition and a matrix
element {7~ |d(z)[...]u{0)|0} with 22 = 0 that gives rise to the pion light-cone distribution
amplitude. Leaving aside power-suppressed contributions, the essential requirement for
this conclusion was the absence of both soft and collinear infrared divergences in the gluon
exchange between the (¢b) and {du) currents. This gluon exchange is therefore calculable
in QCD perturbation theory. We now present these corrections explicitly to order .

The effective Hamiltonian {118) can be written as

_ GF LT Nc+]-— N(‘"‘]-— Qs(”)&
He = 7 AT T Cylp) + T Colw) + - IN. BCyin)| O
+[Cali] 0}, (145)

where the scheme-dependent terms in the coefficient of the operator Oy, proportional to
the constant B defined after {127), have heen written cxplicitly.

Schematically, the matrix elements of both (O and (3 can be expressed in a form
analogous to (144). Because the light-gquark pair has to be in a colour singlet to produce
the pion in the leading Fock state, only Oy gives a contribution to zeroth order in «,.
Similarly, to first order in o, only (g can contribute. The result of computing the diagrams
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in Figure 15 with an insertion of Og can be written in a form that holds simultaneousiv
for H = D,D* and L = &, p, using only that the (&d) pair is a colour singlet and that
the external quarks can be taken on-shell. One obtains (2 = m./my)

0.‘9 CF'

HEL@IOABP) = Ty ife [ dudulu (146)

‘ [— (ﬁ ln%w) (o) =D+ F (1, 2) ()~ Flas =2) ()]«

where
() = {H(P)ed blBalp)),  (Ja) = (H(P)|eh1sb|Balp))- (147)

In obtaining {146) we have used the equations of motion for the quarks to reduce the
operator basis to J and J4. The forn of (146) is identical for pions and longitudinally
polarised p mesons. The production of transversely polarised p mesons is power suppressed
in AQCD/'mb.

In the case of a distribution amplitude @, (u) that is symmetric under 4 < &, which
is relevant for L = 7, p, the function F'(u, z) appearing in (146) can be compactly written
as

Flu,z2) =3z =7+ flu,2) + flu,1/z), (148)
with
o u(l — 2%)[3(1 — u(l - %)) + £] . z
f(u,,\.)—— [1—%(1—32]]2 ln[ii(l—zz)]—m. (].49)

The contribution of f(u,z) in (148) comes from the first two diagrams in Figure 15 with
the gluon coupling to the & quark, whereas f(u,1/2) arises from the last two diagrams
with the gluon coupling to the charm quark. The absorptive part of the amplitude, which
is responsible for the oceurrence of strong rescattering phases, arises from f(u,1/z) and
can be obtained by recalling that 2% is 2* — éc with ¢ > 0 infinitesimal. We then have

(w1 =231 —u(l - 2%)) + 7]

1-ull-2)f (150)

1
;ImF(u,z}:

As mentioned above, (146) is applicable to all decays of the type By — D+
where L is a light hadron such as a pion or a (longitudinally polarised) p meson. Only the
operator Jy contributes to By — DL, and only .74 contributes to By — D*t*L~. (Due
to helicity conservation the vector current B — D* matrix element contributes only in
conjunction with a transversely polarised p meson and hence is power suppressed in the
heavy-quark limit.) Our final result can therefore be written as

_ _ L
(D*L7|O0s| By = (DF{ev* (1 — )bl Ba) - 5fLQp/0 duTyg(u, ) Bru), (151)
where L = &, p, and the hard-scattering kernels are

Tolw,2) = 1+0(a?), (152)

o COr 2
TN [ +0(ad). (153)

2
=6In— - B+ F(u,z)
Y

TS(“? Z) =
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When the D meson is replaced by a D* meson, the result is identical except that F (u, 2)
in (153) must be replaced by F(u,—z). Since no order a; corrections exist for Oy, the
matrix element retains its leading-order factorised form

<D+L7100|Bd> = iquu <D+Ié’yu(l — ’)’5)b|Bd> (154)

to this accuracy. From (149) it follows that T3(u, z) tends to a constant as u approaches
the endpoints (u — 0, 1). Therefore the contribution to {151) from the endpoint region
is suppressed, both by phase space and by the endpoint suppression intrinsic to & (u),
which can be represented as

& (u) = 6u(l — u) 1+Za )C32(2u - 1)], (155)

vanishing ~ u (~ (1 — u)) at the endpoints. Here C*/*(z ) 3z, C3%(z)= 2(522-1), etc.
are Gegenbauer polynomials. The Gegenbauer moments a£ () are nonperturbative quan-
tities. They are multiplicatively renormalised and approach zero as p — co. (The scale
dependence of these quantities enters the results for the coefficients only at order o2,
which is beyond the accuracy of a NLO calculation.)

As a consequence of the endpoint suppression the emitted light meson is indeed dom-
inated by energetic constituents, as required for the self-consistency of the factorisation
formula (151).

Combining (145), {151), {152) and (153), we obtain our final result for the class-I,
non-leptonic B; — D)+~ decay amplitudes in the heavy-quark limit, and at next-
to-leading order ir. ;. The results can be compactly expressed in terms of the matrix
elements of a “transition operator”

G
T = Z5ViaVis [a1(DL) Qv — an(D*L) Q] (156)
where ) i
Qv =y ® dyu(1—w)u,  Qa=2v"vb ® dy (1 — %)y, (157)

and hadronic matrix elements of Qv 4 are understood to be evaluated in factorised form,
i.e.
(DL|j1 ® j2| B) = (D|j1| B) (L|52|0)- (158)

Equation (156) defines the quantities al(D(*)L), including the leading “non-factorisable”
corrections, in a renormalisation-scale and -scheme independent way. To leading power in
Aqcp/my these quantities should not be interpreted as phenomenological parameters (as
is usually done), because they are dominated by hard gluon exchange and thus calculable
in QCD. At next-to-leading order we get

4m 2N,

N.+1 N -
a(DL) = “5Cl) + g Co()
Qg CF
Tan C [ 61n—+/ du F(u, 2) @L(u)] (159)
ey No+1 Ne—1.
a(D’L) = o, Cilp) + N, C—\#)
2 1
o Cp (1) [—Gln#—2 +/ du F(u,—2) fI>L(u)] . (160)
mZ Jo
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These expressions generalise the well-known leading-order formula

() + e~ Lorogy) (161)

N.+1
LO ¢ LO
¢ 2N,

a - = N, =+
We observe that the scheme dependence, parametrised by B, is cancelled between the co-
efficient of Oy in (145) and the matrix element of Og in (151). Likewise, the y dependence

of the terms in brackets in (159) and (160) cancels against the scale dependence of the
coefficients Cy (1), ensuring a consistent, physical result at next-to-leading order in QCD.

The coefficients a;(DL) and a;(D*L) are seen to be non-universal, i.e. they are ex-
plicitly dependent on the nature of the final-state mesons. This dependence enters via the
light-cone distribution amplitude @, (u) of the light emission meson and via the analytic
form of the hard-scattering kernel (F'(u,z) vs. F(u,—z)). However, the non-universality
enters only at next-to-leading order.

Exercise

Verify that the coefficients a; (D(*)L) in (159) and (160) are independent of the unphysical
renormalisation scale p up to terms of O(a?).

6.2.4 Phenomenological applications for B — D

An important test of QCD factorisation can be performed by comparing the hadronic
decays By — D®)F L~ with the semileptonic processes By — DTy, Tt is useful to
introduce the ratios

*) T(By— D¥)* L)

R =
Y 4r(Bs— DM *Ip)
dq2

= 6 Vaal2 2l (DP L XY) . (62)

g?=m}

where X, = X;" = 1 for a vector meson (because the production of the lepton pair via
a V — A current in semi-leptonic decays is kinematically equivalent to that of a vector
meson with momentum ¢), whereas X, and X* deviate from 1 only by (calculable) terms
of order m2/m%, which numerically are below 1%. The main virtue of (162) is that
the B — D™) form factors cancel in the ratio. The theoretical prediction for the QCD
coefficients, based on QCD factorisation to leading power and at NLO in perturbative
QCD, is |a1(D(*)L)| = 1.05. The uncertainty of this leading-power result is small, about
+0.01. The prediction is to be compared with the experimental results, extracted from
(162), which read |a;(D*7)| = 1.08 £ 0.07, |a;(D*p)| = 1.09 + 0.10 and |a,(D*a,)| =
1.08 = 0.11. These values show fair agreement with the theoretical number, albeit within
experimental uncertainties that are still large.

Another interesting consideration concerns the comparison of class-I modes with those
of class II and III. For B — D(*)ﬂ, all three decay modes, which are related by isospin,
have been measured. A nice discussion of the present experimental status and its in-

terpretation in the context of QCD factorisation has been given by Neubert & Petrov
(2001). Let us briefly discuss here a few important aspects. The experimental status is
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B Dn B = D*n
BY - D) a- [ 30x04 | 2761021
B® = D*00 | 0.97£0.05 | 0.17 £ 0.05
B~ D¥0x- | 53405 | 46+04
\C = A|/|T + A| | 0.42+0.05 | 0.35 £ 0.05
Src (56 + 20)° | (51 & 20)°

Table 3. Erperimental data for B — D) branching ratios (in units of 107%) and
extracted parameters |C — Al/|IT + A|, dpc (see Neubert & Petrov {2001)).

summarised in Table 3. Denoting the basic topologies from Figures 14(a,b.c) by T, C
and A, respectively (where the notation refers to “tree”, “colour-suppressed tree” and
“annihilation™), we have

ABg = DFa7) = T+ A (163)
V2ABy = D'2%) = ¢ - A, (164)
AB~ = D'r7) = T+C (165)

For later use we may further define the spectator-interaction contribution to T, T (see
bottom row of Figure 13). A similar decomposition holds for the B — D*r modes. Isospin
symmetry is reflected in the amplitude relation A(By = D*n~) + V2 A(By — D'z% =
A{B~ — D), which is manifest in the parametrisation of {163) - (165). This means
that there are only two independent amplitudes, which we can take to be {T' + A) and
(C — A}, These amplitudes are complex due to strong phases from final-state interactions.
Only the relative phase of the two independent amplitudes is an observable and we define
&rc to be the relative phase of (T + A) and (' — 4). The phase can then be extracted
from the data through the relation

(:J(g—f%) B(B- =D~ ) — B(B"=D*n~) — 2B(B'=D°1%)

o5 53‘(; = ( 1 66)

2v2/B(B* D+~ ) B(B*~D"1?)

In the usual heavy-quark limit, my ~ m 3 Agcp, only T is caleulable. Ty, € and
A are not, but they are power suppressed. It is instructive to consider the alternative
limit my > m. » Agep, which allows us to distinguish between m, and m, (Beneke et
al. 2000}. In this case, due to m. < my, also the D becomes a “light” meson and in
that respect the process is similar to B — 77, where both T, and C are calculable.
However, since m, » Agcp = A, the D-meson wave function ®p{u) is highly asymmetric
and strongly peaks at @ = (1 — u) ~ A/m,, where u is the c-quark momentum fraction.
These properties can be used to derive the scaling rules

A A Topee A C A

T m T “m T m (167)
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The amplitude 4 is still not calculable in this scheme, while T, Topee and € are, Note
that from (167) we can recover the two standard scenarios we have been disenssing: In
the heavy-quark limit m, ~ m, (167) reduces to a simple power suppression ~ A/my, for
A, Typec and € compared to T. On the other hand, if m. becomes a truly light quark,
corresponding to the case of B — mw, we count m, ~ A and see that both T, and €
are of the same order as T, while A is still power suppressed.

The general scenario my > m. 3 Agep allows us to interpret the experimental
results in Table 3. We can even make numerical estimates for T, Typec and € based on
the factorisation formula for light-light final states (116). These are somewhat muodel
dependent because ®p is not known at present. It is not too difficult to accommodate
substantial values | — 4|/|T + 4| ~ 0.2 - 0.3 and §p¢ ~ 40°, in qualitative agreement
with Table 3. Given the special role of the charm quark {not light, but also not too
heavy), the current experimental situation is not in contradiction with QCD factorisation
in the large-my limit. For a comparison with experiment it is useful to keep in mind that,
according to (167}, the suppression of C over T is only ~ A/m, (not A/my) and that dy¢
is naturally expected to be of order one.

6.3 CP violation in B — wtx~ decay

Hadronic B decays into a pair of light mesons, such as B - 7K or B — 7, have a very
rich phenomenology. Their main interest lies in their sensitivity to short-distance flavour
physics, including CKM parameters, CP violation and the search for new physics. By
way of an outlook we mention here the important example of CP violation in B — 77a~
decay. The starting point for computing the required decay amplitudes is the effective
Hamiltonian in (32). The needed matrix elements of the operators Q; can be analvsed
within QCD factorisation using {116). We will not go into the techmnical details of such
an analysis and the discussion of limitations of the approach, in particular from power
corrections in Agep/ms. These can be found in (Beneke et al. 2001). Here we just want
to present the phenomenological motivation and to illustrate that a theoretical approach
towards a direct dynamical calculation of hadronic matrix elements will be very valnable,
even if it necessitates some approximations.

The observable of interest is the time-dependent CP asymmetry in the decays of B°
and B® to at7~; it is sensitive to the By B, mixing phase e~%7. We define
- B(BYt) = a*tr~) — B(B't) = n*m™)
CRY T B(BYt) - atrm) 4+ B(BU(t) — wHa-)
= —S.sin{Ampgi) + Cppcos{Ampt) (168)

where

21m Ay, 1= Al

_ . _ =B e_w + Pmr/Tmr
T+ A2 T 14 A2

Axx = m". (]69)

S

The amplitudes T, {“tree”) and Py, {“penguin”)} are the components of the B — wtr-
amplitude corresponding to the terms in {32) involving A, and A, respectively. In the
standard phase conventions ), is real and A, has a weak phase —, which has been factored
out above. The coefficient .., which is a function of v, represents direct CP violation
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sin 2a

Figure 16. Relation between sin 2¢ and the mizing-induced CP asymmetry Sy, assuming
sin28 = 0.48. The dark band reflects parameter variations of the first kind, the light band
shows the total theoretical uncertainty. The lower portion of the band refers to values
45° < a < 135°, the upper one to 0 < a < 45° (right branch) or 135° < a < 180° — 8
(left branch).

and is expected to be small. We shall not discuss it further here. The mixing-induced
asymmetry S,, depends on v and 8. In fact, in the limit where Py, /T, is set to zero it
follows that A, = e %8+ = ¢2c and hence Syr = sin2a. In this limit A, is just the
relative weak phase between the direct amplitude B — 7+7~ and the one with mixing
B — B — 7tn—. All dependence on hadronic input has cancelled in this situation. In
practice, however, P /Ty, is not fully negligible. It is here that information on hadronic
dynamics becomes crucial. QCD factorisation predicts that Py, /7Ty, is suppressed (either
by o, or by powers of Agep/ms), because T;. can arise at tree level, Py only through
loops. Estimates within this framework give values of about 0.25-0.3.

To illustrate the effect of penguin amplitudes, we first assume that |V,/V.s| and the
weak phase 3 have been determined accurately. Then using v = 180°—a— 3 the expression
for A in (169) becomes a function of @ and our prediction for the penguin-to-tree ratio
Py /Trn. If we further assume that the unitarity triangle lies in the upper half of the
(B, 77) plane, then a measurement of S, determines sin 2o with at most a two-fold discrete
ambiguity. Figure 16 shows the relation between the two quantities for the particular case
where |Vy/Vi| = 0.085 and 8 = 14.3°, corresponding to sin 28 = 0.48. The dark band
shows the theoretical uncertainty due to input parameter variations, whereas the light
band indicates the total theoretical uncertainty including estimates of the effect of power
corrections, We observe that for negative values sin 2a as preferred by the global analysis
of the unitarity triangle, a measurement of the coefficient S, could be used to determine
sin 2a with a theoretical uncertainty of about +0.1. Interestingly, for such values of sin 2
the “penguin pollution” effect enhances the value of the mixing-induced CP asymmetry,
yielding values of S, between —0.5 and —1. Such a large asymmetry should be relatively
easy to observe experimentally.
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Figure 17. Allowed regions in the (p,7) plane corresponding to constant values of the
mizing-induced asymmetry Sy, assuming the Standard Model. The widths of the bands
reflect the total theoretical uncertainty. The corresponding bands for positive values of
Sax are obtained by a reflection about the p azis. The light circled area in the upper-right
quadrant shows the allowed region obtained from the standard global fit of the unitarity
triangle (Hécker et al. 2001).

Although it illustrates nicely the effect of “penguin pollution” on the determination
of sin2a, Figure 16 is not the most appropriate way to display the constraint on the
unitarity triangle implied by a measurement of S;.. In general, there is a four-fold discrete
ambiguity in the determination of sin 2, which we have reduced to a two-fold ambiguity
by assuming that the triangle lies in the upper half-plane. Next, and more importantly, we
have assumed that |V,;/V,s| and 3 are known with precision, whereas « is undetermined.
However, in the Standard Model |V,;/V;s| and the angles e, 3, v are all functions of the
Wolfenstein parameters g and 7. It is thus more appropriate to represent the constraint
implied by a measurement of S;, as a band in the (5, 7) plane. To this end, we write

Fiv_ pF U] e—-2iﬁ: (1_5)2_ﬁ2"2éﬁ[1_ﬁ) &= KL ghter

e 1 - e 3 f'
Vo + P (L=F2 i T VP°+ 17

where 7., e is independent of p and 7. We now insert these relations into (169) and
draw contours of constant S, in the (p,7) plane. The result is shown by the bands in
Figure 17. The widths of the bands reflect the total theoretical uncertainty (including
power corrections). For clarity we show only bands for negative values of S,,; those
corresponding to positive S;, values can be obtained by a reflection about the p axis (i.e.,
71 = —1). Note that even a rough measurement of S, would translate into a rather narrow
band in the (p, ) plane, which intersects the ring representing the |Vys/V| constraint at
almost a right angle. In a similar way, the constraint is also quite robust against hadronic
uncertainties. Even the approximate knowledge of hadronic matrix elements, as provided
by QCD factorisation, will therefore be very valuable and can lead to powerful constraints
on the Wolfenstein parameters.

(170)
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7 Summary

In these lectures we have discussed the theory of heavy quarks, focusing on the important
case of B physics. (All methods relying on the heavy-quark limit could in principle be
applied to charmed hadrons as well, but they are in most cases much less reliable due to
the smaller value of the charm mass.) We shall conclude by summarising the key points.

« A crucial and general idea for dealing with QCD effects is the factorisation of short-
distance and long-distance dynamics. We have encountered this principle in many
different forms and applications:

— The OPE to construct the effective weak Hamiltonians (H5>"?) factorises

the short-distance scales of order My, m, from the scales of order m,.

— The heavy-quark scale m treated as a short-distance scale caun be factorised
further from the intrinsic long-distance scale of QCD, Agcp. This leads to a
systematic expansion of observables simultaneously in 1/m and ag(m) with
often very important simplifications. The precise formulation of this class of
factorisation depends on the physical situation and can take the form of HQET,
LEET, HQE or QCD factorisation in exclusive hadronic B decays.

o HQET exhibits the spin-flavour symmetry of QCD in the heavy-quark limit, which
allows us to relate different form factors, and makes the mg dependence explicit.

Examples of typical applications are B — DH) iy or B

« HQE is a theory for inclusive B decays. It justifies the “parton model” and allows
us to study the nonperturbative power corrections. This is of great use for processes
as B = X.,lv, B— Xy, B = X,*l7, and the lifetimes of b-flavoured hadrons.

« QCD factorisation, finally, refers to a framework for analysing exclusive hadronic B
decays with a fast light meson as for instance B — Dn, B — nm, B — 7K and
B — V7.

With these tools at hand we are in a good position to make full use of the rich experi-
mental results in the physics of heavy flavours. We can determine fundamental parameters
of the flavour sector, such as Vi, Vi, Via/Vis, 7 and sin2q, and probe electroweak dy-
namics at the quantum level through b6 — sy or B — B mixing. This will enable us to
thoroughly test the standard model and to learn about new structures and phenomena
that are yet to be discovered.
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1 Introduction

Lattice QCD was invented, way ahead of its time, in 1974. It really became a useful
technique in the 1990s when a huge amount of progress was made in the understanding
and reduction of systematic errors. Now, we are poised to start a second lattice revolution
with the onset of Teraflop supercomputing around the world and further improvements
in methodology. This will enable calculations using lattice QCD to reach errors of a few
percent, over the next five years. At this level, lattice results, where they exist, will be
the theoretical calculations of choice for the experimental community.

It seems, then, a good time to review the fundamentals of lattice QCD, for an audience
of experimental particle physicists. As ‘consumers’ of lattice calculations, it is important
to be aware of how these calculations are done so that a critical assessment of different
results can be made. I have tried to keep technical details to a minimum in what follows
but it is necessary to understand some of them, to appreciate the significance and the
limitations of the lattice results that you might want to use. For a more detailed discussion
see, for example (Gupta, 1998) or (Di Pierro, 2001). This school is largely concerned with
CP violation and heavy quark physics, so in Section 4 I concentrate on lattice results
relevant to these areas.

2 Lattice QCD formalism and methods

2.1 The path integral approach

Lattice QCD is just QCD, no more and no less. We take the theory, express it in Feyninan
Path Integral language, and calculate the integral as well as we can. We would like to
be able to do this in the continuous space-time of the real world, but this is not possible.
Instead, we must break space-time up into a 4-d grid of points, i.e. a lattice (Figure 1),
and evaluate the Feynman Path Integral by Monte Carlo methods on a computer. It
turns out to be a calculation that requires a huge amount of computing power and tests
the fastest supercomputers that we have.
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Figure 1. A 2-dimensional rendition of a 3-dimensional cubic latlice. Lattice QCD
calculations use a {-dimensional grid.

In the Feynman Path Integral approach, we first express the quantity that we want to
calculate as the matrix element in the vacuum of an operator, @, which will be a prodnet
of quark and gluon fields so that, for example, O = (Eﬁ:)y(&b)r_. creates a hadron at a
point & and destroys it at a point y. We will discuss later other forms that © might take
to calculate useful quantities. Then:

[ {dy} [de) [dA,) Of, Al

(0|00} = . {1)
[l dd] (44,0
where S is the action, the integral of the Lagrangian:
§= [ Cd'z. 2)

We are using Euclidean space here (imaginary time) so that the integrand coesn’t contain
the oscillatory €**, but the more easily integrated e~%. The integral of Equation 1 ¢an
then be evaluated numerically if we can convert it to a finite-dimensional problem.

Currently the integral runs over all values of the quark and gluon fields ¢ and A at ev-
ety point in space-time. We need to make the number of space-time points (and therefore
field variables) finite and we do this by taking a 4-d box of space-time and discretising it
into a cubic grid, or lattice. It is then a relatively simple matter to transcribe the contin-
uous theory onto the lattice, and we use the standard methods used for discretising ¢.g.
differential equations for numerical solution. Continuous space-time (., 1) hecomes a grid
of labelled points, {x;,t,) or (n;a, nie) where ¢ is the spacing between the points, calted
the lattice spacing. The fields are then associated only with the sites, $(x,$) = ¥(n,, ).
The action must also be discretised, but this is also straightforward, The Lagrangian
tvpically contains fields and derivatives of fields. The fields are replaced with fields at the
lattice sites and the derivatives replaced with finite differences of these ficlds. The intcgral
over space-time of the Lagrangian becomes a sum over all lattice sites: (fd'r = ¥, a').
There are inevitably discretisation errors associated with this procedurce {just as there
are for differential equations) because the lattice Lagrangian only matches the contimnim
Lagrangian at & = (. At non-zero a there are effectively additional unwanted terms in
the lattice Lagrangian that are proportional to powers of a. We will discuss this further
later. Another view of the lattice is that it provides an ultra-violet cut-off on the theory
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in momentum space, since no momenta larger than 7/a make sense (the wavelength is
then smaller than a). In this way it is an alternative regularisation of QCD.

As an illustration of the simplicity of the discretisation procedure, let us consider a,
scalar field theory with Lagrangian

L= %(auqs)? + %m2¢2 + Aot (3)

The lattice action, S is then
2

S = Za4 (% Z [¢(n+ 1;;)2_(1(15(71 - 1#) + lm2¢$2(n) + /\(254(71)) ) (4)

p=1 2

The point n+ 1, is one lattice point up from the point n in the u direction. We are always
free to rescale parameters and fields and we do this on the lattice, rescaling by powers
of the lattice spacing, so that the parameters and fields we work with are dimensionless.
Everything is then said to be in ‘lattice units’. In the scalar theory above we rescale to
primed quantities where ¢' = ¢a, m' = ma, A’ = A. Then

s=% (¢'2(n) [2 + %mﬂ] + N — j—lz ¢'(n+1,)¢'(n— 1,)) . (5)

The rescaling has the effect of removing the lattice spacing explicitly from the action.
A lattice calculation is done then without input of any value for the lattice spacing, or
even knowing what it is. We will discuss later converting results back from lattice units
to physical units, so that we can compare results to the real world. Equation 5 has
in addition been rearranged to collect similar lattice terms together, using >,, to move
the space-time indices. It now looks very like a spin model, revealing a deep connection
between lattice field theory and the statistical mechanics of spin systems.

2.2 Lattice gauge theories for gluons

To discretise gauge theories such as QCD onto a lattice requires a little additional thought
because of the paramount importance of local gauge invariance. The role of the gluon
(gauge) field in QCD is to transport colour from one place to another so that we can
rotate our colour basis locally. It should then seem natural for the gluon fields to ‘live’
on the links connecting lattice points, if the quark fields ‘live’ on the sites.

The gluon field is also expressed somewhat differently on the lattice to the continuum.
The continuum A, is an 8-dimensional vector, understood as a product of coefficients A%,
times the 8 matrices, T;, which are generators of the SU(3) gauge group for QCD. On the
lattice it is more useful to take the gluon field on each link to be a member of the gauge
group itself i.e. a special (determinant = 1) unitary 3 x 3 matrix. The lattice gluon field
is denoted U, (n;, ny), where p denotes the direction of the link, n;, n, refer to the lattice
point at the beginning of the link, and the color indices are suppressed. We will often
just revert to continuum notation for space-time, as in U,(z). The lattice and continuum
fields are then related exponentially,

Uy = g9k (6)
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Figure 2. The gluon field on the lattice.

where the a in the exponent makes it dimensionless, and we include the coupling, g, for
convenience. If U,(x) is the gluon field connecting the points z and z + 1, (see Figure 2),
then the gluon field connecting these same points but in the downwards direction must
be the inverse of this matrix, U;'(z). Since the U fields are unitary matrices, satisfying
U'U =1, this is then Uf(z).

This form for the gluon field makes it possible to maintain exact local gauge invariance
on a lattice. To apply a gauge transformation to a set of gluon fields we must specify
an SU(3) gauge transformation matrix at each point. Call this G(z). Then the gluon
field U,(z) simply gauge transforms by the (matrix) multiplication of the appropriate G
at both ends of its link. The quark field (a 3-dimensional colour vector) transforms by
multiplication by G at its site.

U‘(‘g)(z) = G(z)Uu(z)GT(z+1u)
P9(z) = G(a)¥(z)
P = Pa)Gi(). (7)

To understand how this relates to continuum gauge transformations try the exercise of set-
ting G(z) to a simple U(1) transformation, €**(*), and show that Equation 7 is equivalent
to the QED-like gauge transformation in the continuum, A = A, ~ 9,0.

A A

X2

Xi

Figure 3. A string of gluon fields connecting quark and antiquark fields (left) and a
closed loop of gluon fields (right).

Gauge-invariant objects can easily be made on the lattice out of closed loops of gluon
fields or strings of gluon fields (Figure 3) with a quark field at one end and an anti-
quark field at the other, e.g. ¥(2;)U, (1)U, (z; +1,) ... Uc(xa — 1¢)9(x2). Under a gauge
transformation the G matrix at the beginning of one link ‘eats’ the G at the end of
the previous link, since G'G = 1. The G matrices at z; and z, are ‘eaten’ by those
transforming the quark and anti-quark fields, if we sum over quark and antiquark colors.
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The same thing happens for any closed loop of Us, provided that we take a trace over
color indices. Then the G at the beginning of the loop and the G' at the end of the
loop, the same point for a closed loop, can ‘eat’ each other. (Try this as an exercise, re-
membering that U fields going in the downward direction are U's and, from Equation 7,
UJ’(y)(z) =Gz + lu)UJ(z)G"(z).)

The purely gluonic piece of the continuum QCD action is

Sem. = [ a0 T Fu P (8)

and the simplest lattice discretisation of this is the so-called Wilson plaquette action:

1 6
S =05 (1-gRe(TU})s 6= )

U, is the closed 1 x 1 loop called the plaquette, an SU(3) matrix formed by multiplying

3

1

X

Figure 4. A plaquette on the lattice.

4 gluon links together in a sequence. For the plaquette with corner z in the 7, j plane we
have (Figure 4):
Uy(z) = Us(z)Uj(z + 1)U} (z + 1;)U} () (10)

Tr in S), denotes taking the trace of U, i.e. the sum of the 3 diagonal elements. Sy,
sums over all plaquettes of all orientations on the lattice. 3 is a more convenient version
for the lattice of the QCD bare coupling constant, g2. This is the single input parameter
for a QCD calculation (whether on the lattice or not) involving only gluon fields. Notice
that the lattice spacing is not explicit anywhere, and we do not know its value until after
the calculation. The value of the lattice spacing depends on the bare coupling constant.
Typical values of 3 for current lattice calculations using the Wilson plaquette action are
B =~ 6. This corresponds to a =~ 0.1fm. Smaller values of 3 give coarser lattices, larger
ones, finer lattices. Other improved discretisations of the gluon action are also used. In
these the bare coupling constant appears in a different way and so comparison of the
bare coupling constant between different gluon lattice actions is meaningless. The only
comparison which makes sense is that of the resulting values for the lattice spacing. That
Siae of Equation 9 is a discretisation of Scon is not obvious, and we will not demonstrate
it here. It should be clear, however, from Equations 6 and 10 that S, does contain terms
of the form d,A,.

Sjatt i gauge-invariant, as will be clear from our earlier discussion. Thus lattice QCD
calculations do not require gauge fixing or any discussion of different gauges or ghost
terms. We simply calculate the appropriate Feynman Path Integral using Sj,.. Since we
are only describing calculations for gluons at this stage, @ will be some gauge-invariant
product of U fields, for example the closed loop of Figure 3. Such a calculation is fully
non-perturbative since the Feynman Path Integral includes all possible interactions in
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the matrix element that we are evaluating. In contrast to the real world, however, the
calculations are done with a non-zero value of the lattice spacing and a non-infinite volume.
In principle we must take a — 0 and V' — oo by extrapolation. In practice it suffices to
demonstrate, with calculations at several values of a and V, that the a and V dependence
of our results is small, and understood, and include a systematic error for this in our
result.

2.3 Algorithms

The Feynman Path Integral (Equation 1) for gluons only becomes

/ [dU] @5
W. (11)

To evaluate this integral we can generate random sets of U fields on the lattice and work

out the result:
Z Oye S
(0|o0) = ﬁ- (12)
{U}4 is a set of U matrices, one for each link of the lattice, and is called a configuration.
O, is the value of O on that configuration (e.g. the trace of a closed loop of Us). A set
of configurations is an ensemble.

(0[O0 =

This is a very inefficient way of working. If S, is large for a particular configuration
it contributes very little to the result. Instead it is better to generate the configurations
with probability e=5. This is called ‘importance sampling’ since we preferentially choose
configurations with a large contribution to the integral. If we have a set of configurations
so distributed then

000 = (0) = 7 0., (13)

i.e. the result simply becomes the ensemble average of the value of the operator © evalu-
ated on each configuration. The calculation then has a statistical uncertainty associated
with it, which varies with the ensemble size, N, as 1/ N.

Several algorithms exist to generate an ensemble of configurations with distribution
e~5. The Metropolis algorithm is the earliest and simplest, but shares several features with
later more sophisticated algorithms. The first step is to generate a starting configuration,
{U}1, e.g. by setting all the U matrices to the unit 3 x 3 matrix or by generating random
SU(3) matrices. The algorithm then sweeps round the configuration, one U matrix at a
time. For each U matrix a small change is proposed, i.e. a random matrix close to the
unit matrix is generated which could multiply U. The change in S is calculated if this
change to U were to happen. If S is reduced, the change is accepted; if not, it is accepted
with probability e 2% (by comparing e~ to a random number between 0 and 1). Once
this has been done for every U € {U}, we have a new configuration, {U},. We then
repeat to obtain {U}; etc. Once we have an ensemble we can do any number of different
calculations (often called ‘measurements’) on it for different operators ©. Ensembles are
the equivalent of experimental data sets created by collaborations of theorists. They are
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often stored for years and re-used many times. Some ensembles are publicly available -
see http://qed.nerse.gov/ and http://www.ph.ed.ac.uk/ukqed/.

An important point to note is that each member of an ensemble is generated from a
previous member. The ensemble therefore has a (computer) time history. We have to
worry ahout the ‘equilibration time' and the ‘decorrelation’ (autocorrelation) time of the
ensemble. The equilibration time is the number of sweeps required to reach a configuration
typical of the distribution e~ that we are trying to create, i.e a configuration which has
‘forgotten’ the starting configuration. The autocorrelation time is the number of sweeps
it takes to generate a sufficiently different configuration that results can be considered
statistically independent. The autocorrelation time can be determined from the sequence
of results for @ and will depend on @. In general if O is an operator with large extent,
e.g. a closed loop of U fields over many lattice sites, it will have a longer autocorrelation
time than if @ is a small loop. This is because the changes to a configuration spread
out randomly from a point, one step per sweep. As we try to reach smaller values of
a, closer to the continuous space-time of the real world, we expect a phenomenon called
‘critical slowing-down’. This is because a given physical distance, say the size of a hadron,
takes up many more lattice sites as a gets smaller. For an ensemble to decorrelate on
this physical distance scale then requires more sweeps. This makes the numerical cost
of reducing the lattice spacing at fixed physical volume far worse than the naive a' (sce
Figure 5).

Figure 5. A given physical distance requires more lattice points to cover it as a is reduced,

2.4 Quarks on the lattice
2.4.1 The fermion doubling problem

The inclusion of quarks in the lattice QCD action causes several difficulties related to
their fermionic nature and makes lattice QCD calculations very costly in computer time.

The so-called ‘fermion doubling’ problem is apparent even for free quarks, in the
absence of any interaction with the gluon field. The continuum action for a single flavor
of free fermions is

= f d'z (78, + m). (14)

The obvious (so-called naive} lattice discretisation gives

. - 4 o i
S}atl,nal\-'e =a'Y [% r %% + mapis | (15)
T

p=1
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Figure 6. The doubling problem for lattice fermions. The sine curve shows the lattice
quark inverse propagator in 1-d. The straight lines through p = 0 (solid) and through
p=7/a (dotted) are those for a continuum quark.

The problems become evident when we Fourier transform this and compare the lattice
inverse propagator:
sin p,a

Gl;tlt,naive(p) = i7u a +m (16)

to that obtained in the continuum from Equation 14,

Goom(P) = #vupu + M. (17)
The two are plotted for a massless quark in one-dimension in Figure 6 over one lattice
Brillouin zone (momenta beyond +/a are equivalent to those in this range). The lattice
result looks continuum-like around p = 0, where the inverse propagator is close to zero.
The lattice inverse propagator is also close to zero around p = m/a, however. Since
n/a and —m/a are periodically connected on the lattice, another continuum-like line can
be drawn at this point (with opposite slope to the one at the origin). Thus in one-
dimension, our lattice fermion contains two continuum-like fermions rather than one! On
a 4-dimensional lattice we have 2! fermions instead of one. The 15 excess fermions are
called doublers. The doubling problem is clearly a consequence of the fact that the sine
function appears in Equation 16 and this is because of the single derivatives in the Dirac
action for a relativistic fermion, Equation 14. For a scalar particle (Equation 5) we would
have a cosine instead, and no difficulty.

2.4.2 Wilson quarks

There are several approaches to the doubling problem. The most severe in terms of its
effects, but currently the most popular for a lot of applications, is the Wilson quark action.
In this the doublers are entirely removed, by adding a ‘Wilson’ term to the action which
gives them a much larger mass than ma, so that they drop out of the physics. The term
added is a double derivative so appears with an extra power of a (@%) in order to have the
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same dimensions as the other terms in S** (Equation 15):

S;‘/ _ S;a,ive _ gas Z &szza (18)
4 —
Dwz - Z wz+1“ 21€z + %-1," (19)
u=1 a

where r is the Wilson parameter (almost always set to 1). The extra power of a in
Equation 18 means that the correspondence between the lattice and continuum actions
as a — 0 is not changed. However, if we look at the inverse propagator again, there is a
difference.

_ _ 2r &L .
Gw () = Guaive + 5 Zl sin®(p,a/2). (20)
u:

If we substitute for Gy, from Equation 16 and expand out the sin function around p ~ 0
we get

4
G () = ivupu+ m+ 5 3B (21)
v=1

Comparing this to the continuum form (Equation 17) as a — 0, the r term will disappear

and a fermion of mass m will have the right form. If instead we look at the doublers, we

must expand around p =~ 7 /a. If we call p the momentum difference between p and n/a

and consider the case where p has only one component close to m/a, and the others are
close to zero, then

~ L 2
G B) = inButm+ T (22)

Now as a — 0, the mass of the doubler, m + 2r/a — oco. The doublers at other corners of
the Brillouin zone pick up masses of 4r/a, 6r/a, 87/a : check this as an exercise. Thus
we are assured that our quark action describes only the one quark that we intended, but
there is a price for this, as we shall see below.

The Wilson quark action is converted to dimensionless units by a rescaling a*/?vy — ¢,
leaving the quark mass parameter as a mass in lattice units, ma (previously called m/).

S})V = ; {&z ; [(7;1 - T)wz+1“ - (7u + T)wz—lu] + (ma + 47“)1%%} . (23)

It is conventional to define a ‘hopping parameter’ called x which is 1/(2ma + 8r) and so
1/k plays the role of the quark mass. 1 is conventionally rescaled by v/2« so that s moves
to multiply the terms connecting the ¢ field on different sites (thus allowing ‘hops’). If
we now couple in a gluon field, the v field will become a 3(color)x4(spin) dimensional
vector on each site. The gluon field must be included in such a way as to keep the action
gauge-invariant. From our earlier discussion it is then obvious that U matrices must be
inserted as a link between the ¢ and 1 fields when they are on neighbouring sites. The
Wilson quark action is then conventionally written:

ay { [z Balop = VU@, — Banr, (3 + r)U;u)w,] ‘ mz} R

T
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The price we pay for using the Wilson quark action is that we break explicitly the chiral
symmetry of continuum QCD. This is a symmetry of the derivative terms in Sy (Equa-
tion 14) which allows us to rotate separately right- and left-handed components of the
quark field. The spontaneous breaking of this symmetry gives us a massless pseudoscalar
meson called the pion as a Goldstone boson and has other important consequences for
particle physics. Chiral symmetry is broken explicitly by a quark mass (so that the real
pion is not actually massless) but also, more seriously for the lattice, by the Wilson term.
As a — 0, chiral symmetry will be recovered, but for real lattice calculations at non-zero a,
the lack of chiral symmetry can cause difficulties for some calculations.

One surprising feature of Wilson quarks is that it is still possible to get a massless
pion even at non-zero a, when chiral symmetry is broken. However, we have to search
for the value of 1/ at which it occurs—it is not simply the point 1/x = 8r, as it would
be in the free theory, above. Lattice calculations of the mass of the pseudoscalar meson
(Mps) must be done at various input values of k (see Section 3) for a given ensemble.
A plot of MZg against 1/k is then extrapolated to the point where Mpg is zero. The
value of x at this point is called Kciiica; and is the point at which the bare quark mass
in the interacting theory is zero (but matrix elements will not necessarily show chirally
symmetric behaviour). The bare quark mass in lattice units, ma, at other values of k can
then be taken to be (1/2k — 1/2Kisical)-

Another problem for the Wilson quark action is the presence of large discretisation
errors. The naive quark action has discretisation errors proportional (at lowest power) to
a? because (see Equations 16 and 17) sin(pa)/a = p(1 —p?a?/6+- - -). In the measurement
of a hadron mass, the terms proportional to p*a? in the action will induce an error pro-
portional to A%2a? where A is some typical momentum scale inside the hadron in question,
say 300MeV. For lattice spacing values we can reach, around 0.1fm (= (2GeV)™! when
h = ¢ = 1), this gives an expected error of order 2%. The Wilson term (Equation 18)
that we added, however, is proportional to a, so that S}V = Sp* + O(a). Now hadron
masses will have an error of typical size Aa, which could be 15% at a = 0.1fm. One can
extrapolate this error away by doing calculations at several values of a but the size of the
extrapolation adds uncertainty.

Instead, we can ‘improve’ the quark action, by adding additional terms to counteract
the errors at any order in a. This is equivalent to a higher order discretisation scheme for
differential equations. For the Wilson quark action we can add the so-called clover term,
making the clover, or Sheikholeslami-Wohlerti, action:

10Csw KT

4

The standard discretisation of aF),, is as a set of 4 plaquettes arranged in a clover-
leaf shape. If the clover coefficient, ¢, is chosen correctly then the clover action has
leading order errors proportional to a? again. It is in the correct choice of this coefficient
that the difficulties of discretising a field theory, as opposed to a standard differential
equation, appear. We are trying to match QCD with an ultraviolet momentum cut-
off of n/a to QCD with an infinite momentum cut-off. Gluonic interactions with gluon
momenta between 7/a and oo in the continuum must be accounted for on the lattice by
a renormalisation of coefficients in the action. Thus the naive (tree-level) value of 1 for
Csw 15 Tenormalised by an amount which depends on the QCD coupling constant at some
momentum scale around 7/a. This momentum scale is typically quite large (for a = 0.1fm

S;lover _ S}’V _ Z Lﬁxa,‘,,F,wwx- (25)
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it is 6GeV) so that a perturbative calculation of ¢, can work well. ¢5y =1+ cia;(n/a) +
cg0?(w/a) + ---. In fact it has been shown that a lot of the perturbative correction
can be absorbed into a renormalisation of the U field by a factor called ug, and this is
called tadpole-improvement (Lepage, 1993). Alternatively csw can be determined within
the lattice calculation itself (i.e. non-perturbatively) by insisting that some continuum
relationship, broken by the discretisation errors, works on the lattice (Sommer, 1998). For
Csw we can impose Ward identities from chiral symmetry, for example. This improvement
programme for the lattice action can be carried further at the cost of introducing more
coefficients that have to be determined by a match to continuum QCD. However, this
must be compared to the cost of not improving the action, which requires calculations on
very fine lattices to achieve small enough discretisation errors for the accuracy we require
and is generally prohibitive.

2.4.3 Staggered quarks

Here we return to the naive quark action and ask, what was so bad about having 16
quarks instead of 17 If we had 16 flavors of quarks of the same mass in Nature, the
naive action might be fine. In fact we only have two quarks that might be considered
degenerate, u and d. They both have masses of a few MeV. Although we do not believe
that their masses are the same, the difference is much smaller than any other mass, and
they are treated as degenerate in most lattice calculations at present.

We can ‘thin’ the degrees of freedom of the naive lattice quark action by removing the
4 spin degrees of freedom (which can be shown to be multiple copies of the same thing).
The quark field, X, then becomes a 3(colors) x 1(spin) component object on a site and the
staggered (Kogut-Susskind) fermion action is:

_ 1
57 = 5% {5 S (Uule) e, ~ Ul = ) £ marcf. ()

1z is +1 according to the formula 7, = (—1)* where k = ¥, z,. This action describes
16/4 = 4 quarks, now much closer to the real world, if we want to interpret the doublers
as flavors. We might hope that if the 4 flavors do behave as 4 copies of the same thing
we can reduce their effect by a factor of two or four (depending on how many degenerate
flavors we want to simulate) by multiplication with the required factor at appropriate
points (as we could in QCD perturbation theory). The 4 spin degrees of freedom for the
4 flavors are made from the 16 components of the X field on a 2* hypercube, which is a
complication if we need to separate out the flavors. The staggered action, however, has a
remnant of chiral symmetry which ensures the very desirable feature that the quark mass
(and the associated Goldstone boson pion mass) vanish at ma = 0. This behaviour gives
the added benefit of making staggered quarks rather better behaved and computationally
much faster to work with than Wilson-type quarks.

The down-side of staggered quarks is again the discretisation errors. These are formally
O(a?), just as for naive quarks, but some of the errors induce flavor-changing interactions
and so are rather dangerous. In practice they produce a larger than expected effect
for simple a? errors. A quark with momentum around 0 can be scattered to one with
momentum around 7 /a i.e a doubler, and therefore a different flavor, by the interaction
of Figure 7. One of the results of this is that the 16 different pions (for 4 flavors) no
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Figure 7. A flavor-changing interaction for staggered quarks on the lattice.

longer have the same mass and only one of them has a mass which vanishes as ma — 0.
Improvement. terms have recently been developed which can be added to the action to
reduce these interactions to a much lower level, and the masses of the different pions
are then much closer together (Bernard, 2001, MILC collaboration). This makes the
prospects for working with staggered quarks in lattice QCD calculations much better,
and a lot more work with these quarks will certainly be done.

2.4.4 Ginsparg-Wilson quarks

A recent development has been a set of quark actions which maintain chiral symmetry of
the action while still describing only one quark flavor, but at the cost of a very complicated
lattice discretisation of the continuum derivative. This is then costly to implement. For
example, in the domain-wall formulation an additional 5th dimension is required whose
length, in principle, must go to infinity. A lot of work is being done to develop algorithms
for these quark actions which may make them feasible in the long-term. In the meanwhile,
they are already being used for calculations that really need chiral symmetry at finite
lattice spacing, such as that of the CP-violating parameter in the K system, ¢'.

2.5 Algorithms for quarks

Another problem with handling quarks in lattice QCD is that they are fermions, obeying
the Pauli Exclusion Principle, and therefore cannot be represented by ordinary numbers
in a computer. We must do the quark functional integral by hand:

[ [dU] [dy] [d] e~ So M = [ [dU] detMe=S (27)

where the form for the matrix M depends on the quark formulation and can be derived
from the forms given above for the quark action (Equations 24, 25 and 26). The QCD
action then becomes

S= ,8; (1 2 NLCRe 'n{U,,)) — In(det M). (28)

We now generate ensembles of gluon fields (only) with importance sampling based on this
action. The standard algorithm for doing this is called Hybrid Monte Carlo . The second
term is a very expensive one to include, because it requires frequent calculations of M ™!
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(various algorithms, such as Conjugate Gradient exist to do this) and M is a large matrix
(4(forWilson) x 3 x V = 2 x 10° on a side). If this term is missed out for expediency
(so that the action is just S;) then we talk of using the ‘quenched approximation’. Most
calculations in the past have been quenched (and most of the results I discuss later
will be in the quenched approximation) but recently calculations using the full QCD
action (‘unquenched’ or ‘with dynamical/sea quarks’) have been attempted and in the
future we hope that the quenched approximation will become redundant. We can think
of the In(det M) term as giving rise to a sea of quark/anti-quark pairs appearing and
disappearing in the vacuum. For every quark flavor for which we have a separate matrix
M we should in principle include a term of the form In(det M) in the dynamical quark
action. However, it is only the production of light (u, d, s) quark/anti-quark pairs that we
envisage having a significant effect for most of the quantities that we calculate. Dynamical
lattice calculations are then done with Ny = 2 for u, d dynamical quarks or 2+1 if s is
included.

Quarks must also be integrated out of the operators, @. For O = (¢¥9),(¥%),, the
form mentioned earlier, which creates a meson at the point x and destroys it at the point
y, then

J1dUllaw )iy ey detvste s = [TaU)(M; 3" U) (M, 14U) *detMe . (29)

M~ is the quark propagator from z to y on a given gluon configuration, obtained by
solving Mz = b where b is a vector with a 1 at z (and a certain color and spin index)
and 0 everywhere else. We have been explicit here about the flavor indices, which we
have taken as u and d, although lattice calculations usually then assume that » and d
are degenerate and therefore the two M~! factors are the same. However, if the hadron
actually does contain two quarks of the same flavor then ‘disconnected’ pieces containing
M, ! will appear, as well as the ‘connected’ pieces above. The color indices, a and b, are
also explicit (and summed over) and make € gauge-invariant. The sums over spin indices
have not been made explicit because in this case they follow the color indices (but see
Section 2.6). On an importance-sampled ensemble (either quenched or unquenched) for
this example we then have to calculate Trw,o,,spin(M;;*“)(My‘;’d) on every configuration
and average over configurations.

Calculating M~! is computationally expensive and gets harder as M develops small
eigenvalues, which happens as ma — 0 (for staggered quarks) or K — ke (for Wilson or
clover quarks). Thus, even in the quenched approximation, we cannot actually calculate
with quark masses close to those of real # and d quarks. Instead we work with heavier
quarks and perform so-called chiral extrapolations to the chiral limit where u and d quarks
would be (almost) massless.

2.6 Relating lattice results to physics

Above we have given an example for @, which includes the creation of a valence quark
and anti-quark at the point z and their destruction at the point y. This is a so-called
hadron correlator or 2-point function on the lattice since it simply has a source and a
sink, and is one of the simplest quantities to calculate. It is shown pictorially at the left
of Figure 8, where the solid lines indicate the valence quark propagators, and the blobs
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Figure 8. A graphical representation of two types of 2-poinl funclions calculafed on the
laitice. Left, for a hadron mass calculation; right, for a decay constant.

at the two ends indicate the creation and annihilation of the meson. A baryon would of
course have 3 valence quark propagator lines. Usualiy we project onto specific values of
p for the hadron, so in Figure 8 we have suppressed spatial indices at the source and sink
and just refer to the time index, 0 at the source and T at the sink. The figure shows
how, as the valence quarks propagate, they interact any number of times by exchange of
giuons. This is a pictorial representation of the fully non-perturbative nature of a lattice
QCD calculation. The interactions include the production of dynamical quark/anti-quark
Jairs if a dynamical calculation is being done.

The caiculation of this 2-point function will enable the extraction of the hadron mass
(see below), for the hadron corresponding to the JF© quantum numbers of @. We make
different quantum numbers by inserting 4 matrices between the v and ¢ fields in each
piece of €. For example, (¥}, creates a pseudoscalar meson (such as 7} and 1,4
a vector (such as p). When the quark functional integral is done, as in Equation 29,
matrices will appear between the two Af ! factors and appropriate sums over spin indices
will have to be done.

The blobs in Figure 8 indicate that we can use more complicated forms for @ for a
given hadron, e.g. the ¥ and ¥ fields do not both need to taken at the point ». We
can separate them spatially, either by inserting U fields to keep O gauge-invariant, or
by fixing a gauge to allow spatial separation without including U fields. This enables
us to feed in information, or prejudice, about the relative spatial distribution of the
quarks in the hadron, ie. its ‘wavefunction’. Each piece of @ takes the form v, ¢{7)yn,
(suppressing the U fields) where ¢ is some function of the separation between 1 and i
it is known as the ‘smearing’ function and € is then a smeared operator. When the
quark functional integral is done, factors of ¢ will appear between the M~' factors. Tle
factor of ¢ is absorbed at the source by solving Mz = ¢ for, say, the quark (inaking a
‘smeared quark propagator’) and Mz = & for the anti-quark (a ‘local quark propagator’).
The two propagators are then put together with an expiicit insertion of ¢ at the sink.
Often calculations measure separately hadron correlators with several different smeariug
functions at both source and sink, enabling a more precise determination of the hadron
mass.

Another type of 2-point function is shown on the right of Figure 8. In this case we
create the hadron with a smeared operator and destroy it with a focal operator. This is a
‘smeared-focal’ or ‘smeared-current’ correlator, since the quantity that we can extract from
this is the matrix element of the appropriate current operator, J, between the vacuum and
the hadron. For example, this is used to calculate the decay constant, f,, related to the
vacuum to 7 matrix eiement of the axial vector current {denoted by its tine coinponent,
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Ayp, in Figure 8). This couples to the W particle and mediates the purely leptonic decay
of a m meson. See the Lagrangian for the weak interactions in {Rosner, 2002), hut note
that the W particle is not included explicitly in lattice QCD calculations. © in this
case then takes the form (¥,,,%6(r)¥) (¥ 75¢)y, where the first factor creates the pion
with a smeared operator at & and the second destroys it with the time compouent of the
local axial vector current. The quark functional integral converts this to the same tvpe
of quantity, with two factors of M ™!, that we discussed above.

J=Vp, ¥

Figure 9. A graphical representation of a F-point function (for semileptonic decay)
calculated on the latiice.

Figure 9 shows a lattice 3-point Function appropriate to the semi-leptonic decay of
a hadron. Qane of the valence quark lines emits a W and changes to a different flavor.
A new hadron is then formed with the spectator quark. The emission of the U7 can be
represented by the insertion of a current on one of the valence quark lines. The Figure
shows a vector current (with temporal component V4 and spatial component 1} which
contributes to the decay of a psendoscalar meson to a pseudoscalar meson (e.g. B —= D).
We then have a (smeared) source and sink at 0 and T, and a (local) current insertion at £,
i.e. 3 points. When the quark functional integral is done there will be 3 factors of A1,
one for the original valence quark which decays (from 0 to ), one for the final valence
quark (from ¢ to T} and one for the spectator (from 0 to T). In fact the most cfficient
way to do this calculation is to solve for the final valence quark propagator from T to f,
taking as a source the spectator quark propagator from 0 to T

3 Lattice QCD calculations

3.1 The steps of a typical lattice calculation

Step 1

A volume and a rough lattice spacing are chosen. A volume of (3fm)* is considered to
be large enough not to ‘squeeze’. and therefore distort, typical hadrons placed on it.
The tinie extent is usually taken as twice the spatial size since niasses ete are extracted
from the time dependence of hadron correlators (see below). The selection of the Iattice
spacing is a trade-off between getting close to the continnum limit {and therefore small
discretisation errors} and the cost of the calculation, which grows as sotnoe large power of
a~!. Improvement of the action, discussed above, helps here by giving small discretisation
errors on coatser lattices. Lattice spacings around (.1ftm are reasonable on both counts.
From experience we know roughly what value of the bare QCD coupling constant to take
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in the gluon part of the QCD action to achieve various values of a (determined after the
calculation, see below). However, the quark contribution to the action affects this also,
and we have much less experience with this. A (3fm)® x 6fm lattice with ¢ ~ 0.1fm
requires (30)® x 60 sites.

Step 2

A quark formulation, number of quark flavors, and masses in lattice units, ma, are chosen
for the quark part of the QCD action. Again we have a trade-off between trying to take
realistically small masses for the u and d quarks, and the cost. Again we do not know
what the quark mass actually is until after the calculation, when we have calculated the
masses of hadrons containing that quark. Recent calculations have been able to take
dynamical quark masses down to the s quark mass and some have gone further; future
calculations need to reach much smaller masses than this. Extrapolations to » and d
quark masses will continue to be necessary, however (see step 8). Some interpolation will
always be necessary too since the masses chosen will inevitably not be exactly correct,
e.g. for the physical strange quark mass.

Step 3

An ensemble of gluon configurations must then be generated using importance sampling

with e~S. As discussed above, dynamical quarks appear implicitly through the quark
determinant.
Step 4

Quark propagators are calculated on each gluon configuration of the ensemble by inverting
the quark matrix, M, to make the ‘valence’ quarks inside the hadron. Where they are
supposed to have the same flavor as the dynamical quarks, they should have the same mass
in lattice units, ma. However, we can also calculate valence quark propagators for quarks
with different mass from the dynamical quarks, and perform separate extrapolations in
valence and dynamical quark masses. This is sometimes useful and particularly so if there
is a very limited set of dynamical quark masses. It is known as the partially quenched
approximation (PQA).

Step 5

The quark propagators are then put together in various combinations to form hadron
correlators (see the discussion of the form taken for operators, O, above) which are
then averaged over all the configurations in the ensemble. We are concentrating here on
operators O which are related to quark-based hadrons but gluonic operators can also be
measured on the ensemble and averaged in the same way.

Step 6

The hadron correlators are fitted to their expected theoretical form to extract hadron
masses and matrix elements. For the 2-point function described for the spectrum, the
ensemble average of the product of smeared quark propagators described above gives us
the vacuum expectation value of a hadron correlator, (0|H'(T)H (0)|0) (see Equation 1).
The hadron creation(destruction) operator can create(destroy) from the vacuum all the
hadron states which have the same J¥¢ quantum numbers as the operator. For example,
if the operator has the quantum numbers of a pseudoscalar meson containing u and d
quarks, the 7 and all its radial excitations can be created(destroyed). The amplitude, A,
with which a particular state is created or destroyed depends on the overlap with that
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Figure 10. The effective mass of a 17~ bb (Y ) correlator, calculated from a lattice 2-point
Sfunction with local source and sink.

state of the operator used, i.e. the smearing function, at source or sink. Thus we obtain

YD) H(O) o) = ¥ Ssptlmis -t (30

where the factor e”Z»T arises because the two hadron operators are offset by a time dis-

tance T in Euclidean space, and FE, is the energy of the nth state. The states which
dominate the fit, especially at large values of T', are those with lowest energy; if a projec-
tion on zero momentum has been done, these will be the states with lowest mass. Often
we are interested in the one state with lowest mass, the ground state (the 7 in the example
above), and then try to design a good smearing function to have large overlap with that
state, and very small overlap with its radial excitations. In that case fits can be done in
which data at small values of T are thrown away and only a single exponential is used in
the fit. The extent to which this works can be gauged by plotting the ‘effective mass’, the
log of the correlator at time ¢ divided by ¢. If one state completely dominates the fit, a
constant result is obtained as a function of ¢ - the effective mass is said to ‘plateau’. The
plateau value is the ground state mass. Figure 10 shows the result for the effective mass
of the correlator for an T particle (see Section 4) calculated on the lattice. A clear plateau
is seen but only for ¢ > 15. For smaller ¢ the correlator clearly contains excitations of
higher mass, because no smearing was used in this case.

The best calculations use several different smearing functions at source and sink and
perform simultaneous multi-exponential fits of the type in Equation 30. If the masses
of several states can be obtained from the fit the reliability of the ground state mass is
increased. It should also be pointed out that correlated fitting techniques must be used
since the correlators at adjacent times are not statistically independent of each other.

For the 2-point function used to calculate decay constants, the amplitude with which
the hadron is destroyed at the sink is the vacuum to hadron matrix element of the current.

OO0 = 3 A=allI e )

n
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and {0|Ag|m(p = 0)) = frm,. To isolate the part proportional to the decay constant
requires dividing the total amplitude of the ground state exponential by Ag n=gs. This
can be obtained from a fit of the type in Equation 30, if the same smearing function is
used at source and sink so that Agen = Asnin-

For the 3-point function we have two sets of hadrons with different flavor quarks,
separated by a current insertion.

<0|H’T(T)J(t)H(O)|O> _ Z Z Asrc,nAsnk,m<m|Jln> e—Ente-Em(Tft) (32)

2E,2E,,

where n runs over hadrons with the quantum numbers of the operator at 0 and m, those
of the operator at T. Again the matrix element of interest, that of the current between
two hadrons (usually for the ground states in the two cases), can be obtained by dividing
out the amplitudes at source and sink from two separate 2-point fits for the two different
hadrons of the kind in Equation 30.

Step 7

It is now possible to determine what the lattice spacing was in the simulation. This then
sets the single dimensionful scale so that everything can be converted to physical units
(GeV) from lattice units. The lattice spacing is determined by requiring one dimensionful
quantity to take its real world value. Usually a hadron mass is chosen, because these
are easiest to determine on the lattice, but it should not be one whose mass depends
strongly on valence quark masses to be determined in the next step (see below) otherwise
a complicated iterative tuning procedure will result. The most popular quantity to use at
present is known as ry, a parameter associated with the potential between two infinitely
heavy quarks. It is extracted from the energy exponent of a gluonic operator (the closed
loop of Figure 3), so can be precisely determined and does not contain any valence quark
masses. The only problem is that it is not an experimentally accessible quantity, and
we rely on potential model results to give a phenomenological value, estimated to be
0.5fm. Another quantity frequently used is the mass of the p meson, obtained by chiral
extrapolation to the point where the 7 meson mass, and therefore the u,d quark mass,
is (almost) zero. The chiral extrapolation, however, can produce large errors. A better
quantity is the orbital excitation energy, i.e the splitting between P states and S states, in
bb or ¢t systems, since these don’t contain light quarks and this splitting is even insensitive
to the heavy quark mass. (The treatment of heavy quarks on the lattice will be discussed
in Section 4.)

Step 8

The step above yields all hadron masses in GeV. However, before we can compare to
experiment we must tune the quark masses. This requires calculations at several different
values of the bare quark masses in an appropriate region. For each quark mass we then
select a hadron whose mass will be used for tuning (and is therefore not predicted). For
that hadron we interpolate/extrapolate the results to find the bare quark mass at which
that hadron mass is correct. The masses of other hadrons containing that quark are
then predicted if we interpolate/extrapolate those masses to the same quark mass, or
combination of quark masses. In the process we learn about the dependence of hadron
masses on the quark mass and this can be useful theoretical information. The hadrons
used for tuning should be low-lying states with accurate experimental masses which can
be calculated precisely on the lattice. The 7 mass is usually used to fix the u, d mass
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(taken to be the same), although sometimes the approximation m, = 0 is used. The mass
of the K, K*, or ¢ can be used to fix the s quark mass. The K or K* obviously require
the u and d masses to have been fixed. The dimensionless ratio of the K* to the K mass
can also be used, and this is then less dependent on the quantity used to fix the lattice
spacing. For the ¢(b) quarks, the D(B), D(Bs) or ¥(Y) systems are convenient ones.

The interpolation/extrapolation of hadron masses as a function of bare quark masses
is a relatively simple procedure in the quenched approximation. Then there is no feedback
from the quark sector into the gluon sector. We can create gluon field configurations at
a fixed value of the lattice spacing (as determined, for example, from a purely gluonic
quantity such as rg) and measure hadron masses at many different quark masses on those
configurations. The issues are then the correlations between results at different quark
masses that must be taken into account and the spurious non-analytic behaviour in quark
mass that can arise in the quenched approximation in extrapolations to u and d masses
(‘quenched chiral logarithms’).

When we include dynamical quarks in the calculation, the effects of the quark deter-
minant at a particular quark mass feed into the gluon field configurations. Results at
different dynamical quark masses then represent a completely new calculation, generating
a new ensemble of gluon configurations with statistically independent results. The inter-
polations/extrapolations in quark mass take on a new dimension and there are subtleties
associated with how to do this. Some groups have chosen to generate configurations at
fixed bare coupling constant and various dynamical bare quark masses. Then the lattice
spacing will vary with quark mass and extrapolations in quark mass must be done in
lattice units, before fixing the lattice spacing at the end. I believe a more satisfactory ap-
proach from a physical perspective is to adjust the bare coupling constant at different bare
quark masses so that the lattice spacing remains approximately the same (as determined
from g, for example). This then allows interpolations/extrapolations for physical hadron
masses, and a better picture of the physical dependence of quantities on the presence of
dynamical quarks. Several groups have also carried out this procedure.

In all of these approaches we must extrapolate to reach the physical u/d mass region,
and so we need to know the appropriate functional form for this extrapolation. This
can be derived for light enough u/d mass using an effective theory of Goldstone pions
called chiral perturbation theory. This shows that logarithmic behaviour of quantities as
a function of the 7 mass (the variable representing the u/d quark mass) should be present
in general as well as simple power-law behaviour. These ‘chiral logarithms’ will only show
up at rather small quark masses (m,q N ms/4) and so it is important for dynarmical
simulations to reach quark masses low enough to be able to match on to this behaviour
and extrapolate down.

Step 9

The calculation needs to be repeated at several values of the lattice spacing to check that
the dependence of physical results on the lattice spacing is at an acceptable level and/or
to extrapolate to the continuum limit @ = 0. Extrapolations again obviously require
knowledge of an appropriate functional form.

Step 10

Compare to experiment or give a prediction for experiment!
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Concluding remark

Above we have described an ideal situation. Lack of computer power has meant compro-
mising on one or more aspects in existing calculations. A lot of calculations have used the
quenched approximation. More recent dynamical calculations have used heavy dynamical
masses on rather coarse and sometimes rather small lattices. These difficulties should
be overcome in the next few years and this will represent a huge improvement in the
reliability of lattice results.

3.2 Control of lattice systematic errors

We aim for errors of a few percent from future lattice calculations. This requires both
improved statistical errors in general and good control of systematic errors. Improved sta-
tistical accuracy is obtained by generating larger ensembles of configurations with a cost
proportional to the square of the improvement. Improved systematic accuracy requires
theoretical understanding of the sources of error and how to remove them. It is this under-
standing, described below, that has been responsible for the development of good lattice
techniques and the convergence of lattice results in the quenched approximation through
the late 1990s. This must be carried further in the next phase of dynamical simulations
to reach the goal of providing quantitative tests of QCD and input to experiment.

3.2.1 Discretisation errors

As discussed earlier, these arise from errors in the lattice form of the Lagrangian, and
operators @, compared to the continuum versions. Lattice results, even when converted
to physical units, have some dependence on a. This will be as a power series in a, starting
at a®. As discussed earlier, n = 1 if the Wilson quark action is used, 2 for the clover
quark action and 2 for the staggered quark action. n is also 2 for the Wilson plaquette
gluon action of Equation 9. We expect the size of the a dependence to be controlled by a
typical momentum scale relevant to the quantity being calculated. Quantities sensitive to
shorter distances than others will be more susceptible to discretisation errors, even though
the value of n depends only on the action used. Improved gluonic and quark actions are
available in which higher order terms are added to £ to increase n, and therefore reduce the
a dependence, and these can be tested for their efficacy in the quenched approximation.
The systematic improvement method is known as Symanzik improvement (Gupta, 1998).

Figure 11 shows a scaling plot of the vector meson mass (the p, except that the quark
mass is heavier than the real u, d mass) in GeV versus the lattice spacing for various quark
actions (Toussaint, 2002). Some of the calculations use an improved gluon action, with
discretisation errors reduced beyond O{a?), but others use the Wilson plaquette action.
There is very little difference between these (compare fancy diamonds and squares) so
that most of the difference arises from the quark action used. A variant of ry, called
11, is used to set the lattice spacing so the vector mass and scale are given in units of
r1. The plot shows results for clover quarks (improved Wilson quarks), staggered quarks,
improved staggered quarks and Ginsparg-Wilson (domain wall) quarks. The last two
formulations, which are both improved to remove O(a?) errors show an impressively flat
line, i.e. very little a dependence for this quantity. The clover quarks shown here have
a clover improvement coefficient (see Section 2.4.1) chosen using tadpole-improvement.
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Figure 11. A scaling plot in the quenched approzimation for the vector meson af o
quark mass such thal the pseudoscalar meson has mass m.r| = 0.807. The vector meson
mass s given in units of v\, a variant of ry, where ry &= 0.35fm = 0.57GeV™". [t is
plotted versus the square of the lattice spacing, also given in units of r). The squares and
Jancy diamonds use an improved gluon action; the others use the Wilson plaquette action.
The quark actions used are: circles, staggered (Kogui-Susskind); squares, improved stag-
gered; fancy squares and fancy diamonds, tadpole-improved Wilson (clover); diamonds,
Ginsparg- Wilson {domain wall). {Toussaint, 2002)

This reduces the ¢ dependence of Wilson quarks to a,a but it is clearly still visible, A
non-perturbative determination of the clover improvement coefficient can reduce the a
dependence further to ((a?), and then this formulation locks rather better. Notice the
large discretisation errors visible for unimproved staggered quarks, despite the fact that
the errors are ((a?) (and results therefore lie on a straight line in the Figure). Provided
that all the different quark formulations have been fixed to the same physical quark mass,
all the results for the vector mesen mass should agree in the ¢ — 0 limit. This does seem
to be true, within the statistical errors shown.

3.2.2 Finite volume

Lattice results will be distorted if the space-time box in which the calculation is done is
too small to adequately represent the infinite space-time volume of the real world. For
large enough volumes the error should be exponential in the lattice size, oc e"*L for a
lattice of size L in physical units. This means that it is possible to reduce finite velume
errors rapidly to zero by taking large enough volumes. The lightest particle is the =, so
this sets the volume required as we reduce the 4, d quark masses to their physical values.
For u, d quark masses of m,/4, m,L > § for L > 3fm, giving a finite volume error of less
than 1%. Most recent lattice calculations have used volumes of this size, although there
has been little systematic dependence of the volume dependence of results.
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3.2.3 Matching hadronic matrix elements to the continuum

The calculation of hadronic matrix elements of various currents, J, on the lattice is dis-
cussed for 2- and 3-point functions in Section 2.6. An important point is that these depend
in general on how QCD has been regularised and a finite renormalisation is then required
to convert lattice results to those appropriate to a continuum scheme (such as 3MS).
Since lattice QCD and continuum QCD differ in the ultra-violet {for momenta greater
than #/a), this renormalisation can be calculated in perturbation theory, by matching
the matrix elements of J between quark states. We usually need several lattice currents
to make up the continuum current and a mixing and matching calculation must be done.

Jea. = Zp }Iau + aZlJ](alt)t +-
Z: 1+ Vo (2/a) + c‘?}a? (2/a) + - (33)

Lattice perturbation theory is done in the same way as continuum perturbation the-
ory, in terms of the field A, and including gauge-fixing and ghost terms, if necessary.
Relatively little lattice perturbation theory has been done up to now and few results exist
beyond O(a,). This leaves errors of O(a?), 5-10% if we take a scale for a; of 2/¢ at
a=0.1fm. Higher order calculations will be required to reduce this to the required level
of 2-3%, and techniques are being developed to do this. It is also sometimes pussible to
fix the normalisation of lattice currents non-perturbatively using symmetry arguments or
to match numerically between lattice and continuum MOM-type schemes. In whatever
way it is done, the matching of lattice matrix elements to the continuum is a lot of work
and an area where improvements are still necessary.

3.2.4 Unquenching

The neglect of dynamical quarks in the quenched approximation is obviously wrong, but
how wrong? For many years systematic errors from the quenched approximation were
ohscured by the size of the statistical and discretisation errors. Now improved quenched
calculations are showing internal inconsistencies and disagreement with experiment which
we believe will be removed once realistic dynamical calculations can be done.

One effect expected in the quenched approximation is the incorrect {too Fast) mnning
of the coupling constant from one scale to ancther because of the ahsence of ¢ — §g — 5
pieces in the vacuum polarisation to give quark screening of the color charge. From this we
might expect that the determination of the lattice spacing would depend on the quantity
used to fix jt, since different quantities will be sensitive to different distance/momentum
scales and these will not be connected correctly by the running of «, in the quenched
approximation. (Using a quantity to fix a is equivalent to fixing the QCD coupling
constant at the momentum scale relevant to that quantity). This is indeed found and
illustrated by the quenched point in Figure 12. Likewise hadron masses depend on the
hadron used to fix the quark mass. Then if a set of hadron masses is studied, sensitive
to a range of scales and containing different combinations of quarks, errors will show up
{see Figure 13 (Aoki, 2000, CP-PACS collaboration)).

The quenched approximation also does not allow the decay of particles where this
requires the production of a g pair from the vacuum, e.g p — 77, Once dvnamical
quarks are light enongh for this to happen. it will in fact be difficult to determine m,
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Figure 12. The ratio of inverse lattice spacings, a~', oblained from the orbital excitation
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Figure 13. The spectrum of light mesons and baryons oblained in the quenched approri-
mation afler extrapolation to u,d quark masses and lo the conlinuum limil. The p and 7
masses are missing since they were used to fir the laitice spacing and u, d masses. Resulls
are compared using the K or the ¢ lo fix the strange quark mass and disegreement between
the twe is seen. The size of the discrepancy with experiment depends on this and varies
between hadrons, hut is at the level of 10%. (Aoki, 2000, CP-PACS collaboration)
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Figure 14. The computer cost in teraflop-years of generating 500 30 x 60 configurations
with a = 0.1fm and a dynaemical quark mass which gives the ratio of pseudoscalar to
vector meson masses along the x azis. Clover and improved staggered quarks are compared,
assuming the same scaling behaviour as (my/m,)3. The straight line shows what is possible
in 6 months on a 5Tflops computer.

since we will obtain instead the lighter mass of the two-pion system. It is then important
in dynamical simulations to use hadrons which are stable in QCD, or have very narrow
widths, to fix the quark masses in the QCD action.

It has been stressed that the numerical cost of unquenched calculations is very high.
It increases very rapidly as a is reduced at fixed physical volume and as m, 4 is reduced,
although the exact scaling behaviour is not completely clear. Figure 14 estimates the cost
of generating an ensemble of 500 gluon configurations on an L* x T lattice with L = 3fm
and T = 2L at a lattice spacing, a = 0.1fm, as a function of the u, d dynamical quark
mass. The z axis is plotted as the ratio m,/m, where the = and p are the pseudoscalar
and vector mesons made with valence quarks of the same mass as the dynamical quarks.
The real world has m,/m, = 0.2. For m, 4 = m, the ratio is 0.7, for m, 4 = m,/2, 0.55
and for m,/4, 0.4. For m,/2 the ratio is obtained from the K and K* masses. For mj
and m/4 some arguments must be made about the scaling of hadron masses with quark
masses because, for example, no pure s3 pseudoscalar meson exists. The cost varies here as
(mx/m,)?, which is based on estimates from simulations. Figure 14 compares the cost for
clover quarks and improved staggered quarks, again based on simulations at one quark
mass, and using the same scaling formula. The cost advantage of improved staggered
quarks is clear on this plot. One disadvantage is that the algorithm generally used for
two flavors of dynamical staggered quarks is not exact, unlike that for clover. This means
that there are systematic errors, rather like discretisation errors, which increase with the
computer time step, €, which is used to generate one gluon configuration from the previous
one. Checks must to be done to make sure that this systematic error is at an acceptable
level and/or an extrapolation to ¢ = 0 must be done.

Recent unquenched calculations, albeit with rather heavy dynamical quark masses,
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Figure 15. The masses of the ¢ and K* mesons as a function of lattice spacing, a, for
quenched simulations and those using fwo flavors of dynamical quarks. The K meson is
used to fir the strange quark mass. The experimental results are indicated by diamonds
at a = 0. The fwasaki improved gluon action was used with e clover quark action. (Ali
Khan, 2002, CP-PACS collaboration)

have shown encouraging signs that systematic errors from the quenched approximation are
being overcome. Figure 12 shows that the ratio of a! values obtained from two different
quantities is closer to 1 on dynamical configurations (using two flavors of dynamical quarks
with a mass around m,) than it was on quenched configurations (Marcantonio, 2001,
UKQCD collaboration). From this we can hope that with 2 dynamical light quarks and a
dynamical strange quark there will be only one value of the lattice spacing, corresponding
to the one dimensionful scale of QCD in the continuum.

Figure 15 compares results for the masses of ¢ and K* mesons on quenched and
unquenched configurations as a function of . The K meson is used to fix m, and gives
poor results for the K* and the ¢ in the quenched approximation, as described earlier.
For two flavors of dynamical quarks, the K™* and ¢ masses are much closer to experiment,
at least after a continuum extrapolation (Ali Khan, 2002, CP-PACS collaboration). One
worrying feature of this plot is the size of discretisation errors in the unquenched case,
implying that the improved action used does not work very well unquenched.

Figure 16 shows another quantity from light hadron physics that gives a problem in
the quenched approximation. This is the difference of the squared vector and pseudoscalar
masses for given quark combinations. Experimentally the result is very flat as a function
of quark mass, being ~ 0.55GeV? from the =, p to the D, D*. In the quenched approx-
imation this quantity has a pronounced downward slope as the quark mass is increased.
Recent results from the MILC collaboration with 2 (m,/4) + 1 {m,) flavors of dynamical
improved staggered quarks show qualitatively different behaviour, much closer to that
of experiment (Bernard, 2001, MILC collaboration). This is the strongest indication yet
that calculations with dynamical quarks will overcome the disagreements between the
quenched approximation and experiment.
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Figure 16. The difference of the squares of the vector and pseudoscalar masses for
various light hadrons, obtained with quenched and dynamical lnttice QCD. The dynamical
results have 2+1 flavors of dynamical quarks with masses ~ m,/4 and m,. The dynamical
results are given only for valence quark masses equol fo the dynamicel ones. Erperimental
resulis are given by the bursis, using an estimated mass for the pseudoscalar 5% meson.
The lattice spacing has been obiained using ro = 0.5fm. Errors do not include errors from
fizing the laitice spacing {Bernard, 2001, MILC collaboration).

4 Lattice QCD results

The Proceedings of each vear's lattice conference provide a useful summary of current
results and world averages. See {LAT2000, LAT2001}. Almost all lattice papers can
be found on the hep-lat archive, http://arXiv.org/hep-lac/. | have deliberately chosen
to refer to reviews where possible and these should be consulted for fuller access to the
literature.

4.1 Methods for heavy quarks

Bottom and charm quarks are known as heavy quarks since they have masses much greater
than the typical QCD scale, Agcp, of a few hundred MeV. Top quarks are also heavy,
of course, but do not have interesting bound states so are not studied by lattice QCD.
b and ¢ quarks could be treated in the same way as u, d, or s quarks on the lattice except
that, with current lattice spacings of about (.1fm, we have mya in the interval 2-3 and
mea in 0.5-1, 1f ma is not small then discretisation errors of the form ma, (ma)? etc.
will not be small either and such an approach will not give accurate results. Relativistic
momenta, p &= m, can also not be well simulated if pa is not small: pa of O(1} corresponds
to wavelengths which are in danger of being small enough to ‘fall through’ the holes in
the lattices.

To reach the very fine lattices that would be required to give mya < 1 and accurate
sitnulations for  quarks would require an amount of computing power way bevond our
current hardware even in the quenched approximation. Luckily the physics of heavy
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quark systems in the real world means that we do not have to do this; indeed, it would
be largely a waste of computer power. b and ¢ quarks are non-relativistic in their bound
states, so that m and p &~ m are irrelevant dynamical scales. The non-relativistic nature
is evident from the hadron spectrum. There are heavy-heavy bound states in which
both the valence quark and anti-quark are heavy (T, ¢ and B,) and heavy-light bound
states in which the heavy {anti-}quark is bound to a light partner (B, B,, D, D} or
partners, in the case of baryons (A, Ag). In all cases the mass difference (splitting)
between excitations of these quark systems is much less than the mass of the hadrons.
For example m{T"}—m(T} = 560MeV, m(T) = 9.46GeV. The internal dynamics, which
controls these splittings, operates with scales much smaller than the quark mass. Instead
the important scales are the typical momentum carried by the quark inside the bound
state, mv, and the typical kinetic energy, %mvg. That these scales are small compared
to m implies that v/¢ <« 1. The use of non-relativistic techniques on the lattice is then
a good match to the physics of & and c systems as well as providing an efficient way to
handle them numerically on the lattice.

There are several ways to proceed, and it is important when reading the lattice lit-
erature to understand which method has been used. In the remainder of this section we
consider three methods in particular: {a) static quarks, (b) NRQCD (a non-relativistic
version of QCD} and (¢} heavy relativistic quarks.

Static guarks

This is the m = oo limit of heavy quarks. In this limit Heavy Quark Symmetry holds and
quarks become static sources of colour charge with no spin or flavor. This is evident on
the lattice as the quark propagator becomes simply a string of gluon fields along the time
direction (Eichten, 1990}. Obviously no real quarks have infinite mass but this is a useful
limit for studying heavy-light systems. Corrections away from the infinite mass limit are
the subject of Heavy Quark Effective Theory (Buchalla, 2002).

NRQCD

NRQCD is a non-relativistic version of QCD (Lepage, 1992). The Lagrangian for heavy
quarks is the non-relativistic expansion of the Dirac Lagrangian:

n? e-B

Lo=9{D - b (34)

2mga  2mgua
where additional terms can be added to go to higher order in v/c. ¥ is now a 2-component
spinor since the quark and anti-quark fields of the Dirac fields decouple from each other,
D is a covariant derivative, including coupling to the gluon field. B is the chromomagnetic
field, related to space-space components of the field strength tensor, B; = € Fjy. mg is
the quark mass; heavy quarks are frequently generically denoted € in contrast to the ¢
used for light quarks. Notice that the quark mass term yYmgay has been dropped. This
simply redefines the zere of energy so that the energies of all hadrons determined on the
lattice are less than 1.

The NRQCD Lagrangian can be discretised onto a lattice and leads to much simpler
and faster numerical algorithms for calculating the quark propagator than for light quarks.
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Instead of having to explicitly invert a matrix using an expensive iterative procedure such
as Conjugate Gradient, the propagator is simply calculated by stepping through the lattice
in time and calculating the propagator at time ¢ from that at time £ — 1. This is simply
illustrated if we look at the Lagrangian in the infinite mass limit, where it becomes the
Lagrangian for static quarks. Only the first term above contributes and we have:

So =3 %) (Ua)w(z + 1) - ¥(1)) (35)

M is then an upper triangular matrix, using the notation of Equation 27, and the quark
propagator is given by:
(M%) = Ul (Mg ) (36)

The general start and end points, z and y, are simply denoted here by their ¢ co-ordinates,
0 for the origin and ¢ for the end point. To move from end point ¢ to ¢ + 1 just requires
multiplication by the appropriate U field in the time direction, so M ™' does not change
spatially and becomes a string of U fields as described for static quarks above. For
NRQCD with non-infinite masses, the evolution equation in ¢ for the propagator is not as
simple and does contain spatial variations (e.g. from the spatial covariant derivatives in
Equation 34) but the same principles apply. A smearing function, ¢, is chosen at the time
origin and then the propagator calculated from 0 to later times by an evolution equation
from one ¢ to the next. This makes NRQCD numerically very attractive. Heavy quark
propagators, once calculated, can be combined together or with a light quark propagator
to make 2- and 3-point functions for heavy hadrons as described for light hadrons earlier.
As described there also, the value for the bare heavy quark mass in lattice units, mga, is
adjusted, given a value for a, until a heavy hadron mass is correct in GeV. The energies
of heavy hadrons calculated on the lattice do not in fact equate directly to their masses
because the mass term was removed from the Lagrangian. Instead, for one heavy hadron
we have to calculate an energy-momentum dispersion relation and derive its mass from
the momentum dependence (E o p2/2M).

NRQCD is an effective theory, containing the right physics for low momentum heavy
quarks. Adding more relativistic corrections to the Lagrangian can make this more ac-
curate. These higher order terms appear with coefficients (such as ¢ in equation 34)
which must be determined by matching to relativistic QCD. These coefficients represent
the effect of relativistic momenta missing from NRQCD and they are governed by o, at
this high momentum scale and so are perturbative. High momenta for both quarks and
gluons are missing anyway on the lattice because of the discretisation of space-time. We
described earlier how a better match between lattice QCD and QCD is made by adding
terms to the lattice QCD Lagrangian which are higher order in a, with a coefficient which
depends on the strong coupling constant at the lattice cut-off scale. That the two pro-
cedures are very similar is not an accident; indeed, the same higher dimension operators
appear in both cases. In this case NRQCD is simply making a virtue of the existence
of the lattice cut-off. The difference is, however, that in the NRQCD case the operators
appear with inverse powers of mga (in a dimensionless lattice notation) and so mga, and
therefore a, cannot be taken to zero in this approach. NRQCD has no continuum limit,
but this does not prevent physical results being obtained at finite lattice spacing. It is
just necessary to show that the results are sufficiently independent of a over a range of
values of a.
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Heavy relativistic quarks

This method looks very different from NRQCD, but has a lot of features in common.
The use of a relativistic action, such as the Wilson/clover action, for heavy quarks on a
lattice does not have to be incorrect if the results are interpreted carefully (El-Khadra,
1997). The main point to realise is that the existence of a large value for ma breaks the
symmetry between space and time. The inverse quark propagator in momentum space has
an energy at zero momentum very different from its mass (e.g. for a free Wilson quark,
E(p = 0) = In(1 + ma)) but its momentum dependence for small momenta is correct
(i.e. as p%/ma). Thus, we can ignore the ma errors in the energy if we fix masses from
the energy-momentum relation as for NRQCD. For more precision we must add higher
order discretisation/relativistic corrections. These will appear with coefficients chosen to
match continuum relativistic QCD. As we have seen the coeflicients are a power series in
a; at the cut-off scale and they will depend on ma. For small ma the coeflicients will be
those of a discretisation correction to the action; for large ma they will go over to the
NRQCD coefficients. For example, the o,,F,, clover term corrects for an O(a) error in
the Wilson action for light quarks; for heavy quarks, it becomes the relativistic correction
which couples the quark spin and the chromomagnetic field. In this way an action can
be developed that smoothly interpolates between heavy and light quark physics, at the
numerical cost of having to handle heavy quarks in the same way as light ones. This
method is sometimes known as the Fermilab method, since it was pioneered there.

The charm quark mass is not very heavy on the finest of current quenched lattices,
and some groups have taken the standard relativistic approach in this case. To reach the
b quarks then requires an extrapolation jointly in the heavy quark mass and the lattice
spacing (Maynard, 2002, UKQCD collaboration) to avoid confusing discretisation and
relativistic corrections. Such an extrapolation inevitably has rather large errors. A better
approach is to consider a formalism which explicitly breaks space-time symmetry in order
to restore the relativistic energy-momentum relation for heavy quarks. For example, you
can take an anisotropic lattice which has a much finer spacing in the time direction than
in the space directions. ma, is then small and the heavy quark looks like a light one,
at the cost of having many more timeslices on the lattice, and having to determine the
lattice spacing in both directions (Chen, 2001).

4.2 The heavy hadron spectrum

The spectrum of heavy-heavy states has largely been the province of NRQCD (Davies,
1998). Figure 17(a) shows the radial and orbital excitations of the bb T system, obtained
both on quenched gluon configurations and those with two flavors of dynamical quarks
(Marcantonio, 2001, UKQCD collaboration). For these results the lattice spacing has
been fixed by demanding that the splitting between the Y(1S) and the spin-average of
the P-wave (X,) states is correct. The b quark mass has been fixed by requiring that
the Y(1S5) mass be correct. It is only the 25 (Y'), 35 (T") and 2P (X}) states that are
predicted from this calculation, and they have rather large statistical errors at present.
It is a general feature of lattice calculations that ground state masses are more precise
than excited state masses. For both excited and ground states the noise is controlled by
the ground state mass. For excited states the signal/noise ratio is then much worse and
becomes exponentially bad at large T.
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Figure 17. (a) The radial and orbital ezcitations in the bb system, as calculated in lattice
QCD using NRQCD for the b quarks (Marcantonio, 2001, UKQCD collaboration). (b) The
fine structure of low-lying bb states. Legend: the horizontal dashed lines are experimental
values; open circles show the quenched approzimation; solid circles correspond to 2 flavors
of clover dynamcal quarks with mass my. (The lowest cluster of points on the right show
an extrapolation to lighter dynamical mass and to Ny=3.

Of more immediate interest is the fine structure of the low-lying S and P states, shown
in Figure 17(b). These can be determined very precisely on the lattice, particularly the
‘hyperfine’ splitting between the spin-parallel vector T state and the not-yet-seen spin-
antiparallel pseudoscalar 7. A comparison with experiment, when it exists, for this
splitting will provide a very good test of lattice QCD and our b quark action, which will
be important for the lattice predictions of B matrix elements described in Section 4.3.

The accuracy of the NRQCD, or other lattice action, for heavy-heavy bound states can
be estimated by working out what order in an expansion in powers of v/c is represented
by each term. e.g. the first two terms in the NRQCD action of Equation 34, i.e. the
time derivative and the kinetic energy term, are both O(v*/¢?). This is because the
‘potential energy’ and kinetic energy terms are roughly equal for two heavy particles.
These terms give rise to the radial and orbital splittings, and the ratio of these (= 500MeV)
to half the T mass gives an estimate of v?/¢? =~ 0.1 for b quarks in an Y. Higher
relativistic corrections, such as the D*/8mj, term, are O(v"/c*) and should give roughly
a 10% correction to these splittings. These terms were included here, but not the v%/¢®
corrections, so an error of roughly 1% remains. The o - B term of Equation 34 is the first
spin-dependent term and is O(v?/c?). It gives rise to the hyperfine splitting and a similar
term of the same order, proportional to & - D x E, gives rise to the P fine structure.
The fine structure is indeed roughly 10% of the radial and orbital splittings. Including
only these terms in the NRQCD action, as was done here, implies an error of roughly
10% in these splittings. A more precise calculation, necessary to test this action against
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Figure 18. The spectrum of ¢T stafes, as celeulated in lattice QCD using anisotropic
quenched configurations (Chen, 2001).

experiment, will require the »%/c® spin-dependent terms and the a,v?/c* terms implied
by calculating the coefficient ¢ in front of the & - B term in equation 34. This is now being
done. Figure 17(b) does show, however, that the hyperfine splitting increases when two
flavors of dynamical quarks are included, and continues to increase as the dynamical quark
mass is reduced towards real u and d quark masses. We expect the T to see also 5 quarks
in the vacuum and extrapolating the number of dynamical flavors to three increases the
splitting further.

The charmonium, ¥, system is more relativistic that the T system and correspondingly
less well-suited to NRQCD. Estimates as above give v?/c? = 0.3. Figure 18 shows the
charmonium spectrum obtained from anisotropic relativistic clover quarks in the quenched
approximation (Chen, 2001). The lattice spacing and charm quark mass were fixed in the
analogous way to that described above, except that the spin average of the vector Jy and
pseudoscalar 7, masses was used to fix m,.. Since the 7. mass is known experimentally this
gives improved precision since the spin-average is not sensitive to any inaccuracies in spin-
dependent terms. The spectrum given in Figure 18 includes some gluonic excitations of
the ¢Z system, i.e. ¢Cg states, called hybrids. Their existence is expected simply from the
non-Abelian nature of QCD which allows gluons themselves to carry color charge. Some
of these hadrons have exotic quantum numbers not available to mesons made purely of
valence guarks, and the prediction of their masses will be imporiant for their experimental
discovery.

Figure 19 shows the spectrum of mesons made from one b quark and one light {u/d
or 5] anti-quark in the quenched approximation (Hein, 2000). NRQCD was used for the
b quark, and the clover action for the light quark. In this case the lattice spacing was
fixed using a quantity from the light hadron spectrum, m,, because heavy-light systems
are more similar in terms of internal momentum scales to light hadrons than heavy-
heavy ones. See the comments in Section 3.2 on how the lattice spacing in the quenched
approximation depends on the quantity used to fix it. The uv/d and s quark masses were
fixed using the 7 and K masses. The b quark mass was fixed from the spin-average of
the B and B* meson masses. Taking a spin-average, as above for charmonium, avoids
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Figure 19, The spectrum of bound states of a b quark with o light anti-quark as calculated
in lattice QCD in the quenched approzimation using NRQCD for the b quark {Hein, 2000).

any errors from spin-dependent terms in the action. The b quark mass obtained this
way differs from that obtained above from the T system, and is another feature of the
quenched approximation. In the ‘real world’ there is only one lattice spacing and one set
of quark masses and parameters fixed from the T system will be used to predict the entire
B spectrum.

The power counting in v/c for terms in the Lagrangian works rather differently in
heavy-light systems compared io heavy-heavy ones. Now there is one quark that carries
almost all the mass of the heavy-light system and it sits in the centre surrounded by the
swirling light quark cloud. This picture makes sense even in the limit in which the heavy
quark has infinite mass when the Lagrangian would contain only the covariant temporal
derivative D); {static quarks}. The higher order terms in the Lagrangian can then he
ordered in terms of the inverse powers of the heavy quark mass that they contain. This is
equivalent to an expansion in powers of v/c. The typical momentum of a heavy quark in
a heavy-light system is Q{Agcp) (as is that of the light quark) and so v/c = Agen/meg.
This gives vfe = 10% for the B and 30% for the D.

Again the power counting exercise enables us to understand the approximate relative
sizes of different mass splittings in the spectrum and the accuracy of our lattice QCD
calculation to a given order in v/c. The leading spin-independent term in the action is D,
giving rise to the orbital and radial excitations of ~ 500MeV. The kinetic energy term,
D?/2mq gives a Agep/mg cotrection to this, which depends on the quark mass and,
therefore flavor. This explains why these excitation energies are so similar for B and D
systems, the similarity between ¢ and T is more accidental. The leading spin-dependent
term is o-B/2mg, which gives rise to fine structure such as the splitting between the
pseudoscalar B and vector B*. This splitting should then be smaller by a factor of
Aqcp/mg compared to the spin-independent splittings and this is indeed observed. To
calculate this splitting precisely on the latiice requires the inclusion of higher order terms
in the Lagrangian, as well as a better maiched coefficient ¢ for the o - B term and this
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Figure 20. A comparison of determinations of the strong coupling constant, expressed
as o}'¥(M3z) (PDG, 2001).

will be done in future calculations.

We have stressed that lattice QCD is simply a way of handling QCD. It has the same a
priori unknown parameters as QCD, the overall scale {equivalent to the coupling constant)
and the quark masses. These parameters come from a deeper theory and must simply be
fixed in the QCD Lagrangian using experiment and the results from a calculation in QCD.
As described in Section 3, Lattice QCD provides the most direct way of doing this. The
values for the parameters obtained are then useful input to other thepretical techniques.

Determination of the lattice spacing at a given lattice bare coupling constant, is equiva-
tent to {and can be converted into) a determination of the renormalised coupling constant,
@, at a physical scale in GeV. To compare to other determinations of «,, this can be
converted to the MS scheme and run to Mz. Figure 20 shows a comparison of different
determinations of a, from the Particle Data Group (PDG, 2001). It is clear that the
lattice result is one of the most precise.

All methods for determining «, have three components:

1. Theoretical input: a perturbative expansion in «;, for some quantity.
2. A value for that quantity.

3. An energy scale.

Most methods use an experimental result for stage 2, where the lattice uses a non-
perturbative evaluation on the lattice of the vacuum expectation value of a simple short-
distance gluonic operator (such as the plaguette). This avoids the problems of hadronisa-
tion etec which reduece the precision of methods based on the experimental determination
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of jet shapes or cross-sections. All methods use experiment for stage 3, and here the
lattice-based determination needs an experimental result to fix the lattice spacing. A
good quantity to use here is the orbital excitation energy (1P—15) in, say, the T system
since this is well-determined on the lattice and directly measured experimentally.

Quark masses are also well determined on the lattice. Since quarks are not freely
available to be weighed, as an electron would be, care must be taken in defining what
exactly is meant by the quark mass. The bare mass in the lattice QCD Lagrangian for a
particular action, determined by the requirement to get a particular hadron mass correct
and converted to physical units, is a well-defined quantity but not very convenient. We
can convert it perturbatively into, say, the running quark mass in the MS scheme. The
best current determination of the b quark mass is in fact from the static approximation
in which b quarks have infinite mass. There is no bare b quark mass in that case; instead
the binding energy mp — my, is calculated, and from that, m, is determined. The binding
energy is small compared to mp and has only weak dependence on the b quark mass, so
for this quantity the static approximation is a good one. The b quark mass obtained in
this way is 4.30{10)GeV in the quenched approximation, with some indications that it is
slightly lighter when dynamical quarks are included (Lubicz, 2001).

4.3 Heavy hadron matrix elements

Precise lattice calculations of matrix elements for B decay are essential to the experimental
B factory programme (Stone, 2002). This aims to test the internal consistency of the
Standard Model in which CP violation occurs through the Cabibbi-Kobayashi-Maskawa
matrix. The weak decays of the b quark are particularly useful in giving us access to poorly
known elements of this matrix. The unitarity of the CKM matrix can be represented by
a triangle; the position of the upper vertex being constrained by the determination of
angles and sides, see Figure 21. The angles are determined directly by measurement of
asymmetries. The determination of the sides requires both the experimental measurement

Figure 21. The unitarity triangle with constraints on the upper vertez obtained from
different quantities (Hocker, 2001). The lower vertices are at = 0, p = 0 and 1.
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of a decay rate and its theoretical calculation, This allows the magnitude of one of the
CKM elements to be extracted. Below we describe the lattice calculation of the matrix
elements most important. for this programme. The extent to which the unitarity triangle
can be tested depends on both the experimental and the theoretical errors. It is critical to
reduce the errors from lattice ealculations to a few percent, otherwise they will dominate
the uncertainties from experiment.

The simplest 2-point matrix element that can be calculated on the lattice is that for
the decay constant of the charged pseudoscalar heavy-light mesons (see Figure 8). For
the B this is known as fg and it is obtained from the vacuum to B matrix element of the
axial vector current which couples to the W,

(014,418} = pufs. (37)

The purely leptonic decay rate of the B meson is then proportional to f3 times kinematic
factors times the square of the CKM element which multiplies the appropriate axial vector
current in the Lagrangian, in this case @y, b (Rosner, 2002). In principle an experimental
determination of the leptonic decay rate could be combined with the lattice calculation
to yield Vi, but in practice the experiment is very hard to do because the rate is so low,
For other heavy-light mesons, it may be possible. fp, has been measured experimentally,
but not very precisely as yet. It can be used, with lattice calculations, to give V5,.

[t is important to realise that, although we are discussing the weak decay of a b or ¢
quark, the caleulations are done in lactice QCD. The quark cannot decay in isolation, but
st be bound into a hadron by the confinement property of QCD. The determination
of the decay matrix element must then take into account all the QCD interactions inside
the hadron (see Figure 8) and this requires lattice QCD. We do not put the 117 boson on
the lattice. As far as QCD is concerned the B meson annihilates into the vacuum. The
virtual W boson decay to leptons is put in by hand when we calculate the decay rate,

Lattice calculations of fg improved markedly through the 1990s (this has been true of
most lattice calculations) as we got to grips with the systematic errors. Figure 22 shows a
timeline of results in the quenched approximation. It shows both that lattice caleulations
have markedly improved and that early calculations had very unreliable estimates of their
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Figure 22. A timeline of results for the B meson decay constant, fg, calculated in lattice
QOCD in the quenched approrimation.
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errors. The most recent and best calculations do a careful job of matching the lattice
representation of the axial vector current to the continuum. For heavy-light mesons
we have to be careful both about relativistic (Aqcp/mg) corrections and discretisation
corrections to the leading order lattice current. Since mga is a dimensionless number,
these two corrections in fact appear together and can be considered simultaneously. The
matching between lattice and continuum is currently done only to O(c;) and this is the
major source of error in the quenched approximation. Table 1 shows a typical ‘error
budget’ for such a calculation. We need a more precise matching, either to a? or non-
perturbatively (both of which can be done with a lot of hard work), to improve the errors

beyond the 10% level.

Source percent error

statistical + fitting 3
discretisation O{(aA)?) 4
perturbative O(a2, o2/(aM)) 7
NRQCD O((A/M)?, a,A/M) 2
light quark mass 4
a(m,) 4
Total 10

Table 1. Source of error in a typical lattice calculation of fg using NRQCD for the heavy
quark in the quenched approzimation. a = 0.1fm, M is the b quark mass, A a typical QCD
scale of a few hundred MeV and a; is evaluated at 2/a.

Recent reviews of lattice results (Ryan, 2002), (Bernard, 2001) have given the following
‘world averages’ for lattice results in the quenched approximation:

. fB = 173 + 23MeV
. ng = 230 £ 14MeV
. st/fB = 115(3), st/fD = 112(2)

(Note that the B, does not decay purely leptonically but the calculation of the appropri-
ate matrix element can still be done in lattice QCD and yields useful information on its
dependence on the light quark mass.) Large-scale calculations on dynamical configura-
tions are only just beginning, so unquenched results are still unclear. It seems likely that
decay constants will be 10-20% larger unquenched.

A more important quantity from the point of view of the B factory programme is the
mixing amplitude for neutral B mesons, B® and B,. This mixing gives rise to a difference
in mass between the CP-eigenstates, Am, which can be measured experimentally through
oscillations between particle and anti-particle (Stone, 2002). The mixing amplitude is
given by the ‘box diagram’ (see Figure 23) in which the b quark and light anti-quark
convert to a b anti-quark and light quark through the mediation of virtual Ws and (pref-
erentially) ¢ quarks. The mixing amplitude is then proportional to the matrix element
of the box between, say, a B® and a B’ multiplied by the product of CKM elements
VifVig. The current determination of |Vj4|? from experiment and theory gives a curve
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Figure 23. The B box diagram, related to that of a 4-quark operator.

on the unitarity triangle plot (marked Amy on Figure 21). Future experiments will be
able to see oscillations of the B; and then ratios of Amg, /Amp will allow a more precise
determination of |V;,/V;4|2, since some of the systematic errors will cancel out.

As explained earlier, W bosons do not appear in lattice QCD calculations. The matrix
element of the box diagram is calculated in lattice QCD by replacing it with the equivalent
4-quark operator which appears in the effective (low-energy) weak Hamiltonian (Rosner,
2002). Conventionally this matrix element for the B is set equal to (8/3) f2 M%Bp, giving
a definition of the parameter confusingly called Bg. Bg is the amount by which the matrix
element differs from the result that would be obtained by saturating the Hy vertex of
Figure 23 with the vacuum (comparing this to the right hand picture of Figure 8 we can
see that this would be f3). Bp is generally expected to be roughly 1, and this explains
why lattice calculations originally concentrated on calculating fp. To calculate By is
harder, but is now being done. It requires, as for fg, a careful matching between the
lattice and the continuum, and this has again been done to O(a;) so far,

Recent world averages for the renormalisation-group-invariant definition of Bp in the
quenched approximation have been given as (Ryan, 2002), (Bernard, 2001):

e Bp, = 1.30(12)(13)

o f8,\/ Bp, =230(40)MeV
« Bg,/Bgp, = 1.00(4)

. fB,\/B-B:/de\/*?m = 1.15(6)

A lot of the matching errors cancel out in the ratios between B, and By so that the errors
in these ratios are less than 10%. The ratio may also not be significantly affected by
unquenching.

Heavy-light mesons decay semi-leptonically through a diagram in which the heavy
quark changes flavor, emitting a virtual W, and the other (spectator) quark in the meson
combines with the new quark flavor to make a new meson. In this way B mesons can
decay to D or D* mesons if b = ¢ and to 7 or p mesons if b — u. In each case the
appropriate CKM element appears at the current vertex in the three-point diagram (see
Figure 9) and can therefore be determined by a comparison of the experimental exclusive
rate to the theoretical one. The ratio V,;/V, gives an important circular constraint in
the unitarity triangle (see Figure 21).

The calculation of the matrix element for B semi-leptonic decay on the lattice re-
quires the calculation and simultaneous fitting of the 3-point function of Figure 9 and
the appropriate 2-point functions necessary to isolate the matrix element. It is therefore
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significantly harder than a simple 2-point calculation. In addition the matrix element
depends on ¢2, the squared difference of 4-momenta between the initial and final meson.
This can take a range of values, because the decay is a three-body one. The matrix el-
ement can then be written as a combination of form-factors which are ¢ dependent, in
contrast to the two-body leptonic decay which was parameterised by a single number, fg.
For example the pseudoscalar to pseudoscalar transition (e.g. B to D or ) proceeds only
through the vector current and has two form factors, f, and fy:

M2 — M2, L M2 — M2,
(P'(P) VWl P(D) = f1(a®) |[(p+ D) — —Pq2—P—qu + folg )P—qQ~qu (38)

The differential decay rate is proportional to the square of f; because the leptonic current
L, coupling to the W has ¢*L, = 0 for massless leptons. The pseudoscalar to vector
transition proceeds through both the vector and axial currents and has 5 form factors, 3
of which appear in the decay rate.

To explore different values of ¢* for semi-leptonic decay on the lattice it is easiest to
insert different 3-momenta at the final meson and at the current, and then work out the
resulting 3-momentum of the initial meson. We are restricted to values of 3-momentum
allowed on the lattice, i.e. the components of p have the form pja = n;2n/L, where
n; = 0,1,2... and L is the number of lattice sites in the j direction. The smallest
non-zero value of p; is then 27/(La) where La is the physical size of the lattice in a
spatial direction. A big physical volume is then required to achieve a fine discretisation
of momentum space and avoid a large jump from one momentum to the next. In general
results at higher momenta are much noisier than those at small momenta (this is for
the same reason that excited states are noisier than ground states, discussed above) and
calculations tend to be restricted to a few of the smallest possible momenta. Discretisation
errors will also be larger at larger values of pa, so systematic errors will be higher.

For the matrix element for B to D™) semi-leptonic decay it is useful to consider both
the b quark and the ¢ quark in the heavy quark limit. In that limit, as discussed above,
the Lagrangian for heavy quarks becomes insensitive to the heavy quark spin or flavour
(Buchalla, 2002). The light quark cloud in the meson cannot tell whether it is surrounding
a b or a c quark or one whose spin is pointing parallel or anti-parallel to its spin. Thus
the form factors for B — D and B — D* will become identical (or vanish) and the same
as the B — B elastic form factor, provided they are viewed as a function of the right
variable. This is not ¢2 but v-v" where v is the 4-velocity (p,/m) of the initial meson and
v' is the 4-velocity of the final meson. v-v' is often given the symbol w. In the notation
of Equation 38 w = (M2 + M2 ~ ¢*)/(2MpMps). The limit w = 1 is known as the
‘zero-recoil’ limit because this corresponds to the kinematic point where the B meson
at rest decays to, say, a D meson at rest and the decay products of the W come out
back-to-back. This point has maximum ¢ = (Mp — Mp)%.

The B — B elastic form factor takes the form
(B(v")[V,|B(v)) = Mpé(w)(v +v') (39)

in the limit of infinite b quark mass, where £(w) = f,(¢*), f. = 0. £(w) is known
as the Isgur-Wise function. £(1) = 1 is an absolute normalisation in the continuum
because bv,b is a conserved current. The lattice current is not a conserved one (except
for the NRQCD/static actions) but if we are interested only in the shape of £(w) we can
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Figure 24. The B —+ B elastic form factor calculated in lattice QCD using NRQCD for
the b quark and ploited versus w (Hashimoto, 1996).

renormalise to match 1 at w = 1. There have been several calculations of the B — B form
factor on the lattice, for various heavy quark masses. Figure 24 shows such a calculation
using NRQCD with a mass close to that for the b quark (Hashimoto, 1996).

The interest in calculating the Isgur-Wise function is that, in the Heavy Quark Symme-
try picture described above, it is also applicable to B —+ D and B — D* decays. In these
cases, however, there is an additional overall perturbative renormalisation because E-ypc is
not a conserved current, and there are corrections which appear as differences of inverse
powers of the & and ¢ quark masses. For kinematic reasons, B -+ D* is experimentally
easier to measure in the w — 1 region. The differential decay rate is

O — ol K(w)F2(w) (40)

where V), is the CKM element that we want to determine, K (w) is a kinematic factor and
F is the form factor for the decay. Figure 25 shows results from the CLEO collaboration
(CLEO, 2000) for F(w)|Va|. The lighter hashed curve is the result from the lattice shown
in Figure 24 rescaled by a constant to match at w = 1. Given lattice results for B -+ D*
rather than B — B, the constant required for rescaling would be |V;,| which would then
be determined.

In fact, a number of simplifications can be made to the lattice calculation at the
w = 1 point and so it is currently better to perform a phenomenological extrapolation of
the experimental data to w = 1 and divide the extrapolated result by the lattice result for
F(1). The Fermilab group, using heavy relativistic (Fermilab) quarks and O(a;) matching
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Figure 25. |Vy|F(w) extracted from the ezperimental B — D* decay rate plotted as a
function of w (CLEO, 2000). The shorter curve on 1<w<1.15 is a rescaled version of
the curve in Figure 24.

to the continuum, give the most precise result so far:
0.024+0.017
]:B—u)*(l) = 0-913f0.01$t8.o:1;0 (41)

in which the first error comes from statistics and fitting and the second from systematic
errors, including the effect of using the quenched approximation (Hashimoto, 2001). The
resulting value of V.| extracted depends on which experiment’s value for |[V|F(1) is
taken. Using an average result (Stone, 2002) of 37.8 + 1.4 x 1072 gives a value for V,,
of 414+ 1.5+ 1.7 x 1073 where the final theoretical error comes from adding the lattice
errors in quadrature. The lattice and experimental errors are currently of about the same
size. The lattice error can be improved further in an unquenched calculation with a higher
order matching of the lattice current to the continuum.

B — light (7, p) semi-leptonic decay is rather harder to calculate on the lattice. In
many ways it is more important to do, however, because continuum techniques, such as
HQET, can give very little useful input. One difficulty is that lattice systematic errors are
smallest where the B and, say, the 7 lattice momenta are smallest, around the zero-recoil
point discussed above, but there is very little experimental data there. Most experimental
data occurs at relatively low ¢° values (¢ < 16GeV?) when the zero recoil point has
¢* = ¢2,, = (mp — m,)? = 26GeV2. A comparison of lattice results for the form factors
for B — 7 decay is shown in Figure 26 (Bernard, 2001). Different lattice results are
shown covering a range of ¢2. The reason that some results are at smaller ¢ than others
is because some use relativistic quarks (marked NPclover) at a mass around the ¢ quark
mass rather than the b. For reasons discussed earlier, none of the lattice calculations can
be done at the physical u, d quark masses and so must be chirally extrapolated to that
point. This is done in a different way by different groups and has led to very different
final results, even though the intermediate data does not show very different behaviour
(see Figure 26). A better understanding of how the chiral extrapolation should be done
will be required before precise lattice results will be available. Good experimental results
in the ¢® region that the lattice can reach will then allow a determination of V.
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Figure 26. Lattice results for the form factors for B—7 decay (Bernard, 2001).

5 Conclusions

Lattice QCD has come a long way from the original calculations of the 1970s. The original
idea that we could solve a simple discretisation of QCD numerically by ‘brute force’ has
been replaced by a more sophisticated approach. Unfortunately, to the uninitiated, this
can look like cookery. I have tried to describe some of the calculational and technical
details so that non-practitioners feel able to make an informed judgement about lattice
calculations, and see where progress will be made in the future. There is no doubt, for
example, that precise lattice calculations are needed to obtain maximum benefit from the
huge experimental investment in B physics. In the next few years such calculations will
become possible, at least for some quantities, and this will mark the ‘coming of age’ of
the lattice QCD approach at last.
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1 Introduction

The Standard Model predicts that the only way that CP is violated is through the
Kobayashi-Maskawa mechanism [1]. Specifically, the source of CP violation is a sin-
gle phase in the mixing matrix that describes the charged current weak interactions of
quarks. In the introductory chapter, we briefly review the present evidence that supports
the Kobayashi-Maskawa picture of CP violation, as well as the various arguments against
this picture.

1.1 Why believe the Kobayashi-Maskawa mechanism?
Experiments have measured to date three independent CP violating observables:

« Indirect CP violation in K — #r decays [2] and in K — wfv decays is given by:

ek = (2.28 +0.02) x 107% /4. (1)

« Direct CP violation in K — 7r decays [3, 4, 5, 6, 7] is given by

!

%: (1.72£0.18) x 1073, ()

o CP violation in B — ¥ K decay and other, related modes has been measured
8, 9, 10, 11, 12]:
ayks = 0.79 £ 0.10. (3)

All three measurements are consistent with the Kobayashi-Maskawa picture of CP
violation. In particular, the two recent measurements of CP violation in B decays [11, 12]
have provided the first precision test of CP violation in the Standard Model. Since
the model has passed this test successfully, we are able, for the first time, to make the
following statement: The Kobayashi-Maskawa phase is, very likely, the dominant source
of CP violation in low-energy flavor-changing processes.
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In contrast, various alternative scenarios of CP violation that have been phenomeno-
logically viable for many years are now unambiguously excluded. Two important examples
are the following:

« The superweak framework [13], that is, the idea that CP violation is purely indirect,
is excluded by the evidence that £'/e # 0.

« Approximate CP, that is, the idea that all CP violating phases are small, is excluded
by the evidence that ayx, = O(1).

The experimental result (3) and its implications for theory signify a new era in the study
of CP violation. In this series of lectures we will explain these recent developments and
their significance.

1.2 Why doubt the Kobayashi-Maskawa mechanism?
1.2.1 The baryon asymmetry of the Universe

Cosmology shows that the Kobayashi-Maskawa phase cannot be the only source of CP
violation: baryogenesis, that is, the history of matter and antimatter in the Universe,
cannot be accounted for by the Kobayashi-Maskawa mechanism.

To understand this statement, let us provisionally switch off all CP violation. Then,
for every process that occurs in Nature, the corresponding CP conjugate process proceeds
with a precisely equal rate. Let us further assume that the initial conditions are such
that the number density of quarks and the number density of the matching antiquarks
are equal. Then, CP invariance guarantees that the number densities remain equal to
each other along the history of the Universe. In other words, the baryon asymmetry,
n= (ng — ng)/n,, is guaranteed to remain zero. Two particularly significant processes
are proton-antiproton annihilation and production. While the first would happen at any
temperature, the latter is allowed only if the energy of the photons is large enocugh to
produce a proton-antiproton pair. At high enough temperatures, T 2 2m,, annihilation
and production will keep the protons and antiprotons in equilibrium and their number
densities would be (precisely equal to each other and) similar to the photon number den-
sity, ng = ng =~ n,. But at temperatures well below GeV, proton-antiproton production
slows down until it practically stops. Since annihilation continues to take place, the num-
ber densities of protons and antiprotons (remain equal to each other but) decrease, and
at present there would be practically neither matter nor antimatter. This is, of course,
inconsistent with observations.

Now let us switch on CP violation. That allows a different rate for a process and its
CP conjugate. Such a situation would have relevant consequences if two more conditions
are met [14]: there is a departure from thermal equilibrium and baryon number can be vi-
olated. When all three conditions are satisfied, a difference between the number densities
of quarks and of antiquarks can be induced. We assume that the number of quarks be-
comes slightly larger than the number of antiquarks. This scenario is called baryogenesis.
At the electroweak phase transition (temperatures of order a few hundred GeV, t ~ 107!}
seconds) baryon number violating processes become highly suppressed, and the baryon
number cannot change any longer. The history of matter and antimatter in the Universe
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proceeds along the same lines as described in the previous paragraph. In particular, at
temperatures well below GeV the number densities of protons and antiprotons decrease.
There is however an important difference: at some time, practically all antiprotons would
disappear. But the small surplus of protons have no matching antiprotons to annihilate
with. It remains there forever. The resulting picture of the present Universe is then as
follows: there is no antimatter. There is a small amount of matter, with the present ratio
(np/ny)o reflecting the baryon asymmetry, [(n, — n7)/n|sg, induced by baryogenesis.
This picture is qualitatively consistent with observations. Thus we have good reasons to
think that we understand the general mechanism of baryogenesis.

The important point for our purposes is that baryogenesis is a consequence of CP
violating processes. Therefore the present baryon number, which is accurately deduced
from nucleosynthesis constraints (for a recent analysis, see [15]),

BB o (5.5+0.5) x 10710, (4)

Ty
is essentially a CP violating observable! It can be added to the list of known CP violating
observables, Equations (1), (2) and (3). Within a given model of CP violation, one can
check for consistency between the data from cosmology, Equation (4), and those from
laboratory experiments.

The surprising point is that the Kobayashi-Maskawa mechanism for CP violation fails
to account for (4). It predicts present baryon number density that is many orders of
magnitude below the observed value [16, 17, 18]. This failure is independent of other
aspects of the Standard Model: the suppression of ng/n., from CP violation is much too
strong, even if the departure from thermal equilibrium is induced by mechanisms beyond
the Standard Model. This situation allows us to make the following staternent: There
must exist sources of CP violation beyond the Kobayashi-Maskawa phase.

Three important examples of viable models of baryogenesis are the following:

1. GUT baryogenesis (for a recent review see [19]): the source of the baryon asym-
metry is in CP violating decays of heavy bosons related to grand unified theories.
In general, baryon number is not a conserved quantity in GUTs. Departure from
thermal equilibrium is provided if the lifetime of the heavy boson is long enough that
it decays when the temperature is well below its mass. The relevant CP violating
parameters are not expected to affect low energy observables.

2. Leptogenesis (for a recent review see [20]): lepton asymmetry is induced by CP
violating decays of heavy fermions that are singlets of the Standard Model gauge
group (sterile neutrinos). Departure from thermal equilibrium is provided if the
lifetime of the heavy neutrino is long enough that it decays when the temperature
is below its mass. B + L-violating processes are fast before the electroweak phase
transition and convert the lepton asymmetry into a baryon asymmetry. The CP
violating parameters may be related to CP violation in the mixing matrix for the
light neutrinos (but this is a model dependent issue [21]).

3. Electroweak baryogenesis (for a review see [22]): the source of baryon asymme-
try is the interactions of top (anti)quarks with the Higgs field during the electroweak
phase transition. CP violation is induced, for example, by supersymmetric inter-
actions. Sphaleron configurations provide baryon number violating interactions.
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Departure from thermal equilibrium is provided by the wall between the false vac-
uum ({¢) = 0) and the expanding bubble with the true vacuum, where electroweak
symmetry is broken.

1.2.2 The strong CP problem

Non-perturbative QCD effects induce an additional term in the SM Lagrangian,

facp va ppoa
[:g: WG#VPUFA Fﬂ . (5)

This term violates CP. In particular, it induces a neutron electric dipole moment (EDM).
The leading contribution in the chiral limit is given by [23]

dv = grNNGaNN
N 47I'2MN
~ 5x 107" Ggep ecm, (6)

In(Mpy/m;)

where My is the nucleon mass, and g,x~ (gznwn) is the pseudoscalar coupling (CP-
violating scalar coupling) of the pion to the nucleon. (The leading contribution in the
large N, limit was calculated in the Skyrme model [24] and leads to a similar estimate.)
The experimental bound on dy is given by

dv <63x 107 ecm [25). (7)
It leads to the following bound on fgcp:

fqcp < 10710, (8)

Since fgcp arises from non-perturbative QCD effects, it is impossible to calculate it.
Yet, there are good reasons to expect that these effects should yield fgcp = O(1) (for a
clear review of this subject, see [26]). Within the SM, a value as small as (8) is unnatural,
since setting fgcp to zero does not add symmetry to the model. [In particular, as we
will see below, CP is violated by dxkm = O(1).] Understanding why CP is so small in the
strong interactions is the strong CP problem.

It seems then that the strong CP problem is a clue to new physics. Among the solutions
that have been proposed are a massless u-quark (for a review, see [27]), the Peccei-Quinn
mechanism [28, 29] and spontaneous CP violation. As concerns the latter, it is interesting
to note that in various string theory compactifications, CP is an exact gauge symmetry
and must be spontaneously broken [30, 31].

1.2.3 New physics

Another motivation to measure CP violating processes is that almost any extension of
the Standard Model provides new sources of CP violation. These sources often allow for
significant deviations from the Standard Model predictions. Moreover, various CP violat-
ing observables can be calculated with very small hadronic uncertainties. Consequently,
CP violation provides an excellent probe of new physics.
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1.3 Will new CP violation be observed in experiments?

The SM picture of CP violation is testable because the Kobayashi-Maskawa mechanism is
unique and predictive. These features are mainly related to the fact that there is a single
phase that is responsible to all CP violation. As a consequence of this situation, one finds
two classes of tests:

« Correlations: many independent CP violating observables are correlated within the
SM. For example, the SM predicts that the CP asymmetries in B — 9K and in
B — ¢Kg, which proceed through different quark decay processes, are equal to
each other. Another important example is the strong SM correlation between CP
violation in B — ¥ K and in K — wvi.

o Zeros: since the KM phase appears in flavor-changing, weak-interaction couplings of
quarks, and only if all three generations are involved, many CP violating observables
are predicted to be negligibly small. For example, the SM predicts no CP violation
in the lepton sector, practically no CP violation in flavor-diagonal processes (i.e. a
tiny electric dipole moment for the neutron) and very small CP violation in tree
level D decays.

In addition, some of the CP violating observables can be calculated with very small
hadronic uncertainties.

The strongest argument that new sources of CP violation must exist in Nature comes
from baryogenesis. Whether the CP violation that is responsible for baryogenesis would
be manifest in measurements of CP asymmetries in B decays depends on two issues:

» The scale of the new CP violation: if the relevant scale is very high, such as in GUT
baryogenesis or leptogenesis, the effects cannot be signalled in these measurements.
To estimate the limit on the scale, the following three facts are relevant: First, the
Standard Model contributions to CP asymmetries in B decays are O(1). Second,
the expected experimental accuracy would reach in some cases the few percent
level. Third, the contributions from new physics are expected to be suppressed by
(Agw/Anp)?. The conclusion is that, if the new source of CP violation is related
to physics at Axp > 1 TeV, it cannot be signalled in B decays. Only if the true
mechanism is electroweak baryogenesis, can it potentially affect B decays.

« The flavor dependence of the new CP violation: if it is flavor diagonal, its effects
on B decays would be highly suppressed. It can still manifest itself in other, flavor
diagonal CP violating observables, such as electric dipole moments.

We conclude that new measurements of CP asymmetries in meson decays are particu-
larly sensitive to new sources of CP violation that come from physics at (or below) the few
TeV scale and that are related to flavor changing couplings. This is, for example, the case
in certain supersymmetric models of baryogenesis [32, 33]. The search for electric dipole
moments can reveal the existence of new flavor diagonal CP violation. Of course, there
could be new flavor physics at the TeV scale that is not related to the baryon asymrmetry
and may give signals in B decays. The best motivated extension of the SM where this
situation is likely is that of supersymmetry. We will discuss supersymmetric CP violation
in the last chapter.
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2 The Kobayashi-Maskawa mechanism

2.1 Yukawa interactions are the source of CP violation

A model of elementary particles and their interactions is defined by three ingredients:
(1) the symmetries of the Lagrangian, (2) the representations of fermions and scalars and
(3) the pattern of spontaneous symmetry breaking. For the Standard Model (SM) the
corresponding ingredients are as follows:

« The gauge symmetry is

Gsw = SU(3)c x SU(2)L x U(1)y. (9)

+ There are three fermion generations, each consisting of five representations of Ggy:
Qll,i(3a 2)+1/6a Ullii(Sa 1)+2/3, Dﬁ%i(& 1)'1/37 Lii(l, 2)—1/2, E:ii(li 1)—1~ (10)

Our notation means that, for example, left-handed quarks, Q!, are triplets of
SU(3)c, doublets of SU(2), and carry hypercharge Y = +1/6. The super-index T
denotes interaction eigenstates. The sub-index ¢ = 1,2, 3 is the flavor (or generation)
index.

There is also a single scalar representation,
#(1,2)41/2 (11)

« The scalar ¢ assumes a vacuum expectation value (VEV),

#) = (%) (12)

so that the gauge group is spontaneously broken,

Gsm — SU(3)c x U(1)em- (13)

The Standard Model Lagrangian, Lgy, is the most general renormalisable Lagrangian
that is consistent with the gauge symmetry (9). It can be divided to three parts:

Lsm = Liinetic + ‘CHiggs + ‘CYuka.wa: (14)

We consider each of these terms in turn,

Kinetic terms

For the kinetic terms, to maintain gauge invariance, one has to replace the derivative with
a covariant derivative:

D# = 0" +ig,GE L, + igWiT, + ig' B*Y. (15)
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Here G¥ are the eight gluon fields, W}’ the three weak interaction bosons and B* the
single hypercharge boson. The L,’s are SU(3)¢ generators (the 3 x 3 Gell-Mann matrices
Aa/2 for triplets, 0 for singlets), the Ty's are SU(2),, generators (the 2 x 2 Pauli matrices
/2 for doublets, 0 for singlets), and Y are the U(1)y charges. For example, for the
left-handed quarks Q%, we have

Liinetic(Qr) = 1QLvu (8” + égst/\a + Eng”Tb + gg/B”) Lir (16)

while for the left-handed leptons L, we have
Cumenc(Le) = (T, (00 + S gWim — ig B L, (17)

These parts of the interaction Lagrangian are always CP conserving.

The Higgs potential

The Higgs potential, which describes the scalar self interactions, is given by:
Luiggs = 120" — A(6'9)%. (18)

For the Standard Model scalar sector, where there is a single doublet, this part of the
Lagrangian is also CP conserving. For an extended scalar sector, such as that of a two
Higgs doublet model, Lyiggs can be CP violating. Even in the case that it is CP symmetric,
it may lead to spontaneous CP violation.

Quark Yukawa interactions
The quark Yukawa interactions are given by
~ Lk = YQLO DRy + Y QL Uk + hic. (19)

This part of the Lagrangian is, in general, CP violating. More precisely, CP is violated if
and only if [34]
Im {det[y 4y, y*y*1]} £0. (20)

An intuitive explanation of why CP violation is related to compler Yukawa couplings

goes as follows. The hermiticity of the Lagrangian implies that Lyyxaw, has its terms in
pairs of the form

Y Pridvon; + Y ¥ridvrs. (21)
A CP transformation exchanges the operators

VLid¥r; * VRO V1s, (22)

but leaves their coefficients, ¥;; and Y;¥, unchanged. This means that CP is a symmetry

ijo
: — V*
of CYukawa if )/ij - )/ij .
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Lepton Yukawa interactions

The lepton Yukawa interactions are given by
— LS = YELL¢EL + hec.. (23)

It leads, as we will see in the next section, to charged lepton masses but predicts massless
neutrinos. Recent measurements of the fluxes of atmospheric and solar neutrinos provide
evidence for neutrino masses. That means that Lgy cannot be a complete description
of Nature. The simplest way to allow for neutrino masses is to add dimension-five (and,
therefore, non-renormalisable) terms, consistent with the SM symmetry and particle con-
tent:
) yr

—L3m-5 a7 LiLi#d +he. (24)
The parameter M has dimension of mass. The dimensionless couplings Y;; are symmetric
(Y =Y};). We will refer to the SM extended to include the terms £3m-5 of Equation (24)
as the “extended SM” (ESM):

cESM = Ckinetic + CHiggs + CYukawa + ‘C(\i{ili?(;:v?a- (25)

The inclusion of nonrenormalisable terms is equivalent to postulating that the SM is only
a low energy effective theory, and that new physics appears at the scale M.

How many independent CP violating parameters are there in L3S ? Each of the
two Yukawa matrices Y? (g = u,d) is 3 x 3 and complex. Consequently, there are 18 real
and 18 imaginary parameters in these matrices. Not all of them are, however, physical.
One can think of the quark Yukawa couplings as spurions that break a global symmetry,

This means that there is freedom to remove 9 real and 17 imaginary parameters [the
number of parameters in three 3 x 3 unitary matrices minus the phase related to U(1)g].
We conclude that there are 10 quark flavor parameters: 9 real ones and a single phase.
This single phase is the source of CP violation in the quark sector.

How many independent CP violating parameters are there in the lepton Yukawa in-
teractions? The matrix Y is a general complex 3 x 3 matrix and depends, therefore, on 9
real and 9 imaginary parameters. The matrix Y is symmetric and depends on 6 real and
6 imaginary parameters. Not all of these 15 real and 15 imaginary parameters are physi-
cal. One can think of the lepton Yukawa couplings as spurions that break (completely) a
global symmetry,

U@3)L x U(3)g. (27)
This means that 6 real and 12 imaginary parameters are not physical. We conclude that

there are 12 lepton flavor parameters: 9 real ones and three phases. These three phases
induce CP violation in the lepton sector.



CP Violation 155

2.2 CKM mixing is the (only!) source of CP violation in the
quark sector

Upon the replacement Re(¢®) — (v+H?)/v/2 [see Equation (12)], the Yukawa interactions
(19) give rise to mass terms:

—LY; = (My);; DL, Dy, + (M) ULUR; + hc., (28)
where v
M, = ﬁw, (29)

and we decomposed the SU(2);, quark doublets into their components:
Ul
QL= ( Ll) . 30
L Dii ( )

The mass basis corresponds, by definition, to diagonal mass matrices. We can always
find unitary matrices Vg, and Vyg such that

Vi MV = M3 (g = u,d), (31)
with M:]“ag diagonal and real. The quark mass eigenstates are then identified as
qri = (Vor)ij@t;  qri = (Var)isqr; (q = u,d). (32)

The charged current interactions for quarks [that is the interactions of the charged
SU(2)y, gauge bosons W = —-(W, FiW?)], which in the interaction basis are described
by (16), have a complicated form in the mass basis:

—Liys = iuLi”Y“(VLLVJL)ijdLjW: + h.c.. (33)

V2

The unitary 3 x 3 matrix,
VCKM = VuLVJL’ (VCKMV(;rKM = 1)7 (34)

is the Cabibbo-Kobayashi-Maskawa (CKM) mizing matriz for quarks [35, 1]. A unitary
3 x 3 matrix depends on nine parameters: three real angles and six phases. The form of
this matrix is not unique and in fact there are two distinct freedoms which must be fixed.

1. There is freedom in defining Veoky in that we can permute between the various
generations. This freedom is fixed by ordering the up quarks and the down quarks
by their masses, i.e. (uy,us,u3) = (u,c,t) and (dy,dy, d3) — (d, s,b). The elements
of Voxwm are written as follows:

Vud Vus Vub
Vekm = | Vea Vs Voo |- (35)
Via Vis Vi
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2. There is further freedom in the phase structure of Vekm. Let us define P, (¢ = u, d)
to be diagonal unitary (phase) matrices. Then, if instead of using V; - and Vyr for
the rotation (32) to the mass basis, we use VqL and VqR, defined by VqL =P, qu
and VqR = P,Vyr, we still maintain a legitimate mass basis since Md‘ag remains
unchanged by such transformations. However, Vegky does change:

Vekm — P.Vexm Py (36)

This freedom is fixed by demanding that Vg has the minimal number of phases. In
the three generation case Veky has a single phase. (There are five phase differences
between the elements of P, and P, and, therefore, five of the six phases in the CKM
matrix can be removed.) This is the Kobayashi-Maskawa phase dxy which is the
single source of CP violation in the quark sector of the Standard Model [1].

As a result of the fact that Ve is not diagonal, the W gauge bosons couple to
quark (mass eigenstates) of different generations. Within the Standard Model, this is the
only source of flavor changing quark interactions.

2.3 The three phases in the MNS mixing matrix

The leptonic Yukawa interactions (23) and (24) give rise to mass terms:

—L4 = (M.)ijeLieh; + (M,)yvivl; + he, (37)
where
M=ty M=y (38)
e — \/5 k] v — 2]\4 ’
and we decomposed the SU(2)., lepton doublets into their components:
vi
Li = (eil) - (39)

We can always find unitary matrices V., and V, such that
Vo MMV, = diag(m?, m2,m?),  V,M{M,V]] = diag(m}, m}, m}). (40)

The charged current interactions for leptons, which in the interaction basis are described
by (17), have the following form in the mass basis:

EWi:’\?_—

The unitary 3 x 3 matrix,

( eL‘ )zjVLjVVl: +hC (41)

Vuns = Ver V), (42)

is the Maki-Nakagawa-Sakata (MNS) mizing matriz for leptons [36]. As for the CKM
matrix, the form of the MNS matrix is not unique: there are the same two freedoms but
they are fixed by different conventions:
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1. We can permute between the various generations. This freedom is usually fixed in
the following way. We order the charged leptons by their masses, i.e. (e,ez,€3) =
(e, i, 7). For the neutrinos, one takes into account that the interpretation of atmo-
spheric and solar neutrino data in terms of two-neutrino oscillations implies that
Am3iry > Amdg,. It follows that one of the neutrino mass eigenstates is separated
in its mass from the other two, which have a smaller mass difference. The conven-
tion is to denote this separated state by v3. For the remaining two neutrinos, v,
and v,, the convention is to call the heavier state v5. In other words, the three mass
eigenstates are defined by the following conventions:

|Am3,| > |Amj|, Amj > 0. (43)

Note in particular that 15 can be either heavier or lighter than v; 2. The elements
of Viyns are written as follows:

Vo Veo Ve
VMNS = Vlll Vug Vug . (44)
Vii Ve Vi

2. There is further freedom in the phase structure of Vins. (In the MNS paper [36]
there is no reference to CP violation.) One can change the charged lepton mass basis
by the transformation e py — e'(L,R)i = (Pe)ue(L,ryi, Where P, is a phase matrix.
There is, however, no similar freedom to redefine the neutrino mass eigenstates:
From Equation (37) one learns that a transformation v, — P,v; will introduce
phases into the diagonal mass matrix. This is related to the Majorana nature of
neutrino masses, assumed in Equation (24). The allowed transformation modifies
VMns:

VMNS - PeVMNS- (45)
This freedom is fixed by demanding that Vyns will have the minimal number of
phases. Out of six phases of a unitary 3 x 3 matrix, the multiplication by P, can be
used to remove three. We conclude that the three generation Vyyns matrix has three
phases. One is the analog of the Kobayashi-Maskawa phase: it is the only source
of CP violation in processes that conserve lepton number, such as neutrino flavor
oscillations. The other two phases can affect lepton number changing processes.

With Vins # 1, the W* gauge bosons couple to lepton (mass eigenstates) of different
generations. Within the ESM, this is the only source of flavor changing lepton interactions.

2.4 The flavor parameters

Examining the quark mass basis, one can easily identify the flavor parameters. In the
quark sector, we have six quark masses and four mixing parameters: three mixing angles
and a single phase. The fact that there are only three real and one imaginary physical
parameters in Vegum can be made manifest by choosing an explicit parameterisation. For
example, the standard parameterisation [37], used by the Particle Data Group, is given

by i
C12€13 $12€13 513€

i i
Vekm = | —512€23 — C12523513€" C12C23 — S12523513€" S23013 |, (46)

i6 i
512823 — C12023513€"°  —Ci2823 — 812C23813€"  €23€C13
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where ¢;; = cos 6;; and s;; = sin ;5. The three sin 6;; are the three real mixing parameters
while § is the Kobayashi-Maskawa phase. Another, very useful, example is the Wolfenstein
parameterisation, where the four mixing parameters are (A, 4, p, 1) with A = |V,,| = 0.22
playing the role of an expansion parameter and 7 representing the CP violating phase
[38]:

2
1-4 A AN(p—in)
Verm = ) 1— 2\; A2 + 0. (47)
A1 —p—in) -—AN 1

Various parameterisations differ in the way that the freedom of phase rotation, Equa-
tion (36), is used to leave a single phase in Vckm. One can define, however, a CP violating
quantity in Veky that is independent of the parameterisation [34]. This quantity, Jekm,
is defined through

3
Im[‘/ljvlcl‘/l;kvkj] = JCKM Z €ikm€jin, (iuj’k’l = 1a 273) (48)

m,n=1
In terms of the explicit parameterisations given above, we have

2 . 6 42
JCKM = 612623613812823813 sm6 ~ )\ A n. (49)

It is interesting to translate the condition (20) to the language of the flavor parameters
in the mass basis. One finds that the following is a necessary and sufficient condition for
CP violation in the quark sector of the SM:

Amchm?uAmzuAmgsAmszmngCKM #0. (50)

Here
Aml; =m; —m. (61)

Equation (50) puts the following requirements on the SM in order that it violates CP:

» Within each quark sector, there should be no mass degeneracy;
« None of the three mixing angles should be zero or 7/2;

« The phase should be neither 0 nor =.

For the lepton sector of the ESM, the flavor parameters are the six lepton masses,
and six mixing parameters: three mixing angles and three phases. One can parameterise
VMns in a convenient way by factorising it into Vyns = V' P. Here P is a diagonal
unitary matrix that depends on two phases, e.g. P = diag(e®*,e'¥2,1), while V can
be parameterised in the same way as (46). The advantage of this parameterisation is
that for the purpose of analyzing lepton number conserving processes and, in particular,
neutrino flavor oscillations, the parameters of P are usually irrelevant and one can use the
same Chau-Keung parameterisation as is being used for Vekm. (An alternative way to
understand these statements is to use a single-phase mixing matrix and put the extra two
phases in the neutrino mass matrix. Then it is obvious that the effects of these ‘Majorana-
phases’ always appear in conjunction with a factor of the Majorana mass that is a lepton



CP Violation 159

number violating parameter.) On the other hand, the Wolfenstein parameterisation (47)
is inappropriate for the lepton sector: it assumes |Vas| < |Vi2| < 1, which does not hold
here.

In order that the CP violating phase § in V' would be physically meaningful, i.e. there
would be CP violation that is not related to lepton number violation, a condition similar
o (50) should hold:

AmZuAmzeAmieAmgi,AmglAm%lJMNS # 0. (52)

2.5 The unitarity triangles

A very useful concept is that of the unitarity iriangles. We will focus on the quark sector,
but analogous triangles can be defined in the lepton sector. The unitarity of the CKM
matrix leads to various relations among the matrix elements, e.g.

ViV + VoV + ViV = 0, (53)
VisVar + Vi Vs + Vi Vs = 0, (54)
VidVar + VoV + VigVig = 0. (55)

Each of these three relations requires the sum of three complex quantities to vanish and
so can be geometrically represented in the complex plane as a triangle. These are “the
unitarity triangles”, although the term “unitarity triangle” is usually reserved for the
relation (55) only. It is a surprising feature of the CKM matrix that all unitarity triangles
are equal in area: the area of each unitarity triangle equals |Jckm|/2 while the sign of
Jckwm gives the direction of the complex vectors around the triangles.

The rescaled unitarity triangle is derived from (55) by (a) choosing a phase convention
such that (V,,V) is real, and (b) dividing the lengths of all sides by |V,,Vi|. Step
(a) aligns one side of the triangle with the real axis, and step (b) makes the length
of this side 1. The form of the triangle is unchanged. Two vertices of the rescaled
unitarity triangle are thus fixed at (0,0) and (1,0). The coordinates of the remaining
vertex correspond to the Wolfenstein parameters (p,n). The area of the rescaled unitarity
triangle is |7|/2.

Depicting the rescaled unitarity triangle in the (p,7n) plane, the lengths of the two
complex sides are

VadVa 2 ViaVio
= =/ , R = =/(1-p)?+ 56
o=\ v P+ =, (1=p)2+n (56)
The three angles of the unitarity triangle are defined as follows [39, 40]:
vati] s sy
a=arg | -2, fB=arg |-, y=arg|——+2|. (57)
[ ViaVis ViV VeaV

They are physical quantities and can be independently measured by CP asymmetries in B
decays [41, 42, 43, 44, 45]. 1t is also useful to define the two small angles of the unitarity
triangles (54) and (53):

Vv, V¥ v, v
8, = arg [— s b ] , Bk = arg [— es fd] . (58)
Vi Va ViV
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b=l

Figure 1. Present Standard Model constraints and the result from the global CKM fit.

To make predictions for future measurements of CP violating observables, we need to
find the allowed ranges for the CKM phases. There are three ways to determine the CKM
parameters (see e.g. [46]):

» Direct measurements are related to SM tree level processes. At present, we have
direct measurements of |Vual, [Vasl, [Vasl, [Veal, [Ves|, Vel and [Vay).

« CKM Unitarity (VéKMVCKM = 1) relates the various matrix elements. At present,
these relations are useful to constrain |{Vi4|, {Vi|, |Vis| and [V

« Indirect measurements are related to SM loop processes. At present, we con-
strain in this way |VipVia| (from Ampg and Amp,)} and dgm or, equivalently, n or 3
(from ek and ayk,).

When all available data are taken into account, one finds [47]:

A = 0.2221+£0.0021, A = 0.827+ 0.058, (59)
p = 023+0.11, n=0370.08, (60)
sin28 = 0774008, sin2a=-021+056, 043 <sin?y<09l.  (61)

Of course, there are correlations between the various parameters. The full information in
the (p,n) plane is given in Figure 1 [47).
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2.6 Uniqueness of the standard model picture of CP violation

In the previous subsections, we have learnt several features of CP violation as explained
by the Standard Model. It is important to understand that various reasonable (and
often well-motivated) extensions of the SM provide examples where some or all of these
features do not hold. Furthermore, until a few years ago, none of the special features
of the Kobayashi-Maskawa mechanism of CP violation was experimentally tested. This
situation has dramatically changed recently. Let us survey some of the SM features, how
they can be modified with new physics, and whether experiment has shed light on these
questions.

1. dkm 1s the only source of CP violation in meson decays. This is arguably the most
unique feature of the SM and gives the model a strong predictive power. It is violated
in almost any low-energy extension. For example, in the supersymmetric extension
of the SM there are 44 physical CP violating phases, many of which affect meson
decays. The measured value of ayx, is consistent with the correlation between K
and B decays that is predicted by the SM. It is therefore very likely that dky is
indeed the dominant source of CP violation in meson decays.

2. CP wviolation is small in K — 77w decays because of flavor suppression and not
because CP is an approzimate symmetry. In many (though certainly not all) super-
symmetric models, the flavor suppression is too mild, or entirely ineffective, requiring
approximate CP to hold. The measurement of ayx, = O(1) confirms that not all
CP violating phases are small.

3. CP violation appears in both AF =1 (decay) and AF = 2 (mizing) amplitudes.
Superweak models suggest that CP is violated only in mixing amplitudes. The
measurement of £'/e confirms that there is CP violation in AS = 1 processes.

4. CP is not violated in the lepton sector. Models that allow for neutrino masses, such
as the ESM framework presented above, predict CP violation in leptonic charged
current interactions. The data from neutrino oscillation experiments makes it very
likely that charged current weak interactions violate CP also in the lepton sector.

5. CP violation appears only in the charged current weak interactions and in conjunc-
tion with flavor changing processes. Here both various extensions of the SM (such
as supersymmetry) and non-perturbative effects within the SM (6qcp) allow for CP
violation in other types of interactions and in flavor-diagonal processes. In particu-
lar, it is difficult to avoid flavor-diagonal phases in the supersymmetric framework.
The fact that no electric dipole moment has been measured yet poses difficulties
to many models with diagonal CP violation (and, of course, is responsible to the
strong CP problem within the SM).

6. CP is explicitly broken. In various extensions of the scalar sector, it is possible
to achieve spontaneous CP violation. It will be very difficult to test this question
experimentally.

This situation, where the Standard Model has a very unique and predictive description
of CP violation and the number of experimentally measured CP violating observables is
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very limited (eg, €'/e and ayk,), is the basis for the strong interest, experimental and
theoretical, in CP violation. There are two types of unambiguous tests concerning CP
violation in the Standard Medel: First, since there is a single source of CP violation,
all observables are correlated with each other. For example, the CP asymmetries in
B — ¢YKg and in K — wvb are strongly correlated [48, 49, 50]. Second, since CP
violation is restricted to flavor changing fermion processes, it is predicted to be highly
suppressed in the lepton sector and practically vanish in flavor diagonal processes. For
example, the transverse lepton polarisation in semileptonic meson decays, CP violation
in ¢ production, and (assuming fgcp = 0) the electric dipole moment of the neutron are
all predicted to be orders of magnitude below the (present and near future) experimental
sensitivity. We conclude that it is very important to search for CP violation in many
different systems.

3 Meson decays

In the previous section, we explained how CP violation arises in the Standard Model. In
the next three sections, we would like to understand the implications of this theory for
the phenomenology of CP violation in K, D and B decays. To do so, we first present
a model-independent analysis of CP violation in meson decays. We distinguish between
three different types of CP violation in meson decays:

« CP violation in mixing, which occurs when the two neutral mass eigenstate admix-
tures cannot be chosen to be CP-eigenstates;

« CP violation in decay, which occurs in both charged and neutral decays, when the
amplitude for a decay and its CP-conjugate process have different magnitudes;

« CP violation in the interference of decays with and without mixing, which occurs
in decays into final states that are common to B® and B°.

3.1 Notations and formalism

To define these three types and to discuss their theoretical calculation and experimental
measurement, we first introduce some notation and formalism. We refer specifically to B
meson mixing and decays, but most of our discussion applies equally well to K, B; and
D mesons.

A B° meson is made from a b-type antiquark and an d-type quark, while the B° meson
is made from a b-type quark and an d-type antiquark. Our phase convention for the CP
transformation law of the neutral B mesons is defined by

CP|B%) = wp|B®, CP|B% =w}|B%, (wsl=1). (62)
Physical observables do not depend on the phase factor wg.

The light, By, and heavy, By, mass eigenstates can be written as linear combinations
of B® and BY:

|BL)
|Br)

pIB°) +q|B%),
pIB®) — q|B°), (63)
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with
la|* + |pl* = 1. (64)

The mass difference Ampg and the width difference AT'p are defined as follows:
AmEMH—ML, AFEFH—FL. (65)

The average mass and width are given by

My + M Fg+T

mp= 2L pp=_HT"L (66)
2 2
It is useful to define dimensionless ratios z and y:
=< Y=op (67)
The time evolution of the mass eigenstates is simple:

|BH(t)) — e—iM;qtefI‘Ht/2|BH>7

|BL(t)) = e tMite-Tet/2|p))y, (68)

The time evolution of the strong interaction eigenstates is complicated and obeys a

Schrédinger-like equation,
.d (B i B
i (8)= (=57 (5). (©9)

where M and I' are 2 x 2 Hermitian matrices. The off-diagonal terms in these matrices,
M, and I'j9, are particularly important in the discussion of mixing and CP violation.
M5 is the dispersive part of the transition amplitude from B°® to B°, while I'}5 is the
absorptive part of that amplitude. Solving the eigenvalue equation gives

L1

(Am)* — Z(AF)2 = (4 Mp|* — T, AmAT = 4Re(M,T'},), (70)
g 2MH—ilh  Am—jAT -
P Am — %AI‘ 2Mip — il

In the B system, |I'j2] < |[M)s| (see discussion below), and then, to leading order in
|12/ Mz, Equations (70) and (71) can be written as

2Re(M;oT),)

AmB = 2|M12|, AFB = |M12| ) (72)
q_ M
I == . 73
p | M1, (73)

To discuss CP violation in mixing, it is useful to write Equation (71) to first order in
T2/ Ma]| [rather than to zeroth order as in (73)]:

{4 - (22
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To discuss CP violation in decay, we need to consider decay amplitudes. The CP
transformation law for a final state f is

CPIfy =wslf), CPIfy=wflf), (lwsl=1). (75)

For a final CP eigenstate f = f = fcp, the phase factor wy is replaced by s, = £1, the
CP eigenvalue of the final state. We define the decay amplitudes A; and A; according to

Ap = (fIH4B%), Ay = (f|HdB"), (76)
where H, is the decay Hamiltonian.

CP relates Ay and A 7- There are two types of phases that may appear in A; and A F-
Complex parameters in any Lagrangian term that contributes to the amplitude will appear
in complex conjugate form in the CP-conjugate amplitude. Thus their phases appear in
A;and A 7 with opposite signs. In the SM these phases occur only in the mixing matrices
that parameterise the charged current weak interactions, hence these are often called
“weak phases”. The weak phase of any single term is convention dependent. However the
difference between the weak phases in two different terms in A; is convention independent
because the phase rotations of the initial and final states are the same for every term.
A second type of phase can appear in scattering or decay amplitudes even when the
Lagrangian is real. Such phases do not violate CP and they appear in A; and A 7 with
the same sign. Their origin is the possible contribution from intermediate on-shell states
in the decay process, that is an absorptive part of an amplitude that has contributions
from coupled channels. Usually the dominant re-scattering is due to strong interactions
and hence the designation “strong phases” for the phase shifts so induced. Again only the
relative strong phases of different terms in a scattering amplitude have physical content,
an overall phase rotation of the entire amplitude has no physical consequences. Thus it
is useful to write each contribution to A in three parts: its magnitude A;; its weak phase
term €'%: and its strong phase term e*%. Then, if several amplitudes contribute to B — f,
we have o)

‘ |32 Ase : (77)
Z A; el(‘iﬂ-dh

To discuss CP violation in the interference of decays with and without mixing, we
introduce a complex quantity A; defined by
q Ay
Ay = =2 = (78)
'~ pa

We further define the CP transformation law for the quark fields in the Hamiltonian
(a careful treatment of CP conventions can be found in [51]):

g = weG, 4§ — w;q, (lwq] = 1). (79)
The effective Hamiltonian that is relevant to M, is of the form
_ . - 2 . - 2
Hﬁfb“z o er2its [d'y“(l _ ’Ys)b] + e~ 2i%B [b'y“(l _ ’Ys)d] , (80)

where 2¢p is a CP violating (weak) phase. (We use the SM V—A amplitude, but the
results can be generalised to any Dirac structure.) For the B system, where |I'jp| < |Ms],
this leads to

f—) = Wpw, wee 295, (81)
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(We implicitly assumed that the vacuum insertion approximation gives the correct sign
for My,. In general, there is a sign(Bg) factor on the right hand side of Equation (81)
[52].) To understand the phase structure of decay amplitudes, we take as an example the
b — qqd decay (¢ = u or ¢). The decay Hamiltonian is of the form

Hyoc €7 [q7"(1 — y5)d] [bya(1 — 15)q] + €7 [a7"(1 — %)b] [dvu(1 ~ ¥s)a],  (82)

where ¢y is the appropriate weak phase. (Again, for simplicity we use a V' —A structure,
but the results hold for any Dirac structure.) Then

= wpwhwpwye 2. (83)

2|

Equations (81) and (83) together imply that for a final CP eigenstate,

’\fcp = nfcpe_zi(¢3+¢f)' (84)

3.2 The three types of CP violation in meson decays

3.2.1 CP violation in mixing

lg/pl # 1. (85)

This type of CP violation results from the mass eigenstates being different from the CP
eigenstates, and requires a relative phase between M, and I'j5. For the neutral B system,
this effect could be observed through the asymmetries in semileptonic decays:

o P(L?ghys(t) — 0t vX) — T(BY (1) = £ vX) (56)
T T(BYys(t) = €7 vX) + T(BY, (1) = -vX)’
In terms of ¢ and p,
1—|g/p*
- - \p 87
W T g/n)" (87)

CP violation in mixing has been observed in the neutral K system (Re ex # 0).

In the neutral B system, the effect is expected to be small, < O(1072). The reason is
that, model independently, the effect cannot be larger than O(AT'g/Ampg). The difference
in width is produced by decay channels common to B° and B°. The branching ratios for
such channels are at or below the level of 1073. Since various channels contribute with
differing signs, one expects that their sum does not exceed the individual level. Hence,
we can safely assume that AT g/Cp = O(1072). On the other hand, it is experimentally
known that Amg/['g =~ 0.7.

To calculate asr., we use (87) and (74), and get:
asp, = Im(rlg/Mlg). (88)

To predict it in a given model, one needs to calculate M2 and I'1p. This involves large
hadronic uncertainties, in particular in the hadronisation models for I';5.
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3.2.2 CP violation in decay

|Az/Af # 1. (89)

This appears as a result of interference among various terms in the decay amplitude, and
will not occur unless at least two terms have different weak phases and different strong
phases. CP asymmetries in charged B decays,

_ OB = f*)-T(B” = f7)

= 90
“EETB S 4B = F) (90)
are purely an effect of CP violation in decay. In terms of the decay amplitudes,
A JAr?
_ 1A /A (1)

= = 1+ lx‘i‘{—/A_ﬁlz'

CP violation in decay has been observed in the neutral K system (Re gy # 0).

To calculate ag+, we use (91) and (77). For simplicity, we consider decays with con-
tributions from two weak phases and with 4, < 4,. We get:

aye = —2(Ay/A,)sin{ds — 6,)sin{ds — o). (92)

The magnitude and strong phase of any amplitude involve long distance strong interaction
physics, and our ability to calculate these from first principles is limited. Thus quantities
that depend only on the weak phases are much cleaner than those that require knowledge
of the relative magnitudes or strong phases of various amplitude contributions, such as
CP violation in decay.

3.2.3 CP violation in interference between decays with and without mixing

Im Ay, #0. (93)

This effect is the result of interference between a direct decay amplitude and a first-
mix-then-decay path to the same fina] state. For the neutral B system, the effect can
be observed by comparing decays into final CP eigenstates of a time-evolving neutral B
state that begins at time zero as B® to those of the state that begins as B

F(thys[t) —+ .fCP) - F[thys(t) —+ fCP]

v 1) = F(By\0(0) = fer) + DB = fer)’ &0
This time dependent asymmetry is given, in general, by
ay.p(t) = —%‘i:—z cos(Amgl) + 1—24]_% sin{Amgt). (95)
In decays with |Ag..| = 1, (93) is the only contributing effect:
afp (1) = ImAy., sin(Ampgt). (96)
We often use Sl
= (97)

(I - = —-
o = T Py P
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CP violation in the interference of decays with and without mixing has been observed
for the neutral K system (Im ex # 0) and for the neutral B system (ayxy # 0). In the
latter, it is an effect of O(1). For such cases, the contribution from CP violation in mixing
is clearly negligible. For decays that are dominated by a single CP violating phase (for
example, B — ¢ K and K, — 7°v¥), so that the contribution from CP violation in decay
is also negligible, aj, is cleanly interpreted in terms of purely electroweak parameters.
Explicitly, Im);., gives the relative phase between the B — B mixing amplitude and the
relevant decay amplitudes [see Equation (84)]:

Im’\fcp = Nfcp Sin[2(¢3 + ¢f)] (98)

3.2.4 Direct and indirect CP violation

The terms indirect CP violation and direct CP violation are commonly used in the lit-
erature. While various authors use these terms with different meanings, the most useful
definition is the following:

« Indirect CP violation refers to CP violation in meson decays where the CP
violating phases can all be chosen to appear in AF = 2 (mixing) amplitudes.

« Direct CP violation refers to CP violation in meson decays where some CP
violating phases necessarily appear in AF =1 (decay) amplitudes.

Examining Equations (85) and (71), we learn that CP violation in mixing is a manifes-
tation of indirect CP violation. Examining Equations (89) and (76), we learn that CP
violation in decay is a manifestation of direct CP violation. Examining Equations (93)
and (78), we learn that the situation concerning CP violation in the interference of de-
cays with and without mixing is more subtle. For any single measurement of ImA; # 0,
the relevant CP violating phase can be chosen by convention to reside in the AF = 2
amplitude [¢; = 0, ¢5 # 0 in the notation of Equation (84)], and then we would call
it indirect CP violation. Consider, however, the CP asymmetries for two different final
CP eigenstates (for the same decaying meson), f, and f,. Then, a non-zero difference
between ImAy, and ImMj, requires that there exists CP violation in AF = 1 processes
(@5, — ¢5, # 0), namely direct CP violation.

Experimentally, both direct and indirect CP violation have been established. Below
we will see that e signifies indirect CP violation while £’ signifies direct CP violation.

Theoretically, most models of CP violation (including the Standard Model) have pre-
dicted that both types of CP violation exist. There is, however, one class of models, that
is superweak models, that predict only indirect CP violation. The measurement of €} # 0
has excluded this class of models.

4 K decays

Measurements of CP violation have played an enormous role in particle physics. First,
the measurement of g in 1964 provided the first evidence that CP is not a symmetry of
Nature. This discovery revolutionised the thinking of particle physicists and was essential
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for understanding baryogenesis. Second, the measurement in 1988 of &, provided the first
evidence for direct CP violation and excluded the superweak scenario. In the future, the
search for CP violation in K — wvi decays will add significantly to our understanding of
CP violation.

4.1 ek and €

Historically, a different language from the one used by us has been employed to describe
CP violation in K — 7w and K — wfv decays. In this section we ‘translate’ the language
of ex and €' to our notation. Doing so will make it easy to understand which type of
CP violation is related to each quantity.

The two CP violating quantities measured in neutral K decays are

(7O H|KL) (nrn |H|KL)
= —— = . 9
0= AR Ky T (r HIKs) 99
Define, for (i5) = (00) or (+-),
i, 0 A i g 0 q Ai]’
Aij = (71' 7I'J|7'£|K >, Aij = (71' 7f]|7'£|K >, ’\ij =\ - . (100)
P/ Ay
Then Lo L
— Aoo — A
= _ = . 1 1
oo 1+ roo’ N+ T+ A, (101)

The ngo and 5, _ parameters get contributions from CP violation in mixing (|(¢/p)|x # 1)
and from the interference of decays with and without mixing (ImA;; # 0) at O(107%) and
from CP violation in decay (|A;;/A;;] # 1) at O(107°).

There are two isospin channels in K — 77 leading to final (27);-¢ and (27);-, states:

(17 = /1/3((xm)i=ol - /2/3((a )12,
(7| = 23l + 1/3((nm) . (102)

The fact that there are two strong phases allows for CP violation in decay. The possible
effects are, however, small (on top of the smallness of the relevant CP violating phases)
because the final I = 0 state is dominant (this is the Al = 1/2 rule). Define
— 0 A 0 _ {4 A
Ap = {(zm) | H|K®), A;={(am)|HIK®), A =1[= — . (103)
D K AI

Experimentally, |A2/Ao| = 1/20. Instead of ny and 7, _ we may define two combinations,
ek and €}, in such a way that the possible effects of direct (indirect) CP violation are
isolated into &’ (ex).

The experimental definition of the £x parameter is

ek = (oo +2n4-). (104)

o
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The experimental value is given by Equation (1). To zeroth order in As/Ag, we have
Moo = N+~ = €x. However, the specific combination (104) is chosen in such a way that
the following relation holds to first order in Ay/Aq:

1-X

EK=1+/\0. (105)

Since, by definition, only one strong channel contributes to Ay, there is indeed no CP
violation in decay in (105). It is simple to show that Re ek # 0 is a manifestation of CP
violation in mixing while Im ek # 0 is a manifestation of CP violation in the interference
between decays with and without mixing. Since experimentally argex = 7/4, the two
contributions are comparable. It is also clear that £y # 0 is a manifestation of indirect
CP violation: it could be described entirely in terms of a CP violating phase in the M,
amplitude.

The experimental definition of the ¢} parameter is

!
€k

(M4— — Moo)- (106)

Wl

The quantity that is actually measured in experiment is

2
oo

T+-

1- = 6Re(c/e). (107)

The world average is given in Equation (2). The theoretical expression is

1

6(/\00 - o) (108)

e~
Obviously, any type of CP violation which is independent of the final state does not
contribute to €. Consequently, there is no contribution from CP violation in mixing to
(108). It is simple to show that Re £} # 0 is a manifestation of CP violation in decay
while Im €% # 0 is a manifestation of CP violation in the interference between decays
with and without mixing. Following our explanations in the previous section, we learn
that €% # 0 is a manifestation of direct CP violation: it requires ¢2 — ¢o # 0 [where ¢;
is the CP violating phase in the A; amplitude defined in (103)].

4.1.1 The g parameter in the Standard Model

An approximate expression for €, that is convenient for calculating it, is given by

™4 ImM,,
= . 109
EK \/5 Am}( ( )

A few points concerning this expression are worth emphasising:

o Equation (109) is given in a specific phase convention, where A, is real. Within the
SM, this is a phase convention where V,,V.* is real, a condition fulfilled in both the
standard parameterisation of Equation (46) and the Wolfenstein parameterisation
of Equation (47).
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o The phase of m/4 is approximate. It is determined by hadronic parameters and
therefore is independent of the electroweak model. Specifically,

arg(cg) = arctan(~2Amg /AT k) =~ 7 /4. (110)

o A term of order 2ImA Re M < 0.02 is neglected when (109) is derived.
e Ay ImM,y

o There is a large hadronic uncertainty in the calculation of M, coming from long
distance contributions. There are, however, good reasons to believe that the long
distance contributions are important in Re M, (where they could be even com-
parable to the short distance contributions), but negligible in Im M;5. To avoid
this uncertainty, one uses ImM;5/Amy with the experimentally measured value of
Amg, instead of ImM;,/2Re M}, with the theoretically calculated value of Re Mj,.

« The matrix element (K°((5d)y_4(5d)y-a|K®) is yet another source of hadronic un-
certainty. If both Im M, and Re M, were dominated by short distance contribu-
tions, one would use the ratio ImM;9/Re My, where the matrix element cancels out.
However, as explained above, this is not the case.

Within the Standard Model, Im M, is accounted for by box diagrams. We follow here
the notations of reference [53], where precise definitions, numerical values and appropriate
references are given. One obtains:

exe = ETHC, BIm(ViVig) {Re(VEV. ) [mSo(ee) — sSo(zer20)) — Re(Vi Vg ImSalz) )
(111)
where C, = —Lfm is a well known parameter, the n; are QCD correction factors,

6212 A

Sp is a kinematic factor and By is the ratio between the matrix element of the four quark
operator and its value in the vacuum insertion approximation.

We would like to emphasise the following points:

« CP violation was discovered through the measurement of ex. Hence this measure-
ment played a significant role in the history of particle physics.

« For a long time, ek has been the only measured CP violating parameter. Roughly
speaking, this measurement set the value of dxm (and, by requiring éxm = O(1),
made the KM mechanism plausible) but could not serve as a test of the KM mech-
anism. (More precisely, a value of |ex| 3> 1073 would have invalidated the KM
mechanism, but any value |ex| < 107® was acceptable.) It is only the combination
of the new measurement of a,x, with €5 that provides the first precision test of the
KM mechanism.

« Within the SM, the smallness of £ is not related to suppression of CP violation
but rather to suppression of flavor violation. Specifically, it is the smallness of the
ratio |(VigVis) /(VugVas)| ~ A* that explains |eg| ~ 1073

« Until recently, the measured value of € provided a unique type of information on
the CKM phase. For example, the measurement of sign(Re ex) > 0 tells us that
n > 0 and excludes the lower half of the p — n plane. Such information cannot be
obtained from any CP conserving observable.
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« The £y constraint gives hyperbolae in the p — 5 plane. It is shown in fig. 1. The
measured value is consistent with all other CKM-related measurements and further
narrows the allowed region.

» The main sources of uncertainty are in the By parameter, By = 0.85 & 0,15, and
in the |V,|* dependence.

« 2g is an extremely powerful probe of new physics. Its small value poses a problem to
any model of new physics where the flavor suppression is less efficient than the GIM
mechanism [54] of the SM. For example, the construction of viable supersymmetric
models is highly constrained by the requirement that they do not give contributions
that are orders of magnitude higher than the experimental value.

4.1.2 The £}, parameter in the Standard Model

Direct CP violation in K — #x decays was first measured in 1988 [3]. Two recent
measurements achieved impressive accuracy:

e { (20.7+2.8) x 107* KTeV [g], (112)

e | (15.3+286) x107* NA48[7].

In combination with previous results [4, 5], the present world average has an accuracy of
order 10% [see Equation (2}].

A convenient approximate expression for £}, is given by:
A
Ao

!

e = —1\5 e%27%) sin(¢y — ¢y} {(113)

Note that;

+ The approximations used in (I13) are |¢/p| =1 and |42/4,] < 1.

+ The phase of ¢ is determined by hadronic parameters and is, therefore, model
independent: argicy) = #/2+ 8 — 8§ = x/4. The fact that, accidentally, argle g ) =
arg(eh ), means that

Re(e'/e} = &'/e. (114)

+ Reey # 0 requires §; — &g # 0, consistent with our statement that it is a manifes-
tation of CP violation in decay. &}, # 0 requires ¢ — ¢ # 0, consistent with our
statement that it is a manifestation of direct CP violation.

The calculation of '/« within the Standard Model suffers from large hadronic uncertain-
ties. A very naive order of magnitude estimate gives £'/e ~ (Aa/Ag)(ARE" JA*) ~
1073, Note that &'/¢ is not small because of small CP violating parameters but because
of hadronic parameters.

The value of the phase 3 cancels in the ratio £'/e and therefore did not affect our
estimate. In actual calculations, one usualty uses the experimental value of ¢4 and the
theoretical expression for ¢%. Then the expression for ¢'/¢ depends on the CP violating
phase.
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The detailed calculation of €'/e is complicated. There are several comparable contri-
butions with differing signs. The final result can be written in the form (for details and
references, see [53]):

!

% = Im(VaV¥) [PO/2 — PO/2)]
1momev \2 [ AL
~ 13 Im(V,, V* M3
m(ViaVis) (ms(2 GeV)) (340 MeV
1/2 3/2 my 25

We have omitted here a phase factor using the approximation arg(cg) = arg(e’y).
PO/ which is dominated by QCD penguins, gives the contributions from Al = 1/2
transitions, while P2 which is dominated by electroweak penguins, gives the con-
tributions from AI = 3/2 transitions. The Bélm and Bff’/z) factors parameterise the
corresponding hadronic matrix elements. The QCD penguin contributions are suppressed
by isospin breaking effects (m, # my), parameterised by §1,,,. The resulting estimates
vary in the range [53]:

Re(e'/e)™M = (0.5 — 4) x 1073 (116)

We would like to emphasise the following points:

« Direct CP violation was discovered through the measurement of ¢'.

« The SM range (116) is consistent with the experimental result (2).

« The main sources of uncertainties lie then in the parameters m, Bél/Q), B§3/2),

Q1 and A%. The importance of these uncertainties is increased because of the
cancellation between the two contributions in (115).

The large hadronic uncertainties make it difficult to use the experimental value of
¢'/e to constrain the CKM parameters. Still, a negative value or a value much
smaller than 10~* would have been very puzzling in the context of the SM.

« The experimental result is useful in probing and constraining new physics.

4.2 CP violation in K — wvo

Observing CP violation in the rare K — wvi decays would be experimentally very chal-
lenging and theoretically very rewarding. It is very different from the CP violation that
has been observed in K — 7 decays which is small and involves theoretical uncertainties.
Similar to the CP asymmetry in B — ¥ K3, it is predicted to be large and can be cleanly
interpreted. Furthermore, observation of the K;, — w%# decay at the rate predicted by
the Standard Model will provide further evidence that CP violation cannot be attributed
to mixing (AS = 2) processes only, as in superweak models.

Define

A1r°w.‘/
A1r°w.‘/

Agoyy = (TOUD|H|K®),  Apo,p = (T HIK®), Aps= (1%) (117)
K
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The ratio between the neutral K decay rates is then

F(KL — 7T0Vl7) _ 1+ |/\7l‘l/l_/|2 - QRE/\WDQ

T(Ks = 7%5) ~ 1+ [Awsl® + 2Rens (118)

We learn that the K; — #%v¥ decay rate vanishes in the CP limit (A,,; = 1), as expected
on general grounds [55]. (The CP conserving contributions were explicitly calculated
within the Standard Model [56] and within its extensions with massive neutrinos [57] and
with extra scalars [58] and found to be negligible.)

CP violation in decay and in mixing are expected to be negligibly small, of order
107° and 1073, respectively. Consequently, A,z is, to an excellent approximation, a pure
phase. Defining 20y to be the relative phase between the K —K mixing amplitude and
twice the s — dv decay amplitude, namely A, = €%%%, we get from (118):

(K — 7°vp)

i St A 2
I'(Ks — ovp) tan” . (119)

Using the isospin relation A(K® = %) /A(K*+ — ntvd) = 1/v/2, we get

_ DKy =)
Arup = m = Sin 9[(. (120)

The present experimental searches give

B(K* > ntwp) = (1.535) x 1071 [59),
B(K, - n%vp) < 59x1077 [60]. (121)

Equation (120) implies that a,,, < 1. This inequality is based on isospin considera-
tions only. Consequently a measurement of ['(K* — wtvi) can be used to set a model
independent upper limit on T'(K;, — 7% ») [61]:

B(K;, - n%vp) < 4.4 B(Kt - ntvp). (122)

From the range given in (121) for the Kt decay, the isospin bound on the K, decay is
B(K;, — 7°vp) < 2.6 x 107°, which is more than two orders of magnitude below the
direct bound.

Within the Standard Model, the K — wvo decays are dominated by short distance
Z-penguins and box diagrams and can be expressed in terms of p and 7 (see [53] for
details and references)

BK* = 7*vp) = 411 x 1071 [X()PPA* [72 + (0 — p)*]

B(K, —» 7°vp) = 1.80 x 10719[X (z,)]? A" (123)
Po(X - S
Here py = 1+ X (2)" and X (z;) and Py(X) represent the electroweak loop contributions
X(zy

in NLO for the top quark and for the charm quark, respectively.

We would like to emphasise the following points:



174 Yosef Nir

+ The K — mvi decays are theoretically clean. The main theoretical uncertainty in
the K+ decay is related to the strong dependence of the charm contribution on the
renormalisation scale and the QCD scale, Py(X) = 0.42 &+ 0.06. The K, decay has
hadronic uncertainties smaller than a percent.

o In the future, these decays will provide excellent p — 7 constraints.
« Present constraints on the CKM parameters give the SM predictions {47]:

B(K*—rtwp) = (7.0£1.9)x 107",
B(Ky—7'vp) = (29+1.1)x 107 (124)

The experimental range for the K+ decay (121) is then consistent with the SM but
not yet accurate enough to constrain it, while the experimental bound on the K|,
decay is still four orders of magnitude above the SM range.

o The CP violations in K — 7vi and in B — ¢ K are strongly correlated and can
provide the most stringent test of the Kobayashi-Maskawa mechanism.

o The K — wv decays are interesting probes of CP violation related to new physics.

5 D decays

Within the Standard Model, D—D mixing is expected to be well below the experimental
bound. Furthermore, effects related to CP violation in D—D mixing are expected to be
negligibly small since this mixing is described to an excellent approximation by physics
of the first two generations. An experimental observation of D—D mixing close to the
present bound or, more strongly, of related CP violation, will then be evidence for New
Physics.

To explain how D—D mixing is searched for and how CP violation can be signalled,
we use notation similar to that of the B system. We thus use Equation (63) to define the
two mass eigenstates | D), Equation (66) to define the average width I', Equation (67)
to define the width and mass differences y and z, Equation (76) to define the decay
amplitudes Ay and A; and Equation (78) to define ;.

51 D — Kw and D - KK decays

Processes that are relevant to the most sensitive measurements at present are the doubly-
Cabibbo-suppressed D°— K *n~ decay, the singly-Cabibbo-suppressed D°—K* K~ decay,
the Cabibbo-favored D°— K ~7* decay, and the three CP-conjugate decay processes. We
follow here the analysis presented in reference {62]. We write down approximate expres-
sions for the time-dependent decay rates that are valid for times ¢t < 1/T'. We take into
account the experimental information that z, y and tand, are small. In particular, the
smallness of tan §, implies that

Mgl €1 Ak-ne| < 1L (125)
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We expand each of the rates only to the order that is relevant to present measurements:
T[D°(t)—K*77) = e ™| Ag+n-|*lg/pl?
Ao RO, Jy + IO, D)l (P a?) (T
T[D°(t)—K 7] = e T |Ag-n+|?|p/q|?
x| PHRE (-0 )+ MOk - )]l 4 (P +22) (D11 26)

T[D°(t) K K] = e " Ag+-1* {1 + [Re(Ax+ k- )y — Im(Ag+ k- )Z]Tt},
T[D°(t) K K] = e " Ag+x-|° {1 +[Re(Aghk-)y — Im(/\;(LK_)x]Ft}, (127)
[[D°(t) K n*] = e | Ag-r+ %,

T[D(t)—»K* 1] = e Ak, |2 (128)

Within the Standard Model, the physics of D°—D9 mixing and of the tree level decays
is dominated by the first two generations and, consequently, CP violation can be safely
neglected. In almost all ‘reasonable’ extensions of the SM, the six decay modes of Equa-
tions (126), (127) and (128) are still dominated by the SM CP conserving contributions
[63, 64]. On the other hand, there could be new short distance, possibly CP violating,
contributions to the mixing amplitude M,5. Allowing for only such effects of new physics,
the picture of CP violation is simplified since there is no direct CP violation. The effects
of indirect CP violation can be parameterised in the following way [65]:

lg/pl = Rnm,
/\}l+ = \/—R 6+¢D
Ak-nt = \/—ane H0=90), (129
Ak+k- = —Rnq €0

Here R and R,, are real and positive dimensionless numbers. CP violation in mixing
is related to R,, # 1 while CP violation in the interference of decays with and without
mixing is related to sin ¢p # 0. The choice of phases and signs in (129) is consistent with
having ¢p = 0 in the SM and § = 0 in the SU(3) limit. We further define

/

x zcosd + ysind,

]

(130)

!

y

ycosd — xsind.

With our assumption that there is no direct CP violation in the processes that we
study, and using the parameterisations (129) and (67), we can rewrite Equations (126),
(127) and (128) as follows:

[P =K r] = e Ax-p+|?
Rz .
x [R—i—\/ﬁRm(y’ cos ¢pp—'sin qﬁD)I’t—i—Tm(yz—l—rZ)(I’t)Q} ,
T[D(t)»K 7t) = e " Ak-p+t|?

-2

x [R+\/§Rr_nl (y' cos ¢p+z'sin ¢D)Ft+RTm(y2+m2) (Ft)2}(131)
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F[Do(t)—)K+K-] = C_mlAK+K—|2 [1 — R,,n(ycos¢D —$Sin¢D)Ft],
PD(t)=K*K™] = e | Agri-|? [1 ~ R (ycos ¢p + zsin ¢D)Ft] , (132)
P[D(t)»K 7%] = TD(t) > Ktn ] =e " Ag-r+|% (133)

Of particular interest is the linear term in Equation (131) which is potentially CP
violating (66, 67]. It is useful to define a CP violating quantity ap_,x, which depends on
the six measurable coefficients in (131):

Re(Ak-#+)y + Im(Ag-rs)z Re(A\gh, - )y +Im(AgL, o)z

a =
Do kem 2 k-t V2 F 2 20 IV T y?
.'I,J
————sin ¢p. 134
/.'1,'2 + yf ¢D ( )

Observing ap_,xx # 0 would be the most convincing evidence for new physics in D—D
mixing.

The CLEO measurement [68] gives the coefficient of each of the three terms [1, I't and
(T't)?] in the doubly-Cabibbo suppressed decays (131). Such measurements allow a fit to
the parameters R, R, z'sin ¢, y'cos ¢, and 2% + y2. Fit A of reference [68] quotes the
following one sigma ranges:

R = (0.4840.13) x 102,
y'cosgp = (—2.5718) x 1072
2 = (0.0+1.5)x 1072 (135)
An = 023738
singp = 0.0+0.6.

It is assumed here that R,, is not very different from one and can be parameterised by a
small parameter A,,,
R =1+ A, (136)

We would like to make two further comments in this regard:

« The experimental results in Equation (135) do not show any signal of CP violation,
that is, both sin ¢p and A,, are consistent with zero. Consequently, there is no hint
of new physics in the present results.

« To test models of new physics, it would be useful to know the value of the strong
phase 6. Such an estimate is a difficult theoretical task [69, 70, 71] but experimental
data on related channels would be useful [72, 73)].

For the singly-Cabibbo suppressed modes of Equation (132), several experiments fit
the time dependent decay rates to pure exponentials. We define ' to be the parameter
that is extracted in this way. More explicitly, for a time dependent decay rate with
[[D(t) = f] < e7T4(1 — zT't + - --), where |z| < 1, we have I'(D — f) = T'(1 + z). The
above equations imply the following relations:

[(D° -5 K*K~) = T [1+ Rpy(ycos¢p — zsin¢p)),
[(D° 5 K*K~) = T [1+R;'(ycosép + zsindp)], (137)
r

(D > K-7*) = D@D > K*+n~)=T.
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Note that deviations of ['(D — K*K~) from I' do not require that y # 0. They can be
accounted for by z # 0 and sin¢p # 0, but then they have a different sign in the D°
and DP decays. Combining the two D — K+ K~ modes, one obtains the CP conserving
quantity ycp:

I'(D— KtK~) Am .
F_(DO—_)—]{——W'*') —-1= yCOS¢D - ~—2—xsm ¢, (138)

Ycp
where we made the approximations of zero production asymmetry and small 4,, [62].
The one sigma ranges measured by various experiments are given by

(34+£1.6)x 1072 FOCUS [74]
(0.8+£3.1)x10°2  E791 [75]

YeP =\ (Z1.1+2.9) x 10-2 CLEO [76] (139)
(0.5+1.3) x 1072 BELLE [77]
giving a world average of
yep = (1.3£0.9) x 1072 (140)

Finally, we note that direct CP violation has been searched for in the Cabibbo-favored
(78], singly-Cabibbo-suppressed [79, 80, 81] and doubly-Cabibbo-suppressed [68] decays
with all results consistent with zero.

We conclude that at present there is no evidence for mixing and certainly not for CP
violation in the neutral D system. These results are consistent with the SM and constrain
models of new physics. If evidence is found in the future, the D — K7 and D —» KK
decays will provide rich enough information that we will be able to point out the origin
of the signals in much detail.

6 B decays

6.1 CP violation in mixing

CP violation in mixing is related to a non-zero value for the following quantity [see (74)]:

q 1 (Fn)
1— |3 ~=Im[—=). 141
lp' 2 M, ( )

The effect can be isolated by measuring the asymmetry in semileptonic decays [see (87)]:
asp =~ 2(1 - |Q/p|) =~ Im(Flg/Mlg). (142)
This has been searched for in several experiments, with sensitivity at the level of 1072:

(14+42)x 102 CLEO [82]

] (04+57)x 102 OPAL [83]
9L =1 (~1.2+2.8) x 10-2  ALEPH [84]
(0.48 +1.85) x 102 BABAR [85]

(143)

giving a world average of
asy = (0.2 £ 1.4) x 1072 (144)
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As explained above, in the By system we expect, in a model independent way, that
|T'12/M2| < 1. Within any given model we can actually calculate the two quantities from
quark diagrams. Within the SM, M, is given by box diagrams. For both the By and B,
systems, the long distance contributions are expected to be negligible and the calculation
of these diagrams with a high loop momentum is a very good approximation. I'j, is
calculated from a cut of box diagrams [86]. Since the cut of a diagram always involves
on-shell particles and thus long distance physics, the calculation is, at best, a reasonable
approximation to I'j5. (For I'1o(Bs) it has been shown that local quark-hadron duality
holds exactly in the simultaneous limit of small velocity and large number of colors. We
thus expect an uncertainty of O(1/N¢) ~ 30% [87, 88]. For I'2(By) the small velocity
limit is not as good an approximation but an uncertainty of order 50% still seems a
reasonable estimate [89].)

Within the Standard Model, M, is dominated by top-mediated box diagrams (see
[63] for details and references):

2

M
2= 155

mBmWTIBBBfB(th th) So(x), (145)

where Sy(z;) is a kinematic factor, np is a QCD correction, and Bp f3 parameterises the
hadronic matrix element. For I';2, we have [91, 92, 93]

I = —G—%m miBg fa(V, Vis)?
2 = YL EN
5 m% BS 2‘ b‘p;
X|z————= Ky,—K 2K+ Ky)+8(K 1+ K Te Zob 'ed , (146
3(mb+md)2BB( 2— K1)+ 3( 1+ Ko)+8(K1+K2) M2V, T (146)

where K; = —0.39 and K> = 1.25 [93] are combinations of Wilson coefficients and By
parameterises the (S — P)? matrix element. New physics usually takes place at a high
energy scale and is relevant to the short distance part only. Therefore, the SM estimate in
Equation (146) remains valid model independently. Combining (145) and (146), we learn
that |T19/Ms| = O(m2/m?), which confirms our model independent order of magnitude
estimate, |T'12/Mi2| < 1072, For the imaginary part of this ratio, we have

n

ag, = Im— ~ -14x 103 —om

St mM12 (1—p)2+n?

The suppression by a factor of O(10) of ag;, compared to |T'j2/M2| comes from the fact
that the leading contribution to I';» has the same phase as M;,. Consequently we have
as. = O(m?/m?). The CKM factor does not give any further significant suppression,

(147)

*
Im ‘—‘;ﬂ%ﬂi = O(1). In contrast, for the B, system, where the same expression holds
th Ved

except that V,q/Viy is replaced by V,s/V;s, there is an additional CKM suppression from
VoV 2

im ({75 ) = 000

In the SM and in most of its reasonable extensions, both I'}; and b — ¢cs transitions
are dominated by SM tree level decays. Consequently, new physics affects ag;, and ayk,
only through its contributions to Mj,. This leads to interesting correlations between agy,
and ayk, that can be used to probe flavor parameters [94, 95]. Conversely, one can use
the measured value of ayx, to give model independent predictions for ag;. [96, 97].
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6.2 Penguin pollution

In purely hadronic B decays, CP violation in decay and in the interference of decays with
and without mixing is > @(1072). We can therefore safely neglect CP violation in mixing
in the following discussion and use

q Vtz(vtd

= wg.
PV VZ.?

(148)

(From here on we omit the convention-dependent quark phases w, defined in Equa-
tion (79). Our final expressions for physical quantities are of course unaffected by such
omission.)

A crucial aspect of our discussion is the number of relevant weak phases for a given
decay process:

« If there is a single weak phase that dominates the decay, CP violation in decay will
be small and difficult to observe. On the other hand, CP asymmetries in neutral
B decays into final CP eigenstates are subject to clean theoretical interpretation:
we will either have precise measurements of CKM parameters or be provided with
unambiguous evidence for new physics.

If there are two (or more) weak phases that contribute comparably, hadronic uncer-
tainties will appear in the theoretical interpretation of CP violation in the interfer-
ence of decays with and without mixing. On the other hand, if there are also large
strong phase differences, CP violation in decay can be observed in the corresponding
charged and neutral B decays.

In many cases of interest, different weak phases are carried by tree and penguin con-
tributions. The difficulties arising from hadronic uncertainties related to comparable tree
and penguin contributions have become known as “penguin pollution.”

To illustrate the problem, we will consider two relevant CP asymmetries. First, the CP
asymmetry in B — ¥ K is an example of a case where the penguin pollution is negligibly
small and a theoretically very clean interpretation of the experimental measurement is
possible. Second, the CP asymmetry in B — ## is an example of a case where penguin
pollution cannot be a-priori ignored. We also list various ways in which the problem might
be overcome.

6.3 B — yvKg

The first evidence for CP violation outside K decays has been provided by the recent
BaBar and Belle measurements of the CP asymmetry in B = ¥ K,

{ 0.59 £0.15 Babar [11]
Gyks =

0.99 +0.15 Belle [12] (149)

These results in combination with previous ones [8, 9, 10] give the world average quoted
in Equation (3). The process B — 9K is one where the penguin contribution is harmless
and the CP asymmetry is subject to an impressively clean theoretical interpretation.
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The decay is mediated by the quark transition b — éc3. It gets contributions from a
tree level diagram and from penguin diagrams with intermediate u, ¢ and ¢ quarks. Using
the unitarity relation (54), we can write the various contributions in terms of two CKM
combinations:

A(b — @c8) = (Tees + P§ = PV Ve, + (P = PV Ve (150)

The second term is suppressed by two factors. First, there is the ratio between penguin
and tree contributions,

vk _ Pk P — pt ~ [ as | r_nj] (YK s|by* T sy, T| B%)
Py

T = = — )
PT Tox  Tees + PS — 127 m2| (mrm |bryteréry,sy|BO)

(151)

The term in the square brackets is (0.03) but the ratio of matrix elements may
partially compensate for this suppression. Secondly, there is the ratio of CKM elements,
(VEV,)/(VEV.)| ~ A2, We conclude that the second term is suppressed by a factor of
ryT(/\2 < 1072 and we can safely neglect Pyg,. Thus the B — ¢ K decay is dominated by
a single weak phase, that is, arg(V; V., ).

Neglecting Py, means that, to a very good approximation, we have [Ayx¢| = 1,
ayks = ImAyks, (152)
and that the experimental value of ayk, [Equation (3)] can be cleanly interpreted in terms
of a CP violating phase.

A new ingredient in the analysis is the effect of K — K mixing. For decays with a single
Ks in the final state, K—K mixing is essential because B° — K° and B° — K°, and
interference is possible only due to K — K mixing. This adds a factor of

p _ chs chz *
(£), ~ vt (159
into (A/A): )
A¢KS chb V;: chs ch:.; *
= — . 1
Aues M Vv, ) Vi, ) 2 (154
The CP-eigenvalue of the state 1s nyx, = —1. Combining Equations (148) and (154), we
find
Vi, V, VX (Vv
/\ B K - _ th "td cb ¥cs cd”cs , =
@ or = (i) () (v 129)
which leads to
aykg = sin2p. (156)

What we have learned above is that Equation (156) is clean of hadronic uncertainties to
O(r¥X¥)?) < 1072, This means that the measurement of ayx, can give the theoretically
cleanest determination of a CKM parameter, even cleaner than the determination of
|Vis| from K — wfv. [If BR(K[ — 7vD) is measured, it will give a comparably clean
determination of 7.]
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Taking into account all the constraints on the CKM parameters except for the ayg,
measurements, the SM prediction is [47]

sin 23 = 0.68 £ 0.18, (157)

consistent, with the experimental result (3). This consistency has important implications.
In particular,

« the Kobayashi-Maskawa mechanism has successfully passed its first precision test;

« models of approximate CP which, by definition, predict |ayk,| < 1, are excluded.

64 B — 7w
The CP asymmetry in the B — n#7#~ mode has the form

1 - )\7r7r 2 21 )‘7r7r
Arr| cos Amt + o

amr(t) = "1 + |/\”|2 1+ |/\”|2

sin Amt. (158)

Recently, the BaBar collaboration presented the first constraints on this asymmetry [99]:

2ImA
T — 0.0 +0.54
T+ Do S-oam
1 — Are|?

The results are not yet precise enough to give useful constraints. But we discuss this
mode to show how penguin pollution arises and how it complicates the analysis.

The decay is mediated by the quark transition b — @ud. It gets contributions from a
tree level diagram and from penguin diagrams with intermediate u, ¢ and ¢ quarks. Using
the unitarity relation (55), we can write the various contributions in terms of two CKM
combinations:

A(b = wud) = (Tuga + P§ — P)VihVia + (Fi = POV Vg (160)
vy
Vv
L;jl(z";;d
ViiV,y| are of O()®), the second term is suppressed only by the

The ratioc between magnitudes of the second and first terms is given by 77

Since both |V,, V.5 and
factor r5., where

P, P — P

=—2t > 161
TP = T T T+ Py — P (161)
One may make a rough estimate of | Py /Ty,| from the decay B — K, which can be
parameterised as follows:

AB® = K*n™) = Tn Vi Vi + PraViy Vi (162)

In this case |Px./Tk«| = O(rEX/X?). If QCD enhances the penguin contribution to
B — 7w by a significant amount, that is 7pr > A2, then B — K7 would be dominated by
the penguin process. Let us provisionally make the following assumptions: (i) flavor SU(3)



182 Yosef Nir

symmetry in the QCD matrix elements; (ii) electroweak penguins and “color suppressed”
processes are negligible; (iii) penguins dominate B — K, so Tk, may be ignored in
BR(B® - K*n™); (iv) penguins make a small enough contribution to B — nx that P,
may be ignored in BR(B® — 777 ~). Then

P7f7f
T7f7f

_ | Prn
- PK7r

PK7r
T7r7r

VisVua
Vts th

W12
(BR(B°—>K T )) . (163)

BR(B® — ntn7)

Recent measurements [100, 101, 102] give world averages BR(B® — n¥7n7) = (44 +
0.9) x 10°% and BR(B® —» K*n~) = (17.3 £ 1.5) x 107%. We thus find BR(B® —
K*77)/BR(B® - 777~) ~ 3.9 and obtain the rough estimate

[rE| ~ 0.2 —0.3. (164)

It is clear that penguin effects are unlikely to be negligible in B — nr.
Combining Equations (148) and (160), we find

VJWm) (%mﬁ) [1 + (Vi Vid)/ (Vi Vi)

Fig:d e 7 * (165)
Vi Via ) \VitVaa) |1+ 78 (Vi Via)/(VidVaa)

AMB - w) = (

If the last factor could be approximated by unity, that is 55 = 0, we would obtain
|[Azn! =1 and
Ons = Sin 2. (166)

This approximation is however unjustified. To get an idea of the effects of P, # 0, we
give the leading corrections due to a small |rpp|:

|Aral = 1—2(R/Ry)Im(r§})sina,
Imh, _ . - _ (167)
|TZTL = sin2a+ 2(R;/R,)Re(r}T) cos2asina.

(For a more detailed discussion, see [98].) Note that if strong phases can be neglected,
rpr is real and |A;;| = 1 would be a good approximation. But it is not clear whether the
strong phases are indeed small. In any case, one needs to know r5} to extract a from
ar-(t). This is the problem of penguin pollution.

A variety of solutions to this problem have been proposed, falling roughly into two
classes. The first type of approach is to convert the estimate given above into an actual
measurement of |Pg,|. (The list of papers on this subject is long. Early works include
[103, 104, 105]. For a much more comprehensive list of references, see {98].) Once |Py,|
is known, flavor SU(3) is used to relate | Py,| to | Prz|. One must then include a number
of additional effects:

« Electroweak penguins. The effects are calculable [106].

« Color suppressed and re-scattering processes. These must be bounded or estimated
using data and some further assumptions.

« SU(3) corrections. Some, such as fx/f., can be included, but SU(3) corrections
generally remain a source of irreducible uncertainty.
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The second type of approach is to exploit the fact that the penguin contribution to Py,
is pure Al = 1/2, while the tree contribution to T, contains a piece which is Af = 3/2.
(This is not true of the electroweak penguins [107], but these are expected to be small.)
Isospin symmetry allows one to form a relation among the amplitudes B® — x+z-,
B® 5 7% and B* — xtx°,

2
V2

There is also a relation for the charge conjugate processes. A simple geometric construe-
tion then allows one to disentangle the unpolluted A7 = % amplitudes, from which sin 2a
may be extracted cleanly [108].

A(B'=at77) + A(B'—=7'7") = A(Bt—=7xt2"). (168)

The key experimental difficulty is that one must measure aceurately the flavor-tagged
rate for B® — 7%#%. Since the final state consists of only four photons, and the branching
fraction is expected to be of @(107%), this is very hard. It has been noted that an upper
bound on this rate, if sufficiently strong, would also allow one to bound P, usefully
[109, 98, 110].

An alternative is to perform an isospin analysis of the process B® — pr — ntx 7"
[111, 112, 113, 114]. Here one must study the time-dependent asymmetry over the entire
Dalitz plot, probing variously the intermediate states p*z¥ and p"z°. The advantage
here is that the final states with two 7#%’s need not be considered. On the other hand,
thousands of cleanly reconstructed events would be needed.

Finally, one can attempt to calculate the penguin matrix elements. Model-dependent.
analyses are not really adequate for this purpose, since the goal is the extraction of
fundamental parameters. Precise calculations of such matrix elements from lattice QCD
are far in the future, given the large energies of the #’s and the need for an unquenched
treatment. Recently, a new QCD-based analysis of the B — 7= matrix elements has been
proposed [115, 116, 117, 118]. For details, see [119].

7 CP violation in supersymmetry

7.1 CP violation as a probe of new physics

We have argued that the Standard Model picture of CP violation is rather unique and
highly predictive. We have also stated that reasonable extensions of the Standard Moclel
have a very different picture of CP violation. Experimental results are now starting to
decide between the various possibilities. Our discussion of CP violation in the presence
of new physics aims to demonstrate that, indeed, models of new physics can significantly
modify the Standard Model predictions and that measurements in the near future will
therefore have a strong impact on the theoretical understanding of CP violation.

To understand how the Standard Model predictions could be modified by new physics,
we focus on CP violation in the interference between decays with and without mixing.
As explained above, this type of CP violation may give, due to its theoretical cleanliness,
unambiguous evidence for new physics most easily. We now list some of the questions can
be answered when many such ohservables are measured,
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« Is there new physics in B — B mizing?

Consider ayk,, the CP asymmetry in B—t¢ K. This measurement will cleanly
determine the relative phase between the B — B mixing amplitude and the b —
cés decay amplitude (sin28 in the SM). The b — c¢és decay has Standard Model
tree contributions and therefore is very unlikely to be significantly affected by new
physics. On the other hand, the mixing amplitude can be easily modified by new
physics. We parameterise such a modification by a phase 6,

264 = arg(M2/Mp,") (169)
so that the the SM prediction for ayx, becomes
AyKs = sm[Z(ﬁ + 94)] (170)

4 # 0 would be clear evidence of new physics (see e.g. [120]).

It is interesting to note that already now the measured value of ayx, (3), which is
consistent with the SM range, excludes many models that require a modification of
CP violation in B — B mixing due to new physics. Among these are various models
of soft CP violation [121, 122] aimed at solving the strong CP problem, models of
geometric CP violation due to extra dimensions [123], models of spontaneous CP
violation in the left-right symmetric framework [124, 125], and several models that
aim to solve the supersymmetric CP problems [126, 127, 128].

Is the new physics related to AB = 1 or AB = 2 processes, or both?

Consider a4k, the CP asymmetry in B — ¢Ks. This measurement will cleanly
determine the relative phase between the B — B mixing amplitude and the b — 533
decay amplitude (sin 243 in the SM). The b — s5s decay has only Standard Model
penguin contributions and therefore is sensitive to new physics. We parameterise
the modification of the decay amplitude by a phase 84 [129]:

4 = arg(Asks/ AGK,)- (171)

Then
AopKs = sm[Z(ﬁ + Hd + HA)] (172)

Comparing asx t0 ayk,, that is, examining whether 8,4 # 0, will tell us if the new
physics is related to AB = 1 or AB = 2 processes.

Is the new physics related to the third generation, or all generations?

Consider a5, the CP violating ratio of K — wvo decays, defined in (120). This
measurement will cleanly determine the relative phase between the K — K mixing
amplitude and the s — dvv decay amplitude (of order sin? 3 in the SM). The
experimentally measured small value of eg requires that the phase of the K —
K mixing amplitude is not modified from the Standard Model prediction. (More
precisely, it requires that the phase of the mixing amplitude is very close to twice
the phase of the s — diau decay amplitude [130].) On the other hand, the decay,
which in the SM is a loop process with small mixing angles, can be easily modified
by new physics. Examining whether the SM correlation between ar,» and ayk, is
fulfilled will give us information on the generations involved.



CP Violation 185

o Is the new physics related to the down sector or the up sector or both?

Consider ap_,kx, the CP violating quantity in D — K*n¥ decays defined in (134).
It depends on ¢p, the relative phase between the D—D mixing amplitude and the
¢ = dsu and ¢ — sdu decay amplitudes. Within the Standard Model, the two
decay channels are tree level. It is unlikely that they are affected by new physics.
On the other hand, the mixing amplitude can be easily modified by new physics.
Examining whether ap_,xr = 0, that is, whether ¢p (and/or 6;)# 0, will provide
information on the sectors involved.

o Are the new sources of CP wviolation flavor changing, flavor diagonal or both?

Consider dy, the electric dipole moment of the neutron. We did not discuss this
quantity so far because, unlike CP violation in meson decays, flavor changing cou-
plings are not necessary for dy. In other words, the CP violation that induces dy
is flavor diagonal. It does in general get contributions from flavor changing physics,
but it could be induced by sectors that are flavor blind. Within the SM (and ignor-
ing fqcp), the contribution from dxy; arises at the three loop level and is at least
six orders of magnitude below the experimental bound (7). If the bound is further
improved (or a signal observed), we may elucidate the flavor dependence.

It is no wonder then that with such rich information, flavor and CP violation provide
an excellent probe of new physics. We will now demonstrate this situation more concretely
by discussing CP violation in supersymmetry.

7.2 The supersymmetric framework

Supersymmetry solves the fine-tuning problem of the Standard Model and has many other
virtues. But at the same time, it leads to new problems: baryon number violation, lepton
number violation, large flavor changing neutral current processes and large CP violation.
The first two problems can be solved by imposing R-parity on supersymmetric models.
There is no such simple, symmetry-related solution to the problems of flavor and CP vio-
lation. Instead, suppression of the relevant couplings can be achieved by demanding very
constrained structures of the soft supersymmetry breaking terms. There are two impor-
tant questions here. First, can theories of dynamical supersymmetry breaking naturally
induce such structures? (For an excellent review of dynamical supersymmetry breaking,
see [131].) Second, can measurements of flavor changing and/or CP violating processes
shed light on the structure of the soft supersymmetry breaking terms? Since the answer
to both questions is in the affirmative, we conclude that flavor changing neutral current
processes and, in particular, CP violating observables will provide clues to the crucial
question of how supersymmetry breaks.

7.2.1 CP violating parameters

A generic supersymmetric extension of the Standard Model contains a host of new fla-
vor and CP violating parameters. (For a review of CP violation in supersymmetry see
[132, 133].) It is an amusing exercise to count the number of parameters [134]. The su-
persymmetric part of the Lagrangian depends, in addition to the three gauge couplings
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of Gsm, on the parameters of the superpotential W:

W =3 (YeH.QuUL; + YiHQuDy; + ViHLEy) + pH,Hy. (173)
1.
In addition, we have to add soft supersymmetry breaking terms:
Lot = — (A?J-HuQLiﬁLj + A(iindQLi_ﬁLj + A%H,ﬂiuﬁu +BH,H; + h.C.)
-1 &l
— Z (mg)“AlAJ t é‘ Z (m(a)(/\/\)(a) + hC) - (174)
all scalars (a)=1

where S = Qp, D, U, Ly, Er. The three Yukawa matrices ¥/ depend on 27 real and
27 imaginary parameters. Similarly, the three A/-matrices depend on 27 real and 27
imaginary parameters. The five m% hermitian 3 x 3 mass-squared matrices for sfermions
have 30 real parameters and 15 phases. The gauge and Higgs sectors depend on

0QCD7 m(l)v m(?)v Th(g), g1, 92, 93, K, Bv miua m%,dv (175)

that is 11 real and 5 imaginary parameters. Summing over all sectors, we get 95 real and
74 imaginary parameters. The various couplings (other than the gauge couplings) can be
thought of as spurions that break a global symmetry,

U3)° x U(l)pq x U(1)g — U(l)g x U(1)y. (176)
The U(1)pq x U(1)r charge assignments are:
H, H, QU QD LE
Ulpg 1 1 -1 -1 -1. (177)
ULeg 1 1 1 1 1
Consequently, we can remove 15 real and 30 imaginary parameters, which leaves

194 — {80 .real Physical pa_rameters. (178)

44 imaginary physical parameters.
In particular, there are 43 new CP violating phases! In addition to the single Kobayashi-
Maskawa of the SM, we can put 3 phases in My, M, i (we used the U(1)pg and U(1)g to
remove the phases from pB* and Mj, respectively) and the other 40 phases appear in the
mixing matrices of the fermion-sfermion-gaugino couplings. (Of the 80 real parameters,
there are 11 absolute values of the parameters in (175), 9 fermion masses, 21 sfermion
masses, 3 CKM angles and 36 SCKM angles.) Supersymmetry provides a nice example
to our statement that reasonable extensions of the Standard Model may have more than
one source of CP violation.

The requirement of consistency with experimental data provides strong constraints on
many of these parameters. For this reason, the physics of flavor and CP violation has
had a profound impact on supersymmetric model building. A discussion of CP violation
in this context can hardly avoid addressing the flavor problem itself. Indeed, many of
the supersymmetric models that we analyze below were originally aimed at solving flavor
problems. For details on the supersymmetric flavor problem, see [135].

For CP violation, one can distinguish two classes of experimental constraints. First,
bounds on nuclear and atomic electric dipole moments determine what is usually called
the supersymmetric CP problem. Second, the physics of neutral mesons and, most impor-
tantly, the small experimental value of ex pose the supersymmetric € problem. In the
next two subsections we describe the two problems.
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7.2.2 The supersymmetric CP problem

One aspect of supersymmetric CP violation involves effects that are flavor preserving.
Then, for simplicity, we describe this aspect in a supersymmetric model without additional
flavor mixings, i.e. the minimal supersymmetric standard model {MS3M) with universal
sfermion masses and with the trilinear SUSY-breaking scalar couplings proportional to
the corresponding Yukawa couplings. {The generalisation to the case of non-universal soft
terms is straightforward.) In such a constrained framework, there are four new phases
beyond the two phases of the SM (dgm and Bgcp). One arises in the bilinear g-term of
the superpotential (173), while the other three arise in the soft supersymmetry breaking
parameters of (174): # (the gaugino mass), A (the trilinear scalar coupling) and B (the
bilinear scalar coupling). Only two combinations of the four phases are physical [136, 137):

$a=arg(A*m), g = arg(muB*). (179)

In the more general case of non-universal soft terms there is one independent phase ¢,
for each quark and lepton flavor. Moreover, complex off-diagonal entries in the sfermion
mass-squared matrices represent additional sources of CP violation.

The most significant eftect of ¢4 and ¢ is their contribution to electrie dipole moments
(EDMSs). For example, the contribution from cne-loop gluino diagrams to the down ¢quark
EDM is given by [138, 139):

dy = ey Alsi .
d—ﬂtdmﬂ | sin ¢4 + tan B|g|sin¢g) , (180)
where we have taken m§ ~ m}, ~ m} ~ @i?, for left- and right-handed squark and gluino
masses. We define, as usual, tan 3 = {H,)/{H,). Similar one-loop diagrams give rise to
chromoelectric dipole moments. The electric and chromoeleciric dipole moments of the
light quarks (u, d, s) are the main source of dy {the EDM of the neutron), giving [140]

2
dy ~ 2 (M‘i) sin g x 1072 ecm, (181)
m
where, as above, /i represents the overall SUSY scale. In a generic supersymmetric
framework, we expect it = Omyz) and singap = O(1). Then the constraint (7) is
generically violated by about two orders of magnitude. This is the Supersymmetric CP
Problem.

Equation (181) shows two possible ways to solve the supersymmetric CP problem;

+ Heavy squarks: # 2 1 TeV.

+ Approximate CP: singsp < 1.

Recently, a third way has been investigated, that is cancellations between various contri-
butions to the electric dipole moments. However, there seems to be no symmetry that can
guarantee such a cancellation. This is in contrast to the other two mechanisms mentioned
above that were shown to arise naturally in specific models. We therefore do not discuss
any further this third mechanisim.
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The electric dipole moment of the electron is also a sensitive probe of flavor diagonal
CP phases. The present experimental bound,

|de| < 4 x 107%" ecm[141], (182)

is also violated by about two orders of magnitude for ‘natural’ values of supersymmetric
parameters. A new experiment [142] has been proposed to search for the electric dipole
moment of the muon at a level smaller by five orders of magnitude than present bounds;
such improvement will make d,, another sensitive probe of supersymmetry [143].

7.2.3 The supersymmetric ex problem

The supersymmetric contribution to the £ x parameter is dominated by diagrams involving
@ and d squarks in the same loop. For i = my ~ mg ~ mp (our results depend only
weakly on this assumption) and focusing on the contribution from the first two squark
families, one gets (see, for example, [144]):

50‘% fremk ( 7% )2 3 . .
- = | Im |(812)12(6 : 183
oK 1622 m2Amy | \ms + my +25 m[( 1)Ll 12)RR] (183)
Here
m2 — m
(61112)LL = (M) ‘Kg’,
m'-
Q
mk —m%
(612)rr = (—27”2—‘) |kt (184)
D

where K (K{F) are the mixing angles in the gluino couplings to left-handed (right-
handed) down quarks and their scalar partners. Note that CP would be violated even if
there were two families only [145]. Using the experimental value of £x, we get

sUSY Va2 [mi — mk my —m?
(Aﬂﬁ_)m ~ 107 (300 Ge ) B ( ) D') |Kiy Kiy'| sin 6,
(Amgex) m ma My

(185)
where ¢ is the CP violating phase. In a generic supersymmetric framework, we expect
m = O(mgz), dmd p/mg p = O(1), Kg’D = (1) and sin¢ = O(1). Then the constraint
(185) is generically violated by about seven orders of magnitude.

The Amg constraint on Re |(6%,).1.(6% ) rr| is about two orders of magnitude weaker.
12 12

One can distinguish then three interesting regions for (6%,) = /(0%)1L(0%2)rR :
0.003 < (0%) excluded,
0.0002 < (6%,) < 0.003 viable with small phases, (186)

(6L) < 0.0002 viable with O(1) phases.

The first bound comes from the Amg constraint (assuming that the relevant phase is not
particularly close to 7/2). The bounds here apply to squark masses of order 500 GeV and
scale like . There is also dependence on mg/m, which is here taken to be one.

Equation (185) shows other possible ways of solving the supersymmetric £x problem:
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o Heavy squarks: m > 300 GeV;
« Universality: émj , < mj p;
« Alignment: |K&| < 1;

o Approximate CP: sin ¢ < 1.

7.2.4 A supersymmetric &'/e?

In this section we discuss the question of whether supersymmetric contributions to &'/e
can be dominant. A typical supersymmetric contribution to €'/¢ is given by [146]

6’

as(mg) 1% /158 MeVY (500 GeV
] )( - (187

Im | (6% 2)12 — (6% R)5
e ) i (6t ~ 013
where Bg parameterises the matrix element of the relevant four-quark operator. Conse-
quently, the supersymmetric contribution saturates ¢'/e for

tm () = 65] ~ V (50y ) (189)

where, motivated by flavor symmetries (see below), we parameterise the suppression by
powers of A ~ 0.2. Without proportionality, a naive guess would give

= 58B¢ [

ms+my my

y
@ ~ Dol yeem

~ ~ 3

m
(Sd ~ mgy ~ 5-6 my .
(0Lr)21 [Vis |2 AR (189)

This is not far from the value required to account for £'/e [147]. Thus, it is certainly
possible that supersymmetry accounts for, at least, a large part of £’ /e (see, for example,
the models of references [148]-[154]). Yet, it has been argued that such a situation is
not generic [155]. The problem is that Equation (189) gives an overestimate of the
supersymmetric contribution in most viable models of supersymmetry breaking that have
appeared in the literature. We will encounter concrete examples of this statement when
we survey the various supersymmetric flavor models.

7.3 Supersymmetry breaking and flavor models

Before turning to a detailed discussion, we define two scales that play an important role
in supersymmetry: Ag, where the soft supersymmetry breaking terms are generated, and
Ap, where flavor dynamics takes place. When Ap > Ag, it is possible that there are
no genuinely new sources of flavor and CP violation. This leads to models with exact
universality. When Ar < Ag, we do not expect, in general, that flavor and CP violation
are limited to the Yukawa matrices. One way to suppress CP violation would be to assume
that, similarly to the Standard Model, CP violating phases are large, but their effects are
screened, possibly by the same physics that explains the various flavor puzzles, such as
models with Abelian or non-Abelian horizontal symmetries. It is also possible that CP
violating effects are suppressed because squarks are heavy. Another option, which is now
excluded, was to assume that CP is an approximate symmetry of the full theory (namely,
CP violating phases are all small).
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7.3.1 Gauge mediated supersymmetry breaking

If at some high energy scale squarks are exactly degenerate and the A terms proportional
to the Yukawa couplings, then the contribution to ¢ comes from Renormalisation Group
Evolution {RGE) and is GIM suppressed, that is

log(As/mw)]”
r - 5 W
Ex X Im [“’!,d 1’1: )2] }': [T] . (190}
This contribution is negligibly small [136]. The contribution from genuinely supersym-
metric phases {i.e. the phases in 4, and g) is also negligible [156, 157]. (This deoes net
necessarily mean that there is no supersymmetric effect on €. In some small corner of
parameter space the supersymmetric contribution from stop-chargino diagrams can give

up to 20% of £ [158, 159].)

In Gauge Mediated Supersymmetry Breaking (GMSB) [160, 161], superpartner inasses
are generated by the SM gauge interactions. These masses are then exactly universal at
the scale Ag at which they are generated {up to tiny high order effects associated with
Yukawa couplings). Furthermore, A terms are suppressed by loop factors. The only
contribution to €y is then from the running, and since Ag is low it is highly suppressed.

These models can also readily satisfy the EDM constraints. In most models, the A
terms and gauginoe masses arise from the same supersymmetry breaking auxiliary field,
that is, they are generated by the samne SUSY and U(1) 5 breaking source. Thev thercfore
carry the same phase {up to corrections from the Standard Model Yukawa couplings), and
&4 vanishes to a very good approximation:

log(i\s/mw)r (191}

$a o YAV Jokm [ =
The resulting EDM is dy < 1073 eem. This maximum can be reached only for very large
tan 3 ~ 60 while, for small tan 3 ~ 1, dy is about 5 orders of magnitude smaller. This
range of values for dy is rauch below the present {~ 10™2® eern) and foreseen (~ 10~2e cm)
experimental sensitivities (see e.g. [162]).

The value of ¢g in general depends on the mechanism for generating the u term.
However, running effects can generate an adequate B term at low scales in these models
even if B(Ag) = 0. One then finds [163]

B
" = AdAg) + My{AS) (-0.12 + 017\, (192)

where M, is the SU{2) gaugino mass. Since ¢4 = 0, the resulting ¢p vanishes, again up
to corrections involving the Standard Model Yukawa couplings [164).

There is therefore no CP problem in simple models of gauge mediation, even with
phases of order one. The supersymmetric contribution to D— D mixing is similarly small
and we expect no observable effects. For the By system, GMSB models predict then a
large CP asymmetry in B = ¢ K5, with small deviations (at most 20%) from the SM.

More generally, in any supersymmetric model where there are no new flavor violating
sources beyond the Yukawa couplings, CP violation in meson decays is hardly modified
from the SM predictions [165].
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7.3.2 Gravity, anomaly and gaugino mediation

If different moduli of string theory obtain supersymmetry breaking F terms, thev would
typically induce flavor-dependent soft terms through their tree-level couplings to Standard
Model fields. There are however various scenarios in which the leading contribution to
the soft terms is flavor independent. The three most intensively studied frameworks are
dilaton dominance, anomaly mediation and gaugino mediation.

Dilaton dominance assumes that the dilaton F' term is the dominant one. Then,
at tree level, the resulting soft masses are universal and the A terms proportional to
the Yukawa couplings. Both universality and proportionality are, however, violated by
string loop effects. These induce corrections to squark masses of order %mgﬂ, where
ax = [27(S + S*))7! is the string coupling. There is no reason why these corrections
would be flavor blind. However, RGE effects enhance the universal part of the squark
masses by roughly a factor of five, leaving the off-diagonal entries essentially unchanged.
The flavor suppression factor is then {166]

4 m%Qonefloop ay 1 A

20N

Dilaton dominance relies on the assumption that loop corrections are small. This probably
presents the most serious theoretical difficulty for this idea, because it is hard to see how
non-perturbative effects, which are probably required to stabilise the dilaton, could do
so in a region of weak coupling. In the strong coupling regime, these corrections could
be much larger. However, this idea at least gives some plausible theoretical explanation
for how universal masses might emerge in hidden sector models. Given that dilaton
stabilisation might require that non-perturbative effects are important, the estimate of
flavor suppression (193) might well turn out to be an underestimate.

We now turn to the flavor diagonal phases that enter in various EDMs. The phase ¢4
vanishes at tree-level, so that [166, 167] ¢4 = O (ax /7). [The smaliness of ¢4 implies that
there is a suppression of O(ax/m) ~ 1072 compared to (189) and the supersymmetric
contribution to £'/e is small.] However, ¢ is unsuppressed, even when p, and through
it B, are generated by Kahler potential effects through supersymmetry breaking, in which
case B = Qm;ﬂu [168]). While the size of mg/, is determined from the requirement that
the cosmological constant vanishes, its phase remains arbitrary, and in fact depends on
the phase of the constant term that is added to the superpotential in order to cancel the
cosmological constant.

We conclude that the supersymmetric ex problem is solved in these models but the
EDM problem, in general, is not. For EDM contributions to be small in these models,
the gravitino mass had better give a small physical phase.

Anomaly mediation (AMSB) provides another approach to solving the flavor prob-
lems of supersymmetric theories, as well as to obtaining a predictive spectrum. In the
presence of some truly ‘hidden’ supersymmetry breaking sector, with no couplings to the
SM fields (apart from indirect couplings through the supergravity multiplet) the confor-
mal anomaly of the Standard Model gives rise to soft supersymmetry breaking terms for
the Standard Model fields [169, 170]. These terms are generated purely by gravitational
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effects and are given by

16_7(11_) 2 (m)

mg(u) = ! In 2 M3/2s m1/2(ﬂ) = 5_(”—)?"3/2, Alp) = —17(11)7"3/2 ) (194)

2

where 8 and 7 are the appropriate beta function and anomalous dimension. Thus, apart
from the Standard Model gauge and Yukawa couplings, the soft terms only involve the
parameter mg/s.

In general, naturalness considerations suggest that couplings of hidden and visible
sectors should appear in the Kahler potential, leading to soft masses for scalars already at
tree level, and certainly by one loop. As a result, one would expect the contributions (194)
to be irrelevant. However, in “sequestered sector models” [169], in which the visible
sector fields and supersymmetry breaking fields live on different branes separated by some
distance, the anomaly mediated contribution (194) could be the dominant effect. This
leads to a predictive picture for scalar masses. Since the soft terms (194) are generated
by the Standard Model gauge and Yukawa couplings, they are universal, up to corrections
involving the third generation Yukawa couplings. However, the resulting slepton masses-
squared are negative, so this model requires some modification. We will not attempt
a complete review of this subject here. Our principal concerns are the sources of CP
violation, and the extent to which the AMSB formulae receive corrections, leading to
non-degeneracy of the squark masses.

For Equation (194) to correctly give the leading order soft terms, it is necessary that all
moduli obtain large masses before supersymmetry breaking, and that there be no Planck
scale VEVs in the supersymmetry breaking sector [171]. A possible scenario for this to
happen is if all moduli but the fifth dimensional radius, R, sit at an enhanced symmetry
point, and that R obtains a large mass compared to the supersymmetry-breaking scale
(say, by a racetrack mechanism). Even in this case, however, there is a difficulty. One
might expect that some of the moduli have masses well below the fundamental scale.
If there are light moduli in the bulk, there are typically one-loop contributions to scalar
masses-squared from exchanges of bulk fields, proportional to m? /2 /R? times a loop factor
[169]. If these contributions are non-universal, they may easily violate the Amy and e
constraints [133].

If there are no light moduli, and if the contributions described above are adequately
suppressed, some modification of the visible sector is required in order to generate ac-
ceptable slepton masses. Different such solutions have been suggested. In some of these
models, there are no new contributions to CP violation simply because there are few
enough new parameters in the theory that they can all be chosen real by field redefini-
tions {172, 173, 174]. Furthermore, it is possible to generate the y term in these models
from AMSB, so that ¢ vanishes. These models are then similar to GMSB models from
the point of view of CP violation.

We conclude then, that in generic sequestered sector models it is difficult to obtain
strong degeneracy and a special phase structure is required. It is conceivable that there
might be theories with a high degree of degeneracy, or with no new sources of CP violation.
In such theories, the SM predictions for CP violation are approximately maintained.

Gaugino mediation [175, 176] is in many ways similar to anomaly mediation, and
poses similar issues. These models also suppress dangerous tree level contact terms by
invoking extra dimensions, with the Standard Model matter fields localised on one brane
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and the supersymmetry breaking sector on another brane. In this case, however, the
Standard Model gauge fields are in the bulk, so gauginos get masses at tree level, and as
a result scalar masses are generated by running. Scalar masses are therefore universal.
Furthermore, the soft terms typically involve only one new parameter, namely, the singlet
F VEV that gives rise to gaugino masses. Therefore, they do not induce any new CP
violation.

Again, however, if there are non-universal tree and one loop contributions to scalar
masses, significant violations of degeneracy and proportionality can be expected, and a
special structure of CP violating phases is required.

7.3.3 Supersymmetric flavor models

Various frameworks have been suggested in which flavor symmetries, designed to explain
the hierarchy of the Yukawa couplings, impose at the same time a special flavor structure
on the soft supersymmetry breaking terms that helps to alleviate the flavor and CP
problems.

In the framework of alignment, one does not assume any squark degeneracy. In-
stead, flavor violation is suppressed because the squark mass matrices are approximately
diagonal in the quark mass basis. This is the case in models of Abelian flavor symme-
tries, in which the off-diagonal entries in both the quark mass matrices and in the squark
mass matrices are suppressed by some power of a small parameter, A, that quantifies the
breaking of some Abelian flavor symmetry. A natural choice for the value of A is sin ¢,
so we will take A ~ 0.2. One would naively expect the first two generation squark mixing
to be of the order of A. However, the Amg constraint is not satisfied with the ‘naive
alignment’, K¢, ~ A, and one has to construct more complicated models to achieve the
required suppression [177, 178]. One can solve the supersymmetric €5 problem by flavor
suppression, that is, models with {§%) ~ X* [179]. These models are highly constrained
and almost unique. It is simpler to construct models where (8%,) ~ A3 but the CP vi-
olating phases are also suppressed [128]. Such models predict that a,x, < 1 and are
therefore now excluded. (Models with (6%) ~ A® could still be viable with phases of order
one if the RGE contributions enhance squark degeneracy.)

For flavor diagonal phases, the question is more model dependent. There is however
a way to suppress these phases without assuming approximate CP [179]. The mecha-
nism requires that CP is spontaneously broken by the same fields that break the flavor
symmetry (“flavons”). It is based on the observation that a Yukawa coupling and the
corresponding A term carry the same horizontal charge and therefore their dependence
on the flavon fields is similar. In particular, if a single flavon dominates a certain coupling,
the CP phase is the same for the Yukawa coupling and for the corresponding A term and
the resulting ¢4 vanishes. Similarly, if the p term and the B term depend on one (and
the same) flavon, ¢ is suppressed.

For €'/e, the €k constraint requires that the relevant terms are suppressed by at least
a factor of A? compared to (189) [155] and the contribution is therefore small.

We conclude that one can construct models in which an Abelian horizontal symmetry
solves both the ex and the dy problems. These models are however not the generic ones
in this framework.
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Non-Abelian horizontal symmetries can induce approximate degeneracy between
the first two squark generations, thus relaxing the flavor and CP problems [180]. A review
of £ in this class of models can be found in {132]. Quite generically, the supersymmetric
contributions to £k are too large and require small phases (see, for example, the models
of reference [181]). There are however specific models where the £ problem is solved
without the need for small phases [182, 183]. Furthermore, universal contributions from
RGE running might further relax the problem.

For flavor diagonal phases, it is difficult (though not entirely impossible) to avoid
¢4 2 A ~ 0.04 [132]. This, however, might be just enough to satisfy the dy constraint.

With a horizontal U(2) symmetry, the two contributions to £'/¢ in (187) cancel each
other. (More generally, this happens for a symmetric A matrix with A;; = 0[184].)

We conclude that, similar to models of Abelian flavor symmetries, one can construct
models of non-Abelian symmetries in which the symmetry solves both the £x and the dy
problems. These models are however not the generic ones in this framework.

Finally, one can construct models of heavy first two generation squarks. Here,
the basic mechanism to suppress flavor changing processes is actually flavor diagonal so
that mg , ~ 20 TeV. Naturalness does not allow higher masses, but this mass scale is
not enough to satisfy even the Amyg constraint [185], and one has to invoke alignment,
K% ~ X. This is still not enough to satisfy the e constraint of Equation (185), and a
somewhat small phase is required.

Three more comments are in order: First, in this framework, gauginos are significantly
lighter than the first two generation squarks, and so RGE cannot induce degeneracy.
Second, the large mass of the squarks is enough to solve the EDM related problems,
and so it is only the g constraint that motivates a special phase structure. Finally,

the contribution to £'/¢ is negligibly small. Instead of (189), a more likely estimate

is [155] (62 ,)i ~ mZ(Md)iA, which suppresses the relevant matrix elements by a factor
LR)ij

(10 TeV)
of order 10%.

7.4 (S)Conclusions

We would like to emphasise the following points:

« For supersymmetry to be established, a direct observation of supersymmetric parti-
cles is necessary. Once it is discovered, then measurements of CP violating observ-
ables will be a very sensitive probe of its flavor structure and, consequently, of the
mechanism of dynamical supersymmetry breaking.

« It seems possible to distinguish between models of exact universality and models
with genuine supersymmetric flavor and CP violation. The former tend to give
dy <1073 ecm while the latter usually predict dy > 10728 ecm.

o The proximity of a,x, to the SM predictions is obviously consistent with models
of exact universality. It disfavors models of heavy squarks such as that of refer-
ence [185]. Models of flavor symmetries allow deviations of order 20% (or smaller)
from the SM predictions. To be convincingly signalled, an improvement in the
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theoretical calculations that lead to the SM predictions for ayk, will be required
(186].

o Alternatively, the fact that K — wvv decays are not affected by most supersym-

metric flavor models [187, 188, 189] is an advantage here. The Standard Model
correlation between a,,; and ayx is a much cleaner test than a comparison of ayx,
to the CKM constraints.

« The neutral D system provides a stringent test of alignment. Observation of CP

violation in the D — K7 decays will make a convincing case for new physics.
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1 Introduction

The brief for these lectures is to introduce some of the ideas and challenges for super-
symmetry coming from flavour and CP physics, aimed at an audience that includes ‘non-
experts’. It is usual for courses on this subject to jump in at the superpotential for the
Minimal Supersymmetric Standard Model, and leave the reader to sort out for him or
herself what the superpotential actually means. In this course I have instead decided to
begin at square one, assuming no prior knowledge other than field theory of scalars and
fermions. While it might seem a challenge to get from this point to the MSSM in a just
page or two of working, this is in fact possible (and only slightly painful) if we do not
spend too long worrying about things like ‘superspace’, which although quite fundamen-
tal, do not really have much bearing on the question of phenomenology. Thus the first
section will develop the idea of a superpotential by giving a quick and dirty demonstration
of how to ‘supersymmetrise’ a fundamental scalar. By following the (very explicit) steps
in this part, those readers who are unfamiliar with supersymmetry can get a grasp of the
various concepts involved. In particular we will see at first hand the famous cancellation
of divergences that makes supersymmetry such an important idea. This will lead natu-
rally to the MSSM superpotential and from there we can go on to analyse the particular
problems that flavour and CP throw up for supersymmetry.

The interests of a SUSSP audience are typically rather broad, so the course is organised
as follows. The reader who requires a brief overview of the subject will be able to follow
the main body of the text which is self contained. However, since some of the audience
may want to develop a deeper knowledge of the subject, I have made copious use of
appendices to include more detailed discussions of various aspects as we go along. From
these it should be possible for the reader to follow some of the more formal texts in [1].
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Why supersymmetry?

Although there are several responses to this question, the most important is undoubtedly
cancellation of divergences. This is a remarkable feature of supersymmetric models that
gives stability to any theory, specifically stability of mass scales. We shall shortly derive
it in detail, but in brief it goes as follows.

Consider a theory involving scalars with self coupling Ay, the Higgs particles, and also
fermions which couple to the Higgs particles in Yukawa couplings with strength A;.

Figure 1. Contributions to the Higgs potential.

At one loop order, the Higgs potential will get a divergent contribution from the
diagrams shown in Figure 1, which is of the form

Vitiggs ~ (Iol” — 1271 H?A2. (1)

The fermionic loop gets an extra minus sign. This type of contribution is a disaster
for electroweak symmetry breaking, since we will have to tune our A, and A couplings
very precisely (to at least one part in 10™ if we take A > Mgyt ~ 10%GeV) if the
physical Higgs mass and hence weak gauge bosons are to end up around the 100GeV
mark. Moreover, the A couplings will themselves have logarithmic radiative corrections
from one-loop diagrams, and in fact we need to re-tune at each order in perturbation
theory. Finally the low energy theory will be sensitive to unknown high energy physics -
for example an unknown GUT theory or string theory. The problem introduced by the
existence of vastly different mass scales is referred to as the gauge-hierarchy problem. If
you believe that the Higgs fields are the result of some non-perturbative process (a top
quark condensate perhaps) happening just above the weak scale, or that there are no new
scales above My, or more generally, that there are no fundamental scalars, then this will
not be a problem for you.

Supersymmetry solves these technical problems by ensuring that Ay = A, and in fact
all contributions to the effective potential then vanish. The only renormalisation of the
bare couplings which takes place comes from field renormalisations. The price we have
to pay for such a useful cancellation is high; we have to introduce a fermionic(bosonic)
degree of freedom for every boson(fermion) (known collectively as superpartners). The
general form of the couplings will be

2

Alpz) ~ A(p) log N_é (2)
B

Now couplings which start off small at the GUT scale remain small. (This holds to all
orders in perturbation theory.)
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This then is the main reason for taking supersymmetry seriously. Other reasons (in
descending order of compulsion) are that the gauge couplings of the supersymmetric
standard model (MSSM) appear to exactly unify at some (presumably GUT) scale, or
that the only known theory of quantum gravity (i.e. string theory) strongly suggests
it, or that the cosmological constant is zero. This last reason is probably invalid, since
supersymmetry must be broken at some scale, reintroducing a cosmological constant
{albeit one which is only out by 52 orders of magnitude instead of 120). One additional
interesting hint for extra scalars comes from the fact that for relatively low mass Higgs
particles (around 115GeV say) the Standard Model vacuum is unstable to decay, as shown
in [2] and references therein, because the top mass is large. This instability can be removed
if there are more scalars than just the Higgs fields.

2 Express supersymmetry

Our aim in this section is to derive (or at least explain the form of) supersymmetric inter-
actions from their non-supersymmetric counterparts (SM). We begin in this subsection by
supersymmetrising a simple Lagrangian describing a massless, free boson. We will then
discuss how to write down interactions using the superpotential and examine the top
quark Yukawa coupling in detail, in particular verifying the cancellation discussed above.
Readers already familiar with supersymmetry can skip to Section 3. Readers who would
like to see the more detailed conventional approach can consult the standard texts [1].

Let us begin by considering the Lagrangian for a free boson:
L=—(8,0")(0"9). (3)

Since we wish to describe both particles and anti-particles, ¢ is complex with two degrees
of freedom. Also ¢ has spin 0 and dimension 1. This Lagrangian resembles that of
the Higgs which is already present in the SM. Eventually, each chirality (left or right)
of matter fields will aquire a scalar superpartner of this type, together forming chiral
supermultiplets.

Now let us introduce our fermion superpartner which must also have two degrees
of freedom for a sensible transformation. Before continuing the reader should familiarise
themselves with the Weyl notation for fermions which has become standard for this subject
and is outlined in Appendix A. The supersymmetry transformation should by definition
turn the scalars into fermions so, noting that a two component spinor has the same
number of degrees of freedom as the scalar, let us introduce an infinitesimal (linear)
supersymmetry transformation d; on the complex boson above, involving such a spinor:

(55¢ = a{"Xa. (4)

The fermionic parameter £€* describes the magnitude of the transformation, and a is some
as yet undetermined constant. We will often drop the fermionic indices o when they are
contracted. The spin and dimension on both sides must match, so that £* must have spin
1/2 (it anticommutes with itself and X) and dimension 1/2. Next we wish to have an
equivalent transformation for the spinor itself. Matching spin and dimensions again, this
can be of the form,

6Xa = b0" 0+ cbaF. (5)
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where F' is some field of spin 0 and dimension 2 whose existence will be explained shortly.
Then for F' we can have;

8¢ F = dE,5"5%9, X, (6)

In order to determine the constants a, b, ¢, d we need to consider the commutation of two
transformations. For example,

[0¢, 0,)¢ = ab(no*X — Xo"7)0,0. (7)

This commutator involves only one field on each side, and is therefore related to the
underlying symmetry (supersymmetry). It describes a relation between the &, and J,
operators, and should not depend on which field (¢, X or F') we choose to express it. (The
equivalent statement in gauge theory, is that the Lie-algebra [T%, T®] = i f,.T° is formed
by successive gauge transformations on any of the fields in the theory, irrespective of their
representation.) We need to ensure that the algebra is the same for the field X,, and this
is why the field F is required; in fact

[6¢, 0,)X = cd(no*X — Xo*7)8,.X, (8)

giving ab = cd. The extra field F is known as an euziliary field since it is there simply
to make the algebra close. It does not propagate, and so it is easily removed from the
Lagrangian using its equation of motion. The full chiral supermultiplet consists of the
three fields ® = {#, X,F} (and the anti-chiral supermultiplet, ® = {¢*,X,F*}). Having
determined the multiplet structure, we are able to write down the simplest invariant
Lagrangian. Using the usual normalisations, our first guess is,

Lxe = —iXo"0,X + ¢*3*¢ + F*F (9)

In order for this to be invariant (i.e. to transform into itself plus total derivatives under
the operations (4)-(6)), we find that we require

b =1ia, d = ic, (10)

which leaves only one degree of freedom a which normalises the operators J;. Conven-
tionally we take a = /2.

So far we have only the kinetic terms of our Lagrangian. In order to be able to include
Yukawa couplings, for example, we need to consider additional interaction terms. As a
starting point, notice that the auxiliary field F' transforms into a total derivative under a
supersymmetry transformation. Thus

Lp=F (11)

is a suitable invariant. By itself this is of course not much use, since we also wish to
include mass terms and gauge symmetries. In order to do this we must first generalise
our infinitesimal transformations to make them finite; a transformation through a finite
spinor parameter 6, is given by the operator exp dg. Arbitrary transformations through
0, of the scalar field ¢(z) will change its value in a one-to one manner. We can now
construct a scalar quantity, ®(z, 8, 8), which gives ¢(z) for arbitrary values of ,. Taking
@(z) as the starting value when 6, = 0,

®(z,0,0) = ¢(x), (12)
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we can find the general form of ® by transforming ¢;

®(z,0,8) = (1 + 60+ %5,,2 + %503 + %5,,4 + ) é(z)
= ¢(y) + V26x(y) + 66F (y) (13)

where y# = z* + ifo*f. We have used the identities 626, = 0 (because 6, has only
two components which anticommute), and €89 = —26°8%. These scalar functions are
referred to as chiral-superfields. The Taylor expansion in 8s of any function terminates at
the 0 term, and consequently any general function of y and 8 is a chiral superfield, and
its components must transform as the components of a chiral supermultiplet. Beginning
with ¢* results instead in anti-chiral superfields (denoted ®) which are functions of y*
and 8 only.

Chiral superfields enable us to build up more general Lagrangians, once we notice that
(trivially) the product of two or more chiral superfields is also of this form and therefore
is also a chiral superfield. So, for example, the F-term of the product of two chiral fields
gives mass terms,

1
Lo = <1>2]F +he = ¢F — 479, +he. (14)

It is easy to check that this is invariant under the infinitesimal supersymmetry transfor-
mations. For the Yukawa interactions we need the product of three superfields,

1
Lyux = 5/\ijkq)iq)jq)k

P + h.C. = AijkE‘pj‘bk had /\i]'k’(/)?’(/)ja(ﬁk + h.C. (15)

The generic indices i, j, k stand for summation over gauge representation and/or field
labels (e.g. Higgs, matter etc.). Terms of order higher than three make the theory
non-renormalisable and will not be considered further. The most general interaction
Lagrangian is therefore of the form

Line = W(q)l)lp + h.c. (16)

where W(®;) is a third order polynomial of the chiral superfields, known as the super-
potential. In terms of the superpotential, the Lagrangian is
ow 1 W
Ly = Fi— — -0 ———— + h.c. 17
int 1a¢i 2¢z¢]a¢la¢]+ C ( )
where only the scalar part of the potential is taken, and summation over indices is implied.
Finally, by using the equations of motion of Fj,

ow
F;= e (18)
we are able to eliminate it, to give
aw\® 1 PW
it =— | 5—| — c¥iYjz=—%— +hec

In particular we can see that the supersymmetry potential is positive definite, and has a
minimum at W/d¢; = 0 where it vanishes.
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So we have derived a Lagrangian which is able to describe scalars and their fermionic
superpartners. For this introduction we have been avoiding the notion of superspace; the
interested reader can consult Appendix B which explains the connection. Now let us
progress to the simplest non-trivial example, the top quark Yukawa, in order to see the
promised cancellation of one loop divergences.

The top quark Yukawa

To write down a top-quark Yukawa we naturally define the superfields to have the exactly
the same charges as they would in the Standard Model:

H,=|hy| hy| Fs,
Q=17q|q|Fg
t. = zc tc Ftc
Thus we have
I’Vtop—Yukawa = /\tQHutc (20)

leading to a Lagrangian of the form
Acmp—Yukawa = “’\tqhutc - ’\tq(ﬁutC) - ’\t(qﬁu)zc + ’\t2|thCIQ + ’\?|huql2 + ’\?I‘ﬁrp (21)

It is customary to write the superpartner of any field as that field with a tilde and we
shall follow that convention here. Now consider the one loop contributions to the h, mass
squareds. The internal fermions can only be the pair g and ¢, , whereas the scalar ‘bubble’
diagram gets two contributions separately from § and f. Including the symmetry factor
of 1/2 in the scalar diagram, and -1 for the fermion loop, we find exact cancellation as
promised.

As yet we have not included the gauge fields (we have no spin one fields), however
we can guess what their Lagrangian might look like from the above. Supersymmetry
makes fermions and bosons indistinguishable, so not surprisingly the net effect on the
Yukawa coupling was to introduce duplicate ‘super’-Yukawa couplings with the fermions
and bosons permuted (the first three terms in Equation 21). The same duplication hap-
pens in the gauge sector as well. Here the physical components of the vector supermul-
tiplets are {A4,v%,Da} (where A is a group index) which are respectively the gauginos,
gauge bosons (of the Standard Model) and auxiliary fields. The matter-gauge-matter
couplings become

;Cq;t,q;] v, = gXiO'MUIHij + z\/ﬁgd)f/\l])(] + h.c. (22)

Where we use the usual notation that vf = v4T;}. As with the Yukawa, the introduction
of supersymmetry has simply added supersymmetric counterpart couplings with the roles
of boson and fermion reversed.

The inclusion of gauge symmetry and the supersymmetrisation of the Yang-Mills term
involves so-called vector supermultiplets. It is possible (although much more arduous) to
build these supermultiplets beginning with the lowest component, as we did above for the
chiral supermultiplets. However, for the discussion of CP and flavour phenomenology we
now have everything we need; the reader interested in these more technical aspects can
turn to Appendix C where a discussion of the total gauge invariant Lagrangian is included
for completeness.
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3 The softly broken MSSM

We now have a general framework for building supersymmetric gauge invariant La-
grangians. Our aim is to build a model which includes this, and yet mimics the Standard
Model at low enough energies. A consensus seems to have been established as to the most
likely way this might happen in Nature. This 1s referred to as the softly broken Minimal
Supersynimetric Standard Model (MSSM).

There are a number of influences guiding the form of the MSSM, one of the most
overriding being ‘naturalness’. A case in point is the scale of supersymmetry breaking
itself (clearly a requirement). Most would agree that this should not be too high, otherwise
fine-tuning is re-introduced. Because of this, a ceiling of a few TeV is usually placed on
this parameter. One should bear in mind however that there are no other upper limits
on the scale of supersymmetry breaking. This problem is compounded by the fact that
there is still a large number of additional parameters left in the model (supersymmetry
breaking scalar masses for example). Often these are reduced by considering a particular
kind of supersymmetry breaking mediation - for example mediation by supergravity (local
supersynmetry) or gauge mediation, but also they are reduced by considering experiment
itself. (For example, the absence of large FCNCs is often cited as the reason for taking
scalar masses to be degenerate at the GUT scale.) Because of this, getting genuine
predictions out of supersymmetry is difficult, and usually the ‘prediction’ is merely that
supersymmetry is consistent with a large {g—2), or electric dipole moment. of the neutron
or b — sy or whatever. In fact, usually supersymmetry is also consistent with values of
{g — 2), ete. which totally vielate current experimental bounds, thus fending an air of
‘just around the corner’-ness to the whole business.

This difficulty really arises out of our ignorance about the nature of supersymmetry
breaking and leads to what has become known as the supersymmetric flavour and CP
problems. These general problems will be illustrated in this section, and expanded upon
later. First however, let us present the superpotential of the MSSM.

3.1 The MSSM superpotential

Since we wish to stay as close to the SM as possible, we assume that the same gauge groups
and representations will appear. Thus, the group will be SU(3), x SU(2), x U{1)y. The
gauge bosons (g, W23 and B) are accompanied by fermionic superpartners, the gluinos,
winos and bino. The matter and Higgs fields become chiral supermultiplets, These
are usually represented by capital letters, so that we have Q@ = {§i.q.}, L = {1},
U< = {ii%, u%} and so on for each of the quarks and leptons, and H = {h, k} for the Higgs
doublet. L, @ and H are SU{2} doublets with
Y
H= (h*’ ) {23)

) e (i)

The superpartners are the squarks, sleptons and Higgsinos respectively.

We now encounter a minot problem. In the Standard Model we were able to make do
with only one Higgs field, to generate two masses. The Yukawa couplings which did this
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were of the form } R
Ly = Aelpheg + /\quhdR + /\u'thuR + h.c.. (24)

The h scalar has hypercharge Y = 1, and the h scalar is given by h = irh* with ¥ = —1.
(The 7; are the Dirac matrix generators of SU(2), acting on isospin indices, not to be
confused with the ¢;.) Clearly, if we turn these fields into chiral supermultiplets, the two
quark mass terms cannot both be derived from a superpotential since if & corresponds
to a chiral superfield then h* corresponds to an antichiral one. An additional problem
comes from triangle anomalies. These are a potential problem in any theory with chiral
fermions, and their disappearance requires that 3 ;¥; = ;¥ = 0. In the Standard
Model, these cancel exactly, but now this is no longer the case since we have introduced an
extra fermion, the Higgsino, which also couples to isospin. Happily, both these problems
are solved by the introduction of a new Higgs superfield with hypercharge —1, which
replaces h. Our total particle content has the following assignments and transformations
under the Standard Model gauge group,

L :(:f) (1,2,-1) H =(§?) (1,2,~1)
L 1

Uy, HY
Q = (dL) (3,2,1/3) H, = (Hg) (1,2,1) (25)
E° (1,1,2)
De (3,1,2/3)
Ue (3,1,-4/3)

where H, and H, are two entirely separate superfields. (There is, by definition, no right
handed neutrino in the MSSM although clearly experimental data now suggests one.
Neutrino physics requires a review in itself and we shall not attempt to cover it here.)
The Yukawa piece of the superpotential (taking a little more care with our isospin indices
for a moment) may now taken to be

Wyw = AgE°HT€ L + A\pD°HT€'Q + A\yUH €Q + h.c., (26)

where we have suppressed colour and generation indices. The ¢ = i7, is the same matrix
as €, the prime being there simply to remind us that its indices act on isospin. SU(2)

gauge invariance follows from the fact that €7 = —(7%)T¢, so that (e**)Te'e?*™

=¢.
The extra Higgs superfield has introduced another parameter; tan3 = (H2)/(H?).
The fact that this ratio can be large is seen as a possible explanation for the large value

of the top quark mass.

In addition to the Yukawa terms, we will require some Higgs self-couplings in order to
generate the correct electro-weak breaking;

WHiggs = /LHiTEIHQ, (27)

where p has dimensions of mass. In order to get the correct scale for breaking (i.e. the
correct values of My and Mz) it turns out that we need to have u = O(Mw). The fact
that we have an additional dimensional parameter (besides the scale of SUSY breaking)
that needs to be set by hand, is known as the ‘u-problem’.
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3.2 Soft SUSY breaking

If supersymmetry is the correct extension of the Standard Model, then it is expected to
be softly broken by dimensionful parameters (such as squark mass terms), in order for the
broken supersymmetry to still remove quadratic divergences and provide a solution to the
problem of maintaining a hierarchy between the electroweak scale and the Planck scale.

The physics of the breaking is not yet well understood and there are several mech-
anisms that can achieve it. To take account of our ignorance one can write a general,
gauge invariant, Lorentz invariant, effective Lagrangian;

L = Lgysy + Lsort (28)

where the first term preserves supersymmetry invariance and the second violates super-
symmetry and is given by (dropping the ¢’)

~Loe = 5 (Msgg+ MoWW + M, BB + h.c.)
+MLQ*Q + MZUS"U° + MED*" D¢ + M2L*L + MLE"Ee
+ Ay yU°QH, + ApApD°QH; + ApAgE°LH, + h.c.
+miy HfHy +m% HfH, + (BHH, +h.c.)

(29)

where all generation indices have been suppressed. The most general softly broken MSSM
has a total of a 124 physical parameters. The count goes as follows; 6 of the parame-
ters come from gaugino mass terms of the form M; = |M;| e’*. The squark and slepton
masses are in principle 3x3 Hermitian matrices with complex matrix elements, contribut-
ing 5x6x 2 = 60 parameters. Trilinear couplings between the sfermions and Higgs bosons
are arbitrary 3x3 complex matrices which constitute 2x9x2 = 36 parameters. Addi-
tional parameters arise from the y term, resulting in 33 mass eigenstates, 43 phases and
the CKM angle.

3.3 Flavour and CP problems: mass insertion approximation

Given the most general form of supersymmetry breaking in (29) we see immediately that
there are likely to be phenomenological problems with both flavour changing and CP
violating processes. For example, using the new supersymmetric contributions to the

Lagrangian in equations 21 and 22, we can construct a diagram (Figure 2) with an
internal wino and squark—one of many possible supersymmetric contributions to b — sv.

hor W
l—” ‘\‘E
~g or A b ! ' s
q g g

Figure 2. A supersymmetric contribution to b — svy.
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The diagram includes a flavour changing mass insertion on the squark line and our
lack of knowledge about supersymmetry breaking means that in principle this insertion
could be as large as any of the other terms. Likewise, the supersymmetry breaking terms
can have arbitrary CP violating phases and it is not difficult to construct diagrams that
contribute to electric dipole moments {of which more later).

The appropriate way to treat these problem generally is to diagonalise all the mass
matrices and calculate the diagrams with the mass-eigenstates, However there is a useful
approximation, the mass-insertion approximation, that can be used when the supersym-
metry breaking is approximately generation independent. This type of situation is usually
motivated by particular kinds of supersymmetry breaking mediation, for example media-
tion by gravity resulting in mSUGRA models. In such models the canonical assumption
is that the supersymmetry breaking terms are flavour universal at the GUT scale. Thus
the most commonly considered scenario has

mi o= dym
qg;,-
ﬂ'f,.l = A‘.{Uz
Ay, = Ap,; = Ag,; = Aby. (30)

Together with the parameters p and B we then have 5 independent parameters. |g|? can
be determined by electroweak symmetry breaking, and traditionally we trade ¢ B for tan /3,
the ratio of Higgs VEVs, leaving us with 4 independent parameters, myq, M), A, tan j1.
In addition there are 2 physical phases ¢4 = arg(AMl"}?} and ¢, = arg(pM,"}Q). All other
phases can be rotated away. Typically these phases must be small in order to satisfv all
electric dipole moment (EDM) requirements (including that of the mercury EDM [6)).
This model, sometimes referred to as the Constrained MSSM (CMSSM), is an example
of a Minimal Flavour Violating model (MFV model), defined as models where all flavour
and CP violation is attributed to the Yukawa couplings.

Typically, running the renormalisation group equation from the GUT to the elec-
troweak scales, will result in flavour non-universality thanks to the contribution from the
Yukawa couplings, however they will generally be small. {(Note that splittings between the
squared masses of left and right-handed scalars, and also between squarks and sleptons
will generally be large because of their different gauge couplings.) Thus, when considering
a particular process, it is useful to consider a situation where the squark masses matrices
are flavour universal and real, and to find the experimental limits on perturbations. This
approach, pioneered by Gabbiani et of in [3], allows one to state the fiavour and CP prob-
lers more quantitatively since it leads to model independent bounds on mass insertions.
One begins by defining perturbations from universal scalar masses, m%, as follows:

2 2 2
51, = ML, L W L. (31)
LRU m'} * LL!'J' mg' ‘ RRi_j m‘;' -
f f

It is then fairly straightforward to caleulate the leading contributions to various processes
by considering the diagrams with a single insertion. The approximation is represented
pictorially in Figure 3. The fully diagonalised quark propagator would have diagonalisa-
tion matrices for the masses, 1}, where ¢ labels flavour and a labels one the 6 squark mass
eigenstates, on either end. However, this is equivalent to treating the Havour changing
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Figure 3. The insertion approzimation for the quark propagator.

as an interaction vertex {(denoted X). The experimental bounds can then be expressed as
limits on the &’s, given in Table 1 and Table 2. For b — sv decays with m}=5l]l’lGeV the
main contributions are give in Figure 4 and the limits in Table 3. CP violating processes
comnstrain imaginary insertions. e.g. for My = mf—-—SGGGeV we have the limits in Table 4.

Limits on- | \/[Re(37,, )7 | /IRe(6Lr, )71 | (/IRe(dL,, ) Re(0%ig ) |
ij = ad 0.04 0.004 0.003
ij = bd 01 0.03 0.02
ij = cu 0.1 0.03 0.02

Table 1. Limits from AF = 2 with My(Mw) = my=500GeV.

Limits on- | 167, | | 1635, |

ij=pe | 0.008 | 2.10°°
ij =Te 29 0.1
i =TH 5 0.02

Table 2. Limits from l; — Iy decays with M| = m}v:I{JOGeV.

Y
Y
b g _ g
B :
™~ -l ! ..
b. g i g
. *\ g, . .
b g S S ! g Cq

Figure 4. Main contributions fo b — sv decays with mf=5()ﬂGe V.
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z = My/m2 | (580, | 18

0.3 4.4 0.013
1 8 0.016
4 26 0.03

Table 3. Limits from b — sy decays with mf:500Ge V.

£ VIIm(88,,,)% < 0.002 | \/lIm(5¢,,,)? < 0.0006
g'fe [Im(6¢,,,)] <05 [Im(8¢g,,)] < 2.107°
dn < 6.107% | |Im(0%,, ) < 1.1076 | [Im(8},,) < 3.107°

Table 4. CP violating processes constrain imaginary insertions. Limits are for My =
mf:500Ge V.

Satisfying experimental bounds/results on flavour changing and CP violating processes
obviously prohibits significant perturbations from universality for many of these param-
eters (although other reasons besides universality have been considered in the literature,
and will be mentioned later). This apparent fine tuning is the quantitative form of the
flavour and CP problems.

Incidentally, in the case of the mSUGRA, all of these constraints are satisfied. Note
that, had this not been the case (i.e. if running the RGE’s in mSUGRA had resulted
in supersymmetry breaking terms that violated these bounds) there would have been
very little hope of ever explaining electroweak phenomena (e.g. symmetry breaking and
masses) in terms of Planck or GUT scale physics.

4 The mass-spectrum and generic SUSY breaking

The mass insertion approximation outlined in the previous section is useful for addressing
the question: how far can we deviate from universality and still satisfy experimental
bounds? However, there may be (and often are) other wildly different patterns of soft-
supersymmetry breaking which can have a significant degree of non-universality and yet
have cancellation of contributions to various processes. (One example is models with
Hermitian flavour structure, in which the EDMs are suppressed).

In order to calculate in more general scenarios, it is necessary to diagonalise all mass
matrices and find the physical mass-eigenstates. The particle content and diagonalisations
proceed in the following manner. First we collect the components with the same e.m.
charges together into squarks, charginos, neutralinos:

ijl’i:l‘.li ®6Ri=1”3 — Zja:l..ﬁ

oWt - X
o hmeWws o X
RohleW'eB — X4 (32)
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The sfermion mass-squared terms are given by

_ i ey oagr (f1
L?—mass-squared = (fL ' fR )i M}—‘_}_ (fR )J (33)
where the M%__ are 66 matrices
i
M}f+m}+M§ %—Q! Sin‘zew) cos2f3 m;(A;—;s*R_,r]
M= ) (34)
h.c. ML+ mf.- + M?2Qysin® By cos28

with R; = cot A { or tan 3) for I = 1/2 ( or —1/2) and tan @ = (h9)/(h{). We diagonalise
this mass matrix by making a unitary transformation on the squarks

= toas2
M3 6 = (VIMIVS), (35)
The charginos have a mass term
Lcharginos = (W'_F,BI),L MC,;j W_ (36)
o
2
where
M 2My si
Mo = 2 V2ZMyy sin 8 ‘ (37)
V2My cos 7
and we require a bi-unitary transformation to diagonalise the mass matrix:
MihUziMch' (38)
For the neutralinos we have:
Lneutra]inos = (EO, I-;170:}:"'3: E?,) AJN,-J BO (39)
t Wl]
R
}iu
bR
where My is symmetric:
M| 0 —MzSinew COS,@ Mzsinﬂw sinﬁ
My = T My, MzcosbycosfS —Mzcos@ysing (40)
T T 0 -
T T T 0
with
Mo = VIMyVy (41)

The quantities which then enter calculations of FONC and CP violating processes arc
then of course the diagonalisation matrices, V5, Ve, Ue, Vv which appear on the vertices.
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4.1 An example calculation and the SuperGIM mechanism

All calculations follow more or less the same format, so let us examine just one in detail,
the supersymmetric contribution to the EDMs., EDMs are quite complicated heasts,
and get contributions from electromagnetic, chromomagnetic as well as purely gluonic
contributions shown in Figure 5. See references [4, 5, 6].

£, g s i* ’io f, ﬁgg&

Figure 5. Leading SUSY contributions fo the EDMs. The photon and gluon lines ere to
be aftached o the loop in all possible ways.

For simplicity 1 will consider only the electromagnetic contributions to the fermion
EDMs. These are given by [5]

o8 (E) —2 N m
rale skZI (T )M? B(Mg)’
X7 (E) m?. el
. Lo ( ) (5]
= I i + -9 A :
e dmsin® Oy :;Z m(lui) 3 [QBl 372 ) + (@ Q3 A 3p
dk di
Xt (E) me m
d, —Uem [ x*) ( X;
= Im(T - - Q) Al 7+ )]
e 4msin’ Oy EZ m(Faie) M? @B Mi t Q- Mg
X () 2
d Do Xt ( X-+)
£ — i I i
€ 47 sin® By ; m2 m(le:) A mi /'
X0 (&) m?
o @ Mo
f = em I ( T )
¢ 47 sin® Oy kzlz m(gix) M*‘ 397 B ML) (42)
*
where
L) = e %5,V (43)

with ¢, being the gluino phase. The chargino factor I'j,; comes from products of vertices
with attached charged Higgsino or wino:

Puir = A “Ca? dlk(U(_'tlldlk /\dUg'&L:}zk) s
Lo = )‘JU(*?‘QL%UC(V(?;] Tk T A ‘C:?“uuc] (44)

and analogously for the electron. The Ay are the Yukawa couplings

My Mye

== A= —— 45
Y V2mw sin 8 e V2my cos 8 (43)
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The neutralino vertex fy; is given by

nra = |—V2{tan8u(Qs — I;,)Vai + I, Vmi}vﬁk - /\f"'}vb:;'*'ﬁk
x [ﬁtanﬂpv@ﬂ"}vnvﬁk - z\f‘/’ma“’}qk] ; (46)

where I3 is the third component of the isospin, & = 3 (or 4} for [; = —1/2 {or 1/2}. The
loop functions A{r), B(r), and C{r) are defined by

1 2inr
.4(r)——2(1_r)?(3—r+ l—r)’

1 2rinr
B(r):—Q(r_1)2(1+r+l_ )

1 2rinr  18Inr
C(r):m(10r—26+1_r—]‘_r), [47)

Note that the indices ‘1’ and ‘4" appear in the above becanse for the EDMs of the down,
up and electron we pick out the left and right chirality fermions of the first generation.

This completes the electromagnetic contribution to the quark and electron EDMs.
We can now see in a more general way why flavour universality gives cancellation of
contributions. Consider for example the gluino contribution to EDMs. In the event that
the squark masses are universal and equal to ME? this can be written as

dE on, ms miy\ &
= i B(5) Sy, ()
q q =

The last factor in this expression is

Im(Pl%) = ¢~ (1.%1.;,?1) =0, (49)

41

and consequently the gluino contribution exactly vanishes because of the unitarity of the
diagonalisation matrices, V5. With exact universality the leading contribution is from
the chargino diagram, however these are proportional to Im -5 _, (Fx). Again unitarity
means that the main contribution here is from the phase on the g term {(unfortunately
the least well understood of all the parameters in the MSSM). Nate that even in the
CMSSM, unitarity is broken between left and right chiralities at the weak scale because
of the different gauge coupling contributions to the mass-squared RGEs. Because of this
there is also a small dependence on the phase of the A-term {¢4) even in the CMSSM.

A similar sort of cancellation occurs for flavour changing processes, where it is referred
to as the superGIM mechanisin. For example consider the chargino contributions to A M
shown in Figure 6.

The K5 — K; mass difference is given by
AMy = 2Re(M,) (50)

where
D(M,

;k‘

M, . ME Mi_}_ )

a? 6 2
My = Q_EBKT}K.&' ZZAthAtgk!f\?jk’A;k}k — '
[yTi My,
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Figure 6. Chargino contribution to AM.

and

3
* opok ok
Afik = Vcnv?;fk - );1 /\Uff’ VCi?"i(f'+3)k (52)
and where f, f' label flavours, and D is a dimensionless one-loop integral which is of order
one if the chargino and squark masses are similar. Here the first term in A comes from
the 4dW term and the second from the @dh term in the Lagrangian.

Again we see that degenerate squark masses leads to suppression because of the uni-
versality of the diagonalisation matrices. Indeed because only left handed external quarks
are involved in this particular diagram, the contribution to AMyg from the first term in
the As is proportional to the mass splitting in the first two generations of left handed
up-squarks which in the CMSSM is driven by the renormalisation group effects of the

Yukawas: )

m,

AMy x —. (53)
m

In addition to this contribution there are contributions involving cross-terms in the As,

but because we need two cross terms (there are 4 As) they will be of the same order of

magnitude. This overall suppression is the super-GIM mechanism.

5 Aspects of CMSSM phenomenology

The universality of supersymmetry breaking is found not to hold in most string derived
models and in general supergravity models, and we expect at least some non-universality
in the flavour structure of the A terms. However because of the super-GIM mechanism,
the CMSSM is the minimal model from the point of view of avoiding nasty FCNC and
CP violating contributions. It is important therefore to estimate what the new super-
symmetric contributions to these processes are likely to be in the CMSSM, in order to
provide a kind of lower bound on the expectations for new physics. These effects come
from the running of the renormalisation group equations, whence the flavour dependence
of the Yukawas enters the supersymmetry breaking. These effects are small and so the
mass insertion approximation is valid. However, there is no general way to estimate
the resulting size of the ds induced by the renormalisation group, because the RGEs are
non-linear and in any case some of the parameters depend on the minimisation of the
one-loop electroweak potential. Thus a useful approach is to concentrate on the doni-
nant contributions in the CMSSM (and indeed Minimal Flavour models). As we have
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seen, contributions from diagrams involving gluinos are suppressed in minimal flavour
models (this is a general result) and the neutralino contributions are also suppressed in
the CMSSM. Hence the dominant contributions are those involving charginos and charged
Higgs particles. This greatly reduces the number of parameters and means that one can
survey the parameter space rather generally without having to perform the minimisation
of the one-loop potential.

A study along these lines was carried out in [7] and recently improved and updated
in [8] where many more rare decays were also considered. (This reference provides a
useful compendium of expressions for calculating various rare processes in SUSY, and
summarises the new operators that are introduced into the basis for Heg. Many of the
expressions for the supersymmetric contributions are also found in [9].) Here the dis-
cussion will concentrate on the supersymmetric contributions to the Wilson coefficients
calculated at ~ My, so the reader is referred to that reference for more information on
how to turn these into the measured parameters.) The later study includes NLO-QCD
and QED corrections as well as constraints from electroweak precision studies, exclusion
bounds on M}, and the B — X,vy decay rate. The input parameters required for such a
study are only those that effect the chargino and Higgs masses and mixings:

mfly m'[27 0[7 m;(17 tan ﬂy My, |, My (54)

where my | are the heavy and light stop masses, 6 is the stop mixing angle, my the

lightest chargino mass, and m; the common slepton mass (for the rare decays). Note that
there are more parameters here than in the CMSSM (including the breaking of electroweak
symmetry), but in performing a study using these parameters one is addressing a wider
class of models, including all MSSM models that have Minimal Flavour Violation (for
example those in which the scalar masses are flavour independent but not necessarily
degenerate). One then scans over reasonable values of these parameters. Again what
constitutes ‘reasonable’ is open to interpretation. However, imposing masses less than
1TeV seems appropriate in order to avoid reintroducing fine tuning. The parameter |y|
can typically be larger than the range |p| < 500GeV chosen in this study, although larger
values reduce the mixing in the chargino and therefore its contributions. In addition values
of large tan 8 > 6 are excluded in this study. Although the results tend to asymptote for
medium tan 3 there is a region of very high tan 8 which is interesting from a theoretical
point of view; it allows Yukawa unification at the GUT scale. Unfortunately this implies
large b-quark Yukawas and hence the top-quark dominance approximation made for the
low-medium tan g studies is no longer valid.

Before summarising the results, let us briefly discuss the main effects of supersym-
metry. For the kaons, the most interesting effect is that one tends to find a depletion of
¢' /e, unfortunately contrasting with what we would perhaps like given the fact that the
measured value is slightly larger than one might expect from the Standard Model (modulo
uncertainties in hadronic matrix elements). The dominant contributions are from Z° and
photo-penguin diagrams involving charginos and charged Higgs. The two contributions
come with opposite sign (the chargino being positive), so that there are indeed regions
where an enhancement over the SM value can occur, although this is only of the order
of 10%. On the other hand the depletion can be up to 40%. A summary of the most
interesting processes is given in Table 5. Again, the result for £'/¢ is plagued by hadronic
uncertainties, whereas the rare decays are theoretically much cleaner places to search for
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Process \Ratio w.r.t SM [ max | min
e'fe 0.53 | 1.07

Kt w5 ntup 0.65 | 1.02

K, = a%vp 0.41 | 1.03

Ky -3 nlete” 0.73 | 1.10

B = X.up 0.73 | 1.34

B uf 0.68 | 1.53

Table 5. Ratios of CMSSM to SM results for various processes.

signals of supersymmetry.

One additional interesting feature of Minimal Flavour models is that they predict an
absolute lower bound of sin 28 > 0.42 (9, 8]. Such a lower bound is possible because one
can generalise the expression for the ¢ hyperbola to include supersymmetric contributions.

n{(1 - p)A*nFy +031] A*By =0.266 (55)
where 0.31 is the charm contribution. From
, R2
2 _ 0 [
Rf = 16 50 (56)
we get,
_ 21 -5 1.6 [0.226 _
sin 28 = - = — — — 0.317( F; a7

This function may now be plotted as a function of the parameter Fy, which is a collection of
all SM and SUSY contributions and is typically of order 1 in the CMS5S5M. (Note that it is
not monotontc because the variables are not independent of F.) A value of sin 23 less than
this value would have been the first indication of flavour structure in soft supersymmetry
breaking and arguably an indirect detection of supersymmetry. Unfortunately, at the
time of writing, the value of sin 23 coming from B — Kt measurements at Belle and
BaBar indicate higher values.

6 Beyond the CMSSM and MFV

Up to this point we have been looking at the minimal case where all flavour and CP vio-
lation in the M8SM is attributed to the Yukawa sector. However, an interesting question
to ask is whether there might be other, non-universal scenarios, in which some of these
processes are consistent with experimental limits. This is an important question hecause
string models do not generally predict the favourable CMSSM scenario very naturallv,

There are a number of ideas for suppressing FCNC and CP processes apart. from uni-
versality. They are: cancellations of SUSY contributions amongst themselves, Ravour
alignment, particular flavour structures (e.g. Hermitian or off-diagonal phases), decou-
pling and dynamical (i.e. derived from minimising a string derived potential}. In the
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next subsection I will discuss cancellations with respect to EDMs and make some general
comments. Then I will mention decoupling and in the following section discuss some
recent developments in the last of these, FCNC and CP suppression in dynamical string
derived patterns of supersymmetry breaking.

6.1 Non-universality and cancellations

When the flavour structure is non-universal at the GUT scale there can be cancellations
to various processes. Intuitively it seems unlikely that they will occur simultaneously for
different. processes, and this indeed turns out to be the case when numerical studies are
done, as we shall now see.

Non-universality has been studied as a general idea in [10] but more recently there
has been a resurgence of interest thanks to ‘new’ string inspired scenarios, motivated by
explicit constructions of SM-like models in for example type I models. These models
can lead to flavour non-universality which is relatively ‘well-controlled’, so naturally there
has been some speculation as to whether a particular type of flavour non-universality
might lead to cancellations ‘across the board’ as effectively as universality [11, 12]. The
answer to this, at least for those cases that have been studied, unfortunately appears to
be negative as we shall now see.

The measurables that first received attention in this context were again the EDM™ of
the neutron and electron, both of which have rather strict experimental bounds. In [11] it
was noted that for particular patterns of supersymmetry breaking there can be a simul-
taneous cancellation of these parameters, even if the CP violating phases on the g term is
large, much larger than would be allowed in the naive CMSSM with phases. This idea has
since attracted some attention and has become known as the ‘cancellation mechanism’,

The analysis was based on supersymmetry breaking pattern inspired by so-called D-
brane models in which the SU(2} gauge group was associated with a different brane from
the SU/(3) and U{1}y groups of the SM. The result is that the supersymmetry breaking
gauginos masses can have different values at the string scale (assumed to be near the
GUT scale). On the other hand the A-terms can have a good deal of universality. The
overall pattern of supersymmetry breaking can therefore be assumed to be identical to
that of the CMSSM with the exception of the gaugino masses which are of the form:

My = M,
M,

\/§m3 12 (cos 8)8, ot
\/:?;m;;).'g(COS 9)926*””"’ y (58}

where Mg ~ M is the gravitino mass and the angles here are a convenient parameteri-
sation of the distribution of supersymmetry breaking amongst the different fields. If we in
addition allow an arbitrary phase, ¢,, for the g term, then one finds large values of phases
where the neutron and electron EDMs cancel simultaneously as shown in Figure 7(a).

Unfortunately, when additional experiments are considered, the cancellation region
begins to be excluded. In this case the experiment in question is the bound on the mereury
EDM [6]. This parameter alse has a cancellation region, but unfortunately it tends to
cut across the previous cancellation region, and all three EDMs are only consistent with
bounds in the trivial small phase region [8).
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Figure 7. The cancellation regions for EDMS of the electron (dark vertical curves),
neufron (lighter vertical curves overlapping those of the electron} and mercury otom (di-
agonal lines}). The parameters are tan 8 = 2, of simultaneous n,e, Hy EDM cancellation
in mSUGRA for the same tan § and map,.

Note that in contrast, mSUGRA (CMSSM with phases) has a region of cancellation
for all three EDMs as shown in Figure 7b which allows any value of ¢, but restricts
¢, < wf100. (The weak constraint on ¢, is a result of the small contribution of ¢, to
the EDMs, as explained earlier). Adding a small phase to any of the gauginos separates
the regions of small n, e and Hg EDMs and destroys this cancellation. In both cases the
cancellation regions decrease in size at more realistic, larger, tan 3. Thus for this example
the cancellations are not ‘across the board’. Indeed, given the fact that the cancellation
regions shift considerably depending on the adopted model of the neutron (valence-quark
or parton), finding a {non-symmetry based)} stringy underlying reason for cancellation
would in any case be difficult. Although here I have concentrated on EDMs I see no
reason why the conclusion would be different with any other CP or FCNC process unless
there was some underlying flavour symmetry.

6.2 Decoupling

This possibility is based on the fact that as the supersymmetric particles become heavier
their contribution to FCNC and CP processes begins to decouple. For example, even if
one allows (X1} CP violating phases, the contribution to the EDMs will be negligible if
the SUSY spectrum is sufficiently heavy [13]. Generally, SUSY fermions are required to
be lighter than the SUSY scalars by, for example, cosmological considerations. So the
decoupling scenario can be implemented with heavy sfermions only. Note that for FCNCs
for example, the contribution is still proportional to

md — m?

z, 59
T (59)
where ¢ and j label different flavours. Thus if, for example, we put down the suppression
of AMy,., to large first and second generation masses, we still require a proportionate
universality in their values. So this scenario is in a sense ‘universality where we need it
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Here the SUSY contributions to the EDMs are suppressed even with maximal SUSY
phases because the squarks in the loop are heavy and the mixing angles are small. In
Figure 8 we display the EDMs as functions of the universal scalar mass parameter my for
the mSUGRA model with maximal CP-phases ¢, = ¢4 = 7/2 and m ;2 = A = 200GeV.
We observe that all EDM constraints except for that of the electron require myp to be
around 5TeV or more. The mercury constraint is the strongest one and requites

(mg) decoupt. == 10 TeV . (60)

This leads to a serious fine-tuning problem. Recall that one of the primary motivations
for supersymmetry was a solution to the naturalness problem. Certainly this motivation
will be entirely lost if a SUSY model reintroduces the same problem in a different sector,
i.e. for example a large hierarchy between the scalar mass and the electroweak scale.

20 T T T -

15 r

EOM/ EDM,
2

4
1 2 3
5 L
0 L D :
0 2000 4000 6000 8000 10000
mD

Figure 8. FDMs as o funclion of the universal mass parameter mg. 1: electron. 2:
neutron (chiral model). 3: neutron (parton model). {: mercury. The erperimental limit
is given by the horizontal line. Heretan 8 =3, myyy = A =200GeV and ¢, = ¢4 = /2.

The degree of fine-tuning can be quantified as follows. The Z boson mass is determined
at tree level by

1, _my, —my,tan’s
oM = tan? 8 — 1 B (61)
One can define the sensitivity coefficients [14],[15]
dlnmk
;= . 02
“ =M a | (62)

where a; are the high energy scale input parameters such as My, Mo, etc. Note that g is
treated here as an independent input parameter. A value of ¢; much greater than 1 would
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indicate a large degree of fine-tuning. The Higgs mass parameters are quite sensitive to
mg so, for me=10TeV, we find

Cmy ~ 5000 (63)

for the parameters of Figure 8. For the universal scalar mass of 5 (or 3) TeV the sensitivity
coefficient reduces to 1300 (or 500). This clearly indicates an unacceptable degree of fine-
tuning.

This problem can be mitigated in models with focus point supersymmetry, that is
when my, is insensitive to my [15]. However, this mechanism works for mg no greater
than 2-3TeV which is not sufficient to suppress the EDMs. Another interesting possibility
is presented by models with a radiatively driven inverted mass hierarchy, i.e. the models
in which a large hierarchy between the Higgs and the first two generations scalar masses
is created radiatively [16]. However, a successful implementation of this idea is far from
trivial [17]. One can also break the scalar mass universality at the high energy scale [18].
In this case, either a mass hierarchy appears already in the soft breaking terms or certain
relations among the soft parameters must be imposed (for a review see [19]). These
significant complications disfavour the decoupling scenario as a way to solve the SUSY
CP problem, yet it remains a possibility.

Concerning the other phenomenological consequences, we remark that the SUSY con-
tributions to the CP-observables involving the first two generations (such as €,¢') are
negligible, although those involving the third generation may be considerable. The corre-
sponding CP-phases are constrained through the Weinberg operator contribution to the
neutron EDM, which typically prohibits the maximal phase d)A’-b‘GUT: /2 while still
allowing for smaller O(1) phases.

6.3 New contributions to FCNC processes

As well as the question of how SUSY contribution can be generally suppressed with non-
universality, some attention has been paid to the question of whether non-universality
might be able to explain excesses of, for example, ¢'/e. One of the reasons for the em-
phasis on non-universality is that there are rather general arguments that show that, in
the absence of a CKM phase, there are no new contributions to ¢, €'/ or hadronic B°
asymretries even with arbitrary soft phases. Thus supersymmetric

CP violation is intimately connected with flavour non-universality. CP in the presence
of new flavour structures was reviewed recently in [20], mainly concentrating on enhance-
ments to ¢’'/e. Contributions come from the chargino diagrams in Figure 9 as well as
the usual gluino diagrams, and these were recently analysed in [21]. Thus flavour and
CP constrain low energy supersymmetry but at the same time provide interesting new
areas to search for supersymmetry indirectly. Generally we do expect new CP violating
phases in the SUSY sector; however the conclusion of these studies is that they will not
produce sizable effects in € and €'/ unless there is also some flavour structure in the
SUSY breaking.
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2.v.2

q q q

Figure 9. Chargino contributions to &'fe.

7 The future

Supersymmetry breaking is clearly the biggest factor in flavour and CP phenomenology
and yet remains the biggest unknown. Ideally one would like to have a picture of CP
and flaveur from first principles but at the time of writing this seems some way off.
Nevertheless there are two hints to do with CP violation that some progress might be
possible. The first hint is that in the SM the CP violation is insufficient to acconnt for the
observed baryon asymmetry. Secondly, general arguments show that the four dimensional
CP is a discrete gauge symmetry in string theory. Thus any viable string scenario must
break CP spontaneously. (See [23] for the original cbservation, and some more recent
references on the general connection between supersymmetry breaking and CP.)

If the CP violation responsible for barvogenesis is associated with the supersymmetry
breaking sector then at some point in the evolution of the Universe these phases must
have been quite large. On the other hand the SUSY CP problem seems to indicate that
today they are small. An interesting idea that connects with the stringy picture of CP
violation is therefore that the spontaneous breaking of CP happens at the same titne as
supersymmetry breaking, and that at the minimum of the potential the CP phases are
zero. Thus at the time of supersymmetry breaking there was sufficient time dependent CP
violation to account for baryogenesis, but today these phases have been set dynamically
to zero. Some progress in this direction has been made in recent investigations into the
nature of CP in string theory and the precise way in which it can be violated, either hy
string theoty moduli {describing the compactification) or by the Froggatt- Nielsen fields
which are responsible for Bavour structure in effective string models [24, 25]. There it
was found quite generally that it is quite diffienlt to generate a flavour and CP structure
in the Yukawa couplings (by whatever means) without at the same time generating large
EDMs [25]. This problem, which is at once more specific and more serious than the
supersymmetric CP problem seems to indicate that there is more to be learnt by adopting
more of a ‘top-down’ approach.

Eventually such approaches might shed some light on the origin of CP violation in
string theory and even provide a direct connection between string theory and experiment.
Certainly CP ancl flavour remain two of the most important aspects of supersymmetry
phenomenology, and as we have seen may allow detection of supersymmetry indirectly
before the LHC. Beyond that, should supersymmetry be found, experiments directed at
flavour and CP violating phenomenology will help us to pin down the parameters of the
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supersymmetry breaking sector and allow us to piece together the type of mechanism
responsible for breaking and mediating supersymmetry, providing a window onto string
theory.

In these lectures I have given a purely personal overview of the subject and have
omitted many topics, my main aim being to equip the reader with the techniques rather
than to be comprehensive. To finish, I will try to make some amends by summarising some
of these developments and directing the reader to relevant works. Muon dipole moments
have been discussed in [26] where it has been shown that a muon EDM may in the future
be at the 10~%2e.cm level and hence measurable. The relations between dipole moment
operators have been examined in [27] where it was shown that the muon anomalous
magnetic moment is correlated with the electron EDMs. The question of (g — 2), in
mSUGRA with and without phases and universality has been analysed in citearnl. In
mSUGRA there are correlations between this quantity and B; — p~ 't (see Dedes et al in
the same reference). Alternative approaches to spontaneous CP violation that concentrate
instead on CP breaking in extensions of the MSSM with gauge singlet have been considered
in [29]. Other possibilities for CP violation are reviewed in [22]. The neutrino sector (to
which I have paid scandalously little attention) deserves a review of its own. As well
as the direct interest in the flavour structure of the neutrino sector, various patterns of
supersymmetry breaking in the neutrino sector may lead to observable effects in rare
decays such as 4 — ey and g — eee, as well as interesting possibilities for CP and
leptogenesis. The reader is referred to [30] and references therein. I have also been unable
to cover R-parity violating models which obviously have interesting implication for CP
and flavour. For a review see [33]. The masses of the Higgs sector are strongly dependent
on the CP violating phase in the p term (something that was somewhat skated over in
the text). This is discussed in [32]. Finally there are a host of other interesting ideas and
I cannot even begin to summarise them. One of many intriguing examples is the idea
that all fermion masses are actually the result of radiative corrections and therefore soft.
This is discussed in [34].
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Appendix A: Conventions

We here briefly recall the essential features of the Weyl notation for the discussion of
Section 1. In the Weyl representation, a four component, Dirac fermion looks like

Xa
Y= Yf .

where X and X, are two-component spinors (a, 8 = 1,2). The gamma matrices are

0 o+
B o= , 64
7 (6“ 0 ) (64)

where o# = (1,0%), 3* = (1, —0?), and ¢* are the Dirac matrices. The v; matrix looks like

’Yszi((l) _01), (65)

so that the chiral projections (given by R/L = (1 4 iv;)/2) on the fermions are,

wL=(’0‘) sz()_D (66)

The suffix ‘c’ refers to charge conjugate, since
—i0?X}
e = —’72111* = ( ¢ 3 (67)

so that X, = —iagﬂY:ﬂ. The matrix

0 1
€op = —1055 = ( 10 ) (68)

acts like a metric tensor for the unbarred spinors. For example the invariant mass terms
are

aw = Y:ﬂXg + h.c.
= #*X X5+ hee
= (Yh)*(¥r.) +he. (69)

Because of this we identify the complex conjugate of a field, Y*ﬂ with X#. (The last
line we included to make the point that we may identify the two component spinors in
terms of the original Dirac ones, so that (1/)}2)" = 7. The dagger we shall reserve to
indicate an operation on the Dirac spinors.) This means that (nX)! = X7. Similarly, the
complex conjugates form their own representation of the Lorentz algebra, and have their
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own Lorentz invariant quantities. To avoid confusion the indices of the latter are written
with a dot, so that

— g2
€ap = "0z (70)

and, in general, Lorentz invariant quantities are written as

Xay X%, X0k 204 X;0"na0,, ... (71)

and so on.

Appendix B: Superspace

In the text we saw that the transformations of the {¢,X,F} supermultiplet, could be
expressed as the behaviour of a single scalar quantity, the superfield. The eight ‘coor-
dinates’ (z,6,8) are known collectively as superspace. Supersymmetry transformations
are equivalent to transformations in #. Transformations in Minkowski space are gener-
ated by the momentum P, which is realised over space-time coordinates as a differential
operator P, = —id,, so that if £ — z + a, then exp(ia-P) induces the transformation
#(x) — o(z) + a*d,¢(x). In fact P, is the conserved charge associated with the transfor-
mation £ — z + a, which, by Noether’s theorem is

oL
P =/dx3—. f-oc 72
© 8f [ °w ( )
where f represents summation over all fields (fermions and bosons) in the Lagrangian. In
a similar way, transformations in 8 can be written in terms of differential operators acting
in the superspace;

be=EQ+EQ (73)
where
I
Qa = aﬁ — 0'0&0 8#
a i Y PTG
Q" = 2, 0% 0k 0,,. (74)

Acting (infinitesimally) with these operators on the coordinates gives the following trans-
formations;

Sex = i00€ — ikob

58 = ¢

58 = &

by = 20o€. (75)

It is easy to check that, firstly,

®(y,0) +6D(y,0) = B(y+ 2i0E,0 + &)
= @(y,0) + 6e0 + V205X + 066 F (76)
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so that the differential operators above do indeed produce the infinitesimal transforma-
tions, and secondly, that the momenturn is related to the supersymtnetry generators as,

{Qa.Qs) = 2i0*,0, (77)

all other anti-commutators vanishing. This is one piece of the supersymmetry algebra
and leads to Equation 7. The remaining pieces are provided by the Poincaré algebra of
normal special relativity {{.e. the algebra of commutations of the momentum P, and six
M, generators of the Lorentz group — three boosts Mo and three angular momentum AM;;
- which represent currents conserved under a Poincaré transformation x* — A%z” + a#).
The generator §, has a current associated with it too, the super-current. This is simply
the No-ether current for the infinitesimal supersymmetry transformations given above;

Sou = -2 (zxia3p¢? - égl—;(oﬁyf]a) (78)

with @, = [ dz3Sas0-

The algebra that we have described is called N = 1 supersymmetry, because there
is one generator ¢},. Models with N generators are referred to as having N-extended
supersymmetry, and their multiplets become increasingly complicated. N > 8 is not
normally considered because it requires helicities of 5/2 and higher. Besides, we also have
more than one graviton for these cases. N = 4 is the largest value of N that we see coming
from heterotic strings. However, N = 1 is favoured because it allows chiral generations
to exist (in the sense that we may have different representations of left and right hanced
fields).

Appendix C: Gauge invariant supersymmetry

Using the technology presented in the main text, we are already able to construct gange
invariant interactions such as Yukawa couplings using the superpotential. However gauge
invariance also requires some modification of the kinetic terms, as well as a Yang-Mills
term. This appendix is devoted to the task of determining gauge invariant expressions for
these and is included for completeness. [ should peint out that the calculations required
to produce the results of this appendix become more tedious as we progress. Because of
this it is not possible {and would not be very useful) to give their derivation in the same
detail that was possible for the superpotential, and the main aim will be to present the
fow of the argument..

Gauge invariant kinetic terms

Our first task is to introduce vector-superfields. Vector superfields are the other convenient,
way of deriving supersymmetry invariant Lagrangians. Like the chiral-superfields, they
are dimensionless, but obey

V(z,8,6) = V(z,8,8). {79)

In fact {in a roundabout way) we already know how to construct a supersymmetry in-
variant Lagrangian from such a field; the kinetic energy terms may be derived from the
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vector superfield L
K(z,0,0) = 9. (80)
Clearly this obeys (79), and Taylor expanded in s, it becomes
K(z,0,0) = ¢*¢+ V20X +0X) + 60¢* F + B0 F*
— 006 (XUY +i¢0,0* — i¢*0,9)

+ 067, (i/7/20,(5"5X,6*)) — 86" (i/ﬁ@u(ongd(b))
(1 — 1 1 1
+ 6609 (% (0X0X+0X0X)—§|0¢|2+Z¢62¢*+Z¢*62¢+FF*) . (81)

Notice that the series terminates at the #9088 term, which is the highest possible term.
Also notice that, apart from some total derivatives, the final term is the kinetic energy
piece of the Lagrangian. Traditionally, the 8668 term of a vector field is referred to as the
D-term, so that we may now write the kinetic energy more succinctly as

Lxg = o . (82)

As we have seen this term transforms into a total derivative under a supersymmetry
transformation. In fact this is a general property of D-terms, which is perhaps not so
surprising when we realise that D-terms, like F-terms, are auxiliary fields which do not
propagate.

In order to show this we need to find the supersymmetry transformations for the
components of an arbitrary vector superfield, which we can write in its Taylor expanded
form as,

V(z,0,8) = C(z)+6(z) + ()
+00G(z) + B0G* (z) — 90", (z)
+ 0695 (M(z)* +5448,¢,) — 999" </\u (z) - o, @Z‘")

+ 0609 <%D(z) + ia“‘cu)) . (83)

The spin one component v* lends its name to the entire vector superfield. In gauge
superfields, the components A, X and v* will be the gaugino, anti-gaugino and gauge boson
respectively. There are a number of ways to determine the supersymmetry transformations
of the components in this multiplet. We could perform the same operation as in the text
for the chiral supermultliplet (i.e. begin with §:C(z) = £¢ +£(, and continue up through
the multiplet, checking at each stage that the supersymmetry algebra operates correctly
on each component), or we could deduce it by comparison with K (z,6,8), or most simply,
we could extract the components of

V(z+i00€—i€0b, 0+€, 6+€) = V(z,0,0) + &V = V(z,0,0) + (£Q + £EQ)V (84)

where O, Q are the differential operators defined in the Introduction. The result for the
last three components is

S (@) = D~ (0"7* )T,
Sev(z) = —i(€0"X" + No¥Ti) - 8, (g0"¢* + &)
§eDz) = (€0"Bu\"+ 0, M0ME). (85)
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The D-term transforms into a total derivative as required. Having determined this fact,
let us now try to introduce gauge invariance into our kinetic term. Under a gauge trans-
formation, we wish our supermultiplets to retain all their properties, so that the natural
extension of the transformation

¢ — ¢, = (eu)ij iy (86)
(different A, with X;; = MT4

#;»and A4, j as group indices) is

®;, > @) = (eiA)ij ?; (87)

where now A is a chiral superfield (remember that the product of two chiral superfields
is another chiral superfield). From now on we shall drop the explicit gauge indices. The
first thing to notice is that our kinetic term

K'(z,6,8) = De~eih (88)

is not gauge invariant, since the two exponentials do not cancel. It can be made gauge
invariant by sandwiching another superfield with the correct transformation properties,
between the chiral superfields. This field is the gauge-superfield, and since the kinetic
term must transform as a vector superfield, it is also a vector superfield. Conventionally

the gauge superfield is defined as gV;; = gAVATi’;, such that the kinetic term is

K(z,0,8) = &% ®. (89)

The constant g will turn out to be the conventional coupling constant. For gauge invari-
ance, under a gauge transformation V' must transform so that it cancels the troublesome
phases in Equation 88. That is, we must have
€2V — ¢ife29V i (90)
We now have nearly all the ingredients we need for our Lagrangian. The kinetic energy
term is found, as before, by extracting the D-term which transforms as a total derivative,
but is now gauge invariant too,

[:KE = 6629V¢'D . (91)

In order to extract the D-term, we need to expand the exponential. To do so, we first
make a gauge transformation such that C, (,(,G = 0. As we shall see below, by examining
infinitesimal gauge transformations, one finds that this gauge, the Wess-Zumino gauge, is
always possible. In the Wess-Zumino gauge, things are particularly simple since,

Va(z,6,8) — —9aﬂavﬂ(z)+i9m(z)—ie_99,\+%emp(z),
VAVB = —%HG%UZUA,‘,
VaVaVe = 0 (92)

so that €2V = 14 V + V2/2, After some lengthy manipulations and Fierz-rearranging,
the kinetic terms in the Lagrangian are found to be

Lxg = —iXo"D,X — (D,9)' D ¢+ F*F
+iv2g (6*\X — XX19) + gpDo*. (93)
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Note that there are suppressed indices floating around here. For example we have
9gODG* = ¥ 055 940 DT ¢T and go*AX = ¥ 4, 9aB T X% Xia Where g4 allows for group
factors and U(1) charges. The derivatives are the usual covariant ones;

Dy; = 6,0, +ngT VA
Duap = 040, + gafhcvCh. (94)

In order to maintain the Wess-Zumino gauge, supersymmetry transformations must be
accompanied by the required gauge transformation. That is, one performs an infinitesi-
mal supersymmetry transformation on the gauge superfield. This generates new C,(,(, G
terms which are found to cancel for a certain additional infinitesimal gauge transforma-
tion on V. Thus the purpose of Wess-Zumino gauge is to make explicit all the physi-
cal degrees of freedom. (Explicitly, the supersymmetry transformations give (550 0,
(55( = —za"fvu, 0¢G = 26X, and the gauge transformation which cancels it is given by
= {0 T Evy, —&X}.) The combined transformation we shall refer to as a supergauge
transformatlon (550. Roughly speaking, this changes the derivatives in the supersymmetry
transformations into covariant ones. That is, for the chiral superfields we have

5% = Veex
5 X = iV20"ED,¢ + VIUF
6°F = V280" DX + 290X, (95)

and for the gauge boson and gauginos and D-field we have

59N (T) = i&D* — %(a“&")ﬁ&,;F,f
5% (z) = —i (fa"XA - /\Aa“ﬁ)
DM ) = (£0*Dur® + DAABIHE) . (96)

The Yang Mills terms

This completes the kinetic terms for the matter fields. The final terms that we need are
the Yang-Mills terms. These can be found as in the text by forming an additional chiral
superfield W, (y,6) out of the three physical fields, A?, Fi, and D*. Since the gaugino
is the component with lowest dimension, we begin by deﬁnmg;

Wa(z,0,0) = —ida(z). (97)

This chiral superfield is a function with dimension 3/2 and helicity 1/2, and is the field-
strength superfield. Its general form may be found by repeating what we did in the main
text but this time for finite supergauge transformations. Making an arbitrary supergauge
transformation, and using the transformation rules for the components above we find,
Wiy,0) = 6°W2i(z,0)
7 .
— —iM(y) + 6, (550" + 5(aua")BF") + 000" DXL (98)

at uv

where
A _ A A A ,A B
Fo = 0] — 0v, — gafpcv,vy -



CP and flavour in supersymmetry 231

The required, supergauge invariant, Lagrangian can be formed in the usual way by taking
the F-component of a combination of these superfields; it is given by

)

1 |
-ZF;},F;{" — iNo*DS A + §DADA (99)

il

1 AT
Lo = {Tr (Wgwg‘lp + WA

in the Wess-Zumino gauge. The full N = 1 supersymmetric, gauge invariant Lagrangian
is given by the sum of equations 91,16,99:

L = Lxg + Line + Lym (100)

This is the main result of this Appendix. Those who would rather avoid any discussion of
superfields at all, could simply verify that this Lagrangian is indeed invariant under the
general supergauge transformations given above. Notice again that the auxiliary D field
may be easily removed by using its equations of motion,

D* = gad} T} ¢;. (101)

The remainder of this Appendix expands a little on the role played by the chiral W, field,;
it may be skipped at the reader’s discretion.

In standard gauge theory, the gauge field is the connection required for covariant
derivatives. These are quantities which, under a gauge transformation

L d = (e &
6 8= (), 65, (102)
transform covariantly: _
Dudi = (D) = (¢%), Duty- (103)

The connection is everything other than the derivative in D, = 8, — igv,, and the trans-
formation of v, is therefore defined so that
D, = (ei’\) D, (e‘“) (104)
Quite generally, there is only one non-trivial tensor that can be made from the the con-
nection, by taking its covariant derivative. This is the curvature, which is given by

ij ij

F. =D,A, - DA, (105)

So much for standard Yang-Mills theory, but what about its supersymmetric counterpart?
The field strength superfield W,, may also be related to the connection in a super/gauge
covariant derivative (just as the usual field strength F,, is related to the gauge bosons).

We begin with the derivatives which anti-commute with Q, and Q" which we shall attempt
to make gauge covariant; these are

0 | g
Da = %—FZGO&B 6/,

D¢ = —a%-wﬂagéa,,. (106)
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We can easily verify that {Dg, Qa} = {Da, Q,} = {D,, @4} = {D4, Qa} = 0. In addition

D,y = 0. This means that an alternative (and in fact the usual) definition of a chiral

superfield is D, ®(y,0) = 0. The fact that D—dﬁz = 0 gives us a useful chiral projection
operator,

1—
pP= _ZDz’ (107)

which, when applied any function of z,,8, turns it into a chiral superfield (that is a
function of y and @ only). Now consider the derivative

X (108)

This derivative is not gauge covariant. A covariant derivative is one which transforms as
follows under gauge transformations:

VY = Vietd = MV,). (109)
Thus _ .
V. = eV, e (110)

a =

By examining the gauge transformations of V' in Equation 90, we see that
Vo = e 29 D,e®v (111)

transforms in the correct way, where D, acts on everything to its right. The connection
superfield is defined as the difference between this term and D,. i.e.

[y = e 2V (D,e¥). (112)
Finally the chiral field W, which we derived earlier is the chiral projection of this:
W, = Pl,. (113)

The gauge invariance of the Yang-Mills term is now manifest.

8 Appendix D: R-symmetry and R-parity

As well as the terms in the superpotential of the MSSM there are many other Yukawa
couplings that we could have included but didn’t. For example,

Wproblem — [LILTleQ + /\IELTCIL + /\”DLTEIQ + /\”IEachanDc, (114)

where a, b, ¢ are colour indices, are all invariant under SU(3). x SU(2), x U(1)y. Including
all of the these terms would lead to disastrously fast proton decay (suppressed by only the
inverse squark mass squared). Thus, counting over generation indices, we have to explain
the absence of 30 possible couplings in the MSSM superpotential. This can be done by the
introduction of a global U(1)g symmetry known as R-symmetry. An R-transformation
may be defined as a transformation of the spinor coordinates,

f — e
8 o e (115)
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Under this transformation we may assign a charge, the R-charge, to each of the chiral
superfields:

]

¢z, 8,0) = eRigi(z,0,0). (116)
For the elements of the supermultiplet this means

{¢iaxi7E} — eiaRi{¢i76_iaxiae_2iQE}
{65, X, FF} — e oRi{g¥ e7X,, e F}}. (117)

Since the elements transform differently this also means that R transformations do not
commute with supersymmetry transformations (i.e. in order to be consistent the su-
persymmetry generators in Appendix A must obey @ — e Q) which may easily be
checked). Now let us examine which of the terms in the Lagrangian is invariant under
R-transformations. The ¢ kinetic term is invariant only if we assign R, = 0 to the gauge
vector, since Ry = —R;. Examining the kinetic terms in, for example, Equation 22, we
find A — e**A. The supersymmetric Yang-Mills Lagrangian (shown in Appendix C) is
also invariant under this transformation. This leaves the interaction term which looks like

‘cint = W(@)IF + h.c.
/\ijkq)iq)jq)k|p + he. (118)

By looking at the transformations in (117), the interaction Lagrangian transforms as
/\ijkq)iq)jq)kip — eia(zi Ri=2) /\ijk(I’i(I)j(I)k|p (119)

and therefore only the terms with

Y R=2 (120)

survive in the R—invariant superpotential. A choice of charges which results in the MSSM
is

R, =3B, + L; (121)

where B; and L; are the baryon number and lepton number of ®;. Clearly Equation 120 is
not satisfied by any of the 30 couplings in Equation 114. When supersymmetry is broken
(for example by a Majorana mass for the gauginos), a residual discrete symmetry remains
in the Lagrangian, given by

fi - (_1)2Si+385+L5fi (122)
where f; is an arbitrary field of spin S;. This particular choice of discrete symmetry is
called R-parity or matter—parity. Other (equally valid) choices are said to be R-parity
breaking. For example, one particularly interesting choice, called baryon-parity is [35],

fi & (—1)¥i3Bi g, (123)

In this case only the first two terms in Equation 114 survive, but nucleon decay is absent.
This model is interesting because this discrete symmetry can arise in certain string models
(for more details see [35, 36]).
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1 The Standard Model and B decays

Studies of b and ¢ physics are focused on two main goals. The first is to look for new
phenomena beyond the Standard Model and the second is to measure Standard Model
parameters including CKM elements and decay constants. These lectures concern “B
Phenomenology,” a topic so broad that it can include almost anything concerning b quark
decay or production. I will cover an eclectic ensemble of topics that I find interesting and
hope will be educational.

1.1 Theoretical basis

The physical states of the “Standard Model” are comprised of left-handed doublets con-
taining leptons and quarks and right handed singlets (Rosner 2001)

U c t
’ URg, dR7 CRr, SR, th bR (1)
d s b
L L L
e n T - - _
( ) ( ) ( )7 eRv /‘Rv TR7 VeRv Vu}y VTR- (2)
Ve /), Yuly, i/

The gauge bosons, W, v and Z° couple to mixtures of the physical d, s and b states.
This mixing is described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix (Kobayashi
1973).

The Lagrangian for charged current weak decays is

Lee = —_9\/__2-Jg;w,1 +hee., (3)

where
€r dL

JE = (D, Dy, U7) Y Vuns | 1 | + (@1, €, tL) ¥Verm | s 4)

TL by,
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and
Vud ‘/;LS Vub
Vekm = | Vea Vs Vi |- (5)
Vie Vis Vi

Multiplying the mass eigenstates (dr,s;,br) by the CKM matrix leads to the weak
eigenstates. Viyns is the analogous matrix required for massive neutrinos (we will not dis-
cuss this matrix any further). There are nine complex CKM elements. These 18 numbers
can be reduced to four independent quantities by applying unitarity constraints and the
fact that the phases of the quark wave functions are arbitrary. These four remaining num-
bers are fundamental constants of nature that need to be determined from experiment,
like any other fundamental constant such as @ or G. In the Wolfenstein approximation
the matrix is written to order A® for the real part and A* for the imaginary part as
(Wolfenstein 1983)

1-22/2 A AN (p —in)(1 — A?/2)
Vekm = -A 1 —A?/2 —inA?X* AN (1 + inA?) . (6)
AX(1—p—1n) —AN? 1

The constants A and A are determined from charged-current weak decays. The measured
values are A = 0.2205 £ 0.0018 and A=0.784+0.043. There are constraints on p and 7
from other measurements that we will discuss. Usually the matrix is viewed only up to
order A®. To explain CP violation in the K system the term of order A* in V; is necessary.

o S \1 *
~

v
Figure 1. Diagram for muon decay.

1.1.1 Determination of G

Muons, being lighter than the lightest hadrons, must decay purely into leptons. The
process is i~ — e~ Ty, as shown in Figure 1. The total width for this decay process is
given by

2

G
r,= 192;3mi x (phase space) x (radiative corrections). (7)

Since ' - 7, = fi, measuring the muon lifetime gives a direct measure of Gr.

1.1.2 Determination of | V|

A charged current decay diagram for strange quark decay is shown in Figure 2. Here
the CKM element Vi, is present. The decay rate is given by a formula similar to Equa-
tion (7), with the muon mass replaced by the s-quark mass and an additional factor
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Figure 2. Semileptonic K~ decay diagram.

<l

of |Vys|>. Two complications arise since we are now measuring a decay process involving
hadrons, K~ —= #% P rather than elementary constituents, One is that the s-quark mass
is not well defined and the other is that we must make corrections for the probability that
the d-spectator-quark indeed forms a #° with the u-quark from the s-quark decay. These
considerations will be discussed in greater detail in the semileptonic B decays section.
Fortunately there are theoretical calculations that allow for a relatively precise measure-
ment because they deal with hadron rather than quark masses and have good constraints
on the form-factors. Using these models we have A =V, = 0.2205 & 0.0018.

1.1.3 Using semileptonic B decays to determine V; and V,,

Semileptonic & decays arise from a similar diagram to Figure 2, where the b quark replaces
the s quark. In this case the b quark can decay into either the ¢ quark or the the w quark,
s0 we can use these decays to determine V and V,; providing we have three ingredients:

« B lifetimes,
« relevant B branching fractions,

« a theory or model to take care of hadronic physics.

1.2 Lifetime measurements

The “b-lifetime” was first measured at the 30GeV ete™ colliders PEP and PETRA, where
b-quarks were produced via e*e~ annihilation into &b pairs. Experiments at these colliders
measyred the average lifetime of all &hadron species using the distribution of the “im-
pact parameter”, which is the minimum distance of approach of a track to the primary
production vertex. This distance is related to the lifetime (Atwood 1994}

A more direct measurement would be to measure the actual decay distance L and the
momentum of the & hadron. Since L = v8¢t, where { is the decay time of the individual
particle {also called the proper time), and 3 = p/E and v = E/m,, the distribution of
decay times ¢ can be determined. Events will be distributed exponentially in ¢ as e~'/7,
with 7 being the lifetime. Uncertainties come from errors on L, the b hadron momentum,
and contributions from non b-quark backgrounds.

Precision lifetimes of individual d-flavored hadrons have been measured at LEP where
the production process is e*e™ = Z° — bb and at CDF in 1.8TeV pp collisions. Large
samples of semileptonic decays have been used to determined the B® and B~ lifetimes.
Note that the CPT theorem guarantees that the lifetime of the anti-particles is the same
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Figure 3. Proper time distributions of exclusive semi-leptonic decays from ALEPH.

as the particles. The decay distributions for two semileptonic B decay channels arc
shown in Figure 3. The B® -+ D*-#+v channel has mostly signal with some background
from B~ decays and other backgrounds as indicated in the figure. It takes a great deal of
careful work to accurately estimate these background contributions. The clear exponential
lifetime shapes can be seen in these plots. Some data has also been obtained using purely
hadronic final states (Sharma 1994).

B |_._| | 1.653+0.028 ps
B’ I 1.54810.032 ps
B, ] 1.493+0.062 ps
Ay |_._i 1.2330.08 ps
5 | . | | 1955 s

| 1 | i | 1

Il 12 13 14 L5 16 17 18

Figure 4. Measured lifetimes of different B species.

A summary of the lifetimes of specific b-flavored hadrons is given in Figure 4 (Groom
2001). Note that the ratio of B* to B lifetimes is 1.074+0.028, a 2.60 difference from
unity, which is quite significant. Also, the A, lifetime is much shorter than the B lifetime.
According to proponents of the Heavy Quark Expansion model, there should be at most
a 10% difference between them (Bigi 1997). To understand lifetime differences we must
first analyze hadronic decays.
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1.3 B decay mechanisms

Figure 5 shows sample diagrams for B decays. Semileptonic decays are depicted in Fig-
ure 5(a), when the virtual W~ materialises as a lepton-antineutrino pair. The name
“sernileptonic” is given, since there are both hadrons and leptons in the final state. The
leptons arise from the virtual W~ , while the hadrons come from the coupling of the spec-
tator anti-quark with either the ¢ or  quark from the b quark decay. Note that the B
is massive enough that all three lepton species can be produced. The simple spectator
diagram for hadronic decays {Figure 5(a)} occurs when the virtual W~ materialises as a
quark-antiquark pair, rather than a lepton pair. The terminology simple spectator comes

q q
a) simple spectator b} hadronic: color suppressed
S e s S
T vds d u
¢) annihilation d) W exchange
b - u,ct »d
- W E ;W -
d u,c.t b
e} box: mixing te

f} Penguin
Figure 5. Various mechanisms for B meson decay.

from viewing the decay of the b quark, while ignoring the presence of the spectator an-
tiquark. If the colors of the quarks from the virtual W~ are the same as the initial b
quark, then the color suppressed diagram, Figure 5(c}, can occur. While the amount. of
color suppression is not well understood, a good first order guess is that these modes are
suppressed in amplitude by the color factor 1/3 and thus in rate by 1/9, with respect to
the non-color suppressed spectator diagram.

The annihilation diagram shown in Figure 5{c) occurs when the b quark and spectator
anti-quark find themselves in the same space-time region and annihilate by coupling to a
virtual W~. The probability of such a wave function overlap between the b and #-quarks
is proportional to a numerical factor called fg. The decay amplitude is also proportional
to the coupling V,;. The mixing and penguin diagrams will be discussed later.

Each diagram contributes differently to the decay width of the individual species,
although the simple spectator diagram is always expected to be the dominant one. Note
that for b baryons there are even more diagrams than those shown in Figure 5. Currently
there is no direct evidence for diagrams (c) and (d}, although (c) is expected to he

responsible for the purely leptonic decay B~ — 77 7.

The semileptonic decay width, Ty, is defined as the decay rate in units of inverse
seconds inte a hadron (or hadrons) plus a lepton-antineutrino pair. Decay rates can also
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be expressed in units of MeV by multiplying by &. The width, [y, is related to the
semileptonic branching ratio By and the lifetime 7 by:

[a = By - Tioral = le/T‘ [8)

The semileptonie width should be equal for all b species. This is true for D% and D+
mesons, even though their lifetimes differ by more than a factor of two. Thus, it is
differences in the hadronic widths among the different  hadrons that drive the lifetime
differences.

Let us now consider the case of B® and B~ lifetime differences. There is some indi-
cation that the B" has a shorter lifetime, which would imply that there are maore decay
channels available. Figure 6 shows the color allowed and color suppressed decay diagrams
for two-body decays into a ground-state charmed meson and a 7~. The color suppressed
diagram only exists for the B~. The relative rate

(B~ = D)
(8 - D+r-)
and the same is true for all other similar two-body channels, such as D*p~. Thus we
would expect, if most B decays are given by these diagrams that the B~ would have a
shorter lifetime than the §0, opposite to what the data suggests. An explanation is that

this ratio reverses for higher multiplicity decays, but this is an interesting discrepancy
that needs to be kept in mind.

) . -
s d}n E_._,QW:-ZE}D”
c1D* (g=d) 3—\

) - (e
aD° (g=w) o

=18+03, (9)

A

Figure 8. (left] Spectator diegram for B’ - D*n~ and B~ = D°r—. (right) Color
suppressed spectator diagram for B~ — D%z~ only.

2 Semileptonic B decays

2.1 Formalism of exclusive semileptonic B decays

The same type of semileptonic charged current decays used to find ¥, are used to find 1,
and V5. The basic diagram is shown in Figure 5{a). We can use either inclusive decays,
where we look only at the lepton and ignore the hadronic system at the lower vertex.
or exclusive decays where we focus on a particular single hadron. Theory currently can
predict either the inclusive decay rate, or the exclusive decay rate when there is only a
single hadron in the final state.

Now let us briefly go through the mathematical formalism of semileptonic decays. We
start with pseudoscalar B to pseudoscalar m transitions. The decay amplitude is given
by Grinstein (1986) and Gilman {1990):

A(B - me™p) = &LZ_,-L”H,‘, (10

V2
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where
L# = qy* (1 = 7s) vy, (11)

and
Hy, = (m| S5, (0)|B) = £ (@) P +p)u+ f ()P = P (12)

where ¢ is the four-momentum transfer squared between the B and the m, and P, p are
four-vectors of the B, m respectively. H,, is the most general form of the hadronic matrix
element. It is written in terms of the unknown f functions that are called “form-factors.”
It turns out that the term multiplying the f_{¢?) form-factor is the mass of lepton squared.
Thus for electrons and muons (but not 7’s), the decay width is given by

dly  G%|V,[PK®
Eq_’; = —F|24:r—|2'—|f+(q2]|?, (13)

where e
_ 1 2 2 _ 2y? 2512
K—Q—M‘;[(Mﬁ—i-m - ) -—4mMB] (14)
is the momentum of the particle m (with mass m) in the B rest frame. In principle,
dly/dg® can be measured over all ¢. Thus the shape of f.(¢°) can be determined
experimentally. However, the normalisation, f,{0) must be obtained from theory, for

Vi;j to be measured. In other words,
- 1 .
Cow o Vi PIA O [ KPgla)dd? (15)

where g(¢®) = f.(¢°)/ f+(0). Measurements of semileptonic B decays give the integral
term, while the lifetimes are measured separately, allowing the product |V,;|?| £, (0}® to
be experimentally determined.

For pseudoscalar to vector transitions there are three independent form-factors whose
shapes and normalisations must be determined {Richman 1995}.

2.2 Measurement of |V
2.2.1 Heavy quark effective theory and B — D*¢~ 5

We can use measurements of exclusive B decays, coupled with “Heavy Quark Effective
Theory” (HQET) to find Vi, (Isgur 1994). We start with a quick introduction to HQET. It.
is difficult to solve QCD at long distances, but it is possible at short distances. Asymptotic
freedom, the fact that the strong coupling constant e, becomes weak in processes with
large g%, allows perturbative calculations. Large distances are of the order ~ 1/Aqep ~1
fm, since Agcp is about 0.2GeV. Short distances, on the other hand, are of the order of
the quark Compton wavelength; Ao ~ 1/mg equals 0.04 fm for the b quark and 0.13fm
for the ¢ quark.

For hadrons, on the order of 1fm, the light quarks are sensitive only to the heavy

quark's color electric field, not the flavor or spin direction. Thus, as mg — =0, hadronic
systems which differ only in flavor or heavy quark spin have the same configuration of
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their light degrees of freedom. The following two predictions follow immediately (the
actual experimental values are shown below):

mp, —Mp, = Mp, —Mp+ (16)
(90.2+£25) MeV  (99.24+0.5) MeV |

mix —mh = miy —mb. (17)

0.49 GeV? 0.55 GeV?.

The agreement is quite good but not exceptional. Since the charmed quark is not that
heavy, there is some heavy quark symmetry breaking. This must be accounted for in
quantitative predictions, and can probably explain the discrepancies above. The basic
idea is that if you replace a b quark with a ¢ quark moving at the same velocity, there
should only be small and calculable changes.

In lowest order HQET there is only one form-factor function F which is a function of
the Lorentz invariant four-velocity transfer w, where

_M123+Mg*—q2

w= 2y Mon (18)

The point w equals one corresponds to the situation where the B decays to a D* which
is at rest in the B frame. Here the “universal” form-factor function F(w) has the value,
F(1) = 1, in lowest order. This is the point in phase space where the b quark changes to
a c quark with zero velocity transfer. The idea is to measure the decay rate at this point,
since we know the value of the form-factor, namely unity, and then apply the hopefully
small and hopefully well understood corrections.

In HQET, the form factor F can also be applied to the analysis of B — D¢~ 7, but the
overall decay rate for the pseudoscalar final state is only 40% of D*¢~7 ,and the decay
rate vanishes at w = 1 much faster, making the measurement more difficult.

2.2.2 Detection of B —» D*¢v

Since this is a semileptonic final state containing a missing neutrino, the decay cannot be
identified or reconstructed by merely measuring the 4-vectors of the final state particles.
One technique used in the past relies on evaluating the missing mass (M M) where

MM? = (Ep—Epx — E)* — (pp — Ppx — B)° (19)
ES M123 + Mg* + MZ2 —2Ep- (ED* + E‘f) + 2E1D"‘E1l
—2p,* e + 2pB-(pD* + ).

For experiments using ete~ — T(4S) — BB, the B energy, Ep, is set equal to the beam
energy, Fyeam, and all quantities are known except the angle between the B direction and
the sum of the D* and lepton 3-vectors (the last term). A reasonable estimate of MM? is
obtained by setting this term to zero. The signal for the D*¢v final state should appear
at the neutrino mass, namely at M M? = 0. In an alternative technique M M? is set to
zero and the angle between the B momentum and the sum of the D* and lepton 3-vectors
is evaluated as

2Ep(Epx + Ep) — M} — M2,

cos (eB.D*If) = 2 |ps| ‘(pD* + pZ)I

, (20)
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where M x, indicates the invariant mass of the D*-lepton combination.

A Monte-Carlo simulation of cos (9 - D*s) is given for the final state of interest and
for the main background reaction in Figure 7. For the correct final state only a few events
are outside the “legal” region of 1, while when there are extra pions in the final state
the shape changes and many events are below —1.

P S s o s M i sy 16E
D Iv i 14t D Xlv TRE. 3
30f ! 1 :
12} i :
25f i : =
= JJ 10f ; i
20F : 3 sk
1sf ] o .
10f E at
Sk 3 2t
i SO ... W .
-10 -8 6 -4 -2 0 2 4 -10 -8 6 4 -2 0 2 4
cos@y . cos@y

Figure 7. The cosine of the angle between the B momentum vector and the sum of D*
and lepton momentum vectors for (left) the final state D*€v and (right) D* X {v, where
X refers to an additional pion.

Recent CLEQ data has been analyzed with such a technique. The data in two specific
w bins is shown in Figure 8. The final result for all w bins is shown in Figure 9. The
result is characterised by both a value for F(1)|V.| and a shape parameter p?.
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=
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Figure 8. The signal and background Figure 9. The CLEO results for D*fv
i x . . . == LA x
contributions in two different w bins for for both B" and B~. The curve is a fit

the final state D*fv. to a shape suggested in (Caprini 1998).
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Figure 10. The correlation between the slope parameter p* and F(1)|V,y|. The contours
are for a change in the fit X* of one unit.

2.2.3 Evaluation of V,;, using B — D*¢fv

Figure 10 and Table 1 give recent experimental results on exclusive B — D*{v decays.
The CLEO results are not in particularly good agreement with the rest of the world
including the BELLE results.

Experiment F(1)|Vy| (x1073) e
ALEPH (Buskulic 1997) 330£21+16 0.74+03+04
BELLE (Tajima 2001) 354+10+19 1.35:+0.1740.18
CLEO (Heltsley 2001) 4224+13+1.8 1.61+£0.09+0.21
DELPHI (Abreu 2001) 345+£14+25 1.2+0.1+04
OPAL(r¢) (Abbiendi 2000) 37.0+13+24  12+0.2+04
OPAL (Abbiendi 2000) 37T5+1.7+£1.8 14+ 02402
Average 378+14 1.37+ 0.13

Table 1. Modern determinations of F(1)|Ve| using B — D*{~7 decays.

To extract the value of |V,3] we have to determine the corrections to F(1) that lower
its value from unity. The corrections are of two types: quark mass, characterised as
some coefficient times Agep/mg, and hard gluon, characterised as 54. The value of the
form-factor can then be expressed as (Neubert 1996)

F(I) =14 (]. +0- AQCD/TRQ + cg - (AQCD/mQ)2 + ) = 7},4(1 + (5) (21)

The zero coefficient in front of the 1/mg term reflects the fact that the first order correc-
tion in quark mass vanishes at w equals one. This is called Luke’s Theorem (Luke 1990).
Recent estimates for n74 and 6 are 0.967+0.007 and —0.5520.025, respectively. The value
predicted for F(1) is then 0.91+0.05. This is the conclusion of the PDG review done by
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Artuso and Barberio (Artuso 2001). There has been much controversy surrounding the
theoretical prediction of this number. In the future Lattice-Gauge Theory calculations will
presumably become more accurate when unquenched calculations become possible. Cur-
rent lattice calculations are done in the quenched approximation, without including light
quark loops. They give F(1) = 0.91375:3%2 + 0.016+3993+0-090+0.0%6 ' where the uncertain-
ties come respectively, from statistics and fitting, matching lattice gauge theory to QCD,
lattice spacing dependence, light quark mass effects and the quenching approximation.
(Hashimoto 2001).

Using the Artuso-Barberio value for F/(1) we have
V| = (41.5 4+ 1.5 £ 2.3) x 1073, (22)

where the first error is experimental and the second the error on the calculation of F(1).

2.2.4 |V| from inclusive semileptonic decays

The inclusive semileptonic branching ratio b — X /v has been measured by both CLEO
and LEP to reasonable accuracy. CLEO finds (10.49 4 0.17 + 0.43)%, while LEP has
(10.56 & 0.11 + 0.18)%. These are not quite the same quantities as the CLEO number is
an average over B~ and B° only, while the LEP number is a weighted average over all b
hadron species produced in Z° decays. Thus using the LEP number one should use the
average “b quark” lifetime of 1.560+0.014ps.

Using the Heavy Quark Expansion (HQE) model (Bigi 1997) we can relate the total
semileptonic decay rate at the quark level to |Vyl:
[Vl = h(A, Ay, A) x T(b = cév) (23)
— 1
(A1, Ag, A) x B(b — cfv) x —,

Tb

where B(b — cfv) is the inclusive semileptonic branching ratio minus a small b — ufy
component. To be precise, it is the decay of a B meson to a lepton-antineutrino pair plus
any charmed hadron. 7, is the lifetime of that particular meson or average lifetimne of
the combination of the b-flavored hadrons used in the analysis, suitably weighted. In the
HQE model the semileptonic rate is described to order (Agep/ ms)° by three parameters:

« A; is the kinetic energy of the residual motion of the b quark in the hadron:
M
= =2 (B(v) B(v)), (24)

A= 5 h,(iD)*h,

« Ag is the chromo-magnetic coupling of the b quark spin to the gluon field:

Ay = ~% (B0)

h—vg . UﬂuGuuhv

B()), (25)
« A is the strong interaction coupling, given in terms of Mp = (Mp + 3Mgx)/4, the
spin averaged B meson mass, as

A
2Mpg’

A=Mp—my+ (26)
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These parameters are further related by

MB = mb+K—£—-2——)/\l-:n::)‘2

A1 - /\2
my

_ (27)
MB* = my+A—

These relations allow us to determine A; from the Mg« — Mp mass splitting as 0.12GeV2.
The function h(A), Az, A) can be calculated from the Heavy Quark Expansion (HQE)
model. This involves both perturbative and non-perturbative pieces.

Although we will go through this derivation of V,;, there is a disturbing assumption
of quark-hadron duality; the idea of duality is that if you integrate over enough exclusive
charm bound states and enough phase space, the inclusive hadronic result will match the
quark level calculation. However, we do not know what size is the uncertainty associ-
ated with the duality assumption. In fact, Isgur said “I identify a source of Aqcp/mg
corrections to the assumption of quark-hadron duality in the application of heavy quark
methods to inclusive heavy quark decays. These corrections could substantially affect the
accuracy of such methods in practical applications and in particular compromise their
utility for the extraction of the CKM matrix element V,,” (Isgur 1999).

Let us move to the details of the calculation. In one implementation A; and A are
derived; the relationship between the inclusive b — cfv branching fraction (about 99% of
b — X{0v) is given as

(b — X.v) 155ps 12— 0.5 GeV?
V| = 00411,/ 1-00129—= "~
Vool = 0.105 ( 00T Geve (28)

(14 0.015pere, 0. 010m,, + 0.012 /g )

(29)

where 2 is the negative of A\; modulo QCD corrections and is taken as (0.5 + 0.1) GeV?
(Bigi 1997). This leads to a value of

|Vl = (40.7 £0.5 +£2.4) x 1072 (30)

from the LEP data alone, with a similar value from CLEQO. The first error contains the
statistical and systematic error from the experiments while the second error contains an
estimate of the theory error from sources other than duality.

In another implementation the parameters A, and A are obtained from data. Here we
use the HQE formula

G% |Va|* M},

Lo = =993

x 0.369 x (31)

K Qg K2 Al /\2
%165 (1-1.08721) —0.95 —3.18 2L +0.02-22
[1 1545 165MB( 08722) ~0.9 i 800

Determining A, and A can be accomplished by measuring, for example, the “moments”
of the hadronic mass produced in b — cfv decays. The first moment is defined as the de-

— a2
viation from the D mass (Mp) as (M% — M ») and the second moment as ((M}’( - Mf)) ).
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It is also possible to use the first and second moments of the lepton energy distribution
in these decays, or moments of the photon energy in the process b — sv. In fact any
two distributions can be used; in practice it will be critical to use all of them to try and
ascertain if any violations of quark-hadron duality appear and to check that terms of
order (Agep/ my)® are not important.

CLEO has used the first and second moments of the hadron mass in b — cfv decays.
They find the My distributions by using missing energy and momentum in the event
to define the v four-vector. Then detecting only the lepton and requiring it to have a
momentum above 1.5GeV /c, they calculate:

M: = (Es—E—E)-(ms-p-n) (32)
= M3+ M} —2Ep(E¢+ E,) + 2pp (D — p)
~ M2+ ME —2EgE,, (33)

where M, is the invariant mass of the lepton-neutrino pair. The measured M2 distri-
bution is shown in Figure 11. We do not see distinct peaks at the mass of the D and
D* mesons because ignoring the last term in Equation (32) causes poor resolution. This
term must be ignored, because using this technique, we do not know the direction of the
B meson.

2000 T T T T T T T

Events /0.5 GeV? _
g 8

g

o

~2 0 2 4 6 10
M2 (GeV?)

Figure 11. The mass distribution for b — clv events from CLEO. Xy indicates an
additional pion plus a D or D*.

CLEO finds values of the first and second moments of (0.287+0.023+0.061) GeV?
and (0.71240.056+0.176)GeV*, respectively. These lead to the determination of A;, A
and V., shown in Figure 12. Later we will see a different determination using b — sy
(Section 5.3.1).

In summary the exclusive measurements of V,, are to be trusted while the inclusive
determination, though consistent, has an unknown source of systematic error and should
not be used now.
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Figure 12. Constraints in A; versus A from CLEO measurements of first and second
hadronic moments in semileptonic decay. The darker band gives experimental uncertain-
ties alone, while the lighter outer band also includes uncertainties from unknown 3rd order
theoretical parameters. Bands of constant Vi, and b quark mass, my, are also shown, where
the band widths represents theoretical uncertainties due to unknown 3rd order parameters.

2.3 Measurement of |V,,|

This is a heavy to light quark transition where HQET cannot be used directly as in finding
V. Unfortunately the theoretical models that can be used to extract a value from the
data do not currently give precise predictions.

Three techniques have been used. The first measurement of V,; done by CLEO (Fulton
1990) and subsequently confirmed by ARGUS (Albrecht 1990), used only leptons which
were more energetic than those that could come from b — ¢f~ & decays. These “endpoint
leptons™ can occur b — ¢ background free at the T(4S), because the B's are almost at rest.
The CLEQO data are shown in Figure 13. Since the lepton momentum for B — D/fv decays
is cut off by phase space, this data provides incontrovertible evidence for b — ufr decays.

Unfortunately, there is only a small fraction of the b — uf v lepton spectrum that
can be seen this way, leading to model dependent errors. The models used are either
inclusive predictions, sums of exclusive channels, or both: see Isgur (1995), Bauer (1989),
Kérner (1989), Melikhov (1996), Altarelli (1982) and Ramirez (1990). The average among
the models is |Vy5/Vas| = 0.079 £ 0.006, without a model dependent error. These models
differ by at most 11%, making it tempting to assign a +6% error. However, there is no
quantitative way of estimating the error.

ALEPH (Barate 1999), L3 (Acciarri 1998) and DELPHI (Abreu 2000) isolate a class
of events where the hadron system associated with the lepton is enriched in b — u and
thus depleted in b — ¢. They define a likelihood that hadron tracks come from b decay by
using a large number of variables including, vertex information, transverse momentum,
not being a kaon ete.. Then they require the hadronic mass to be less than 1.6GeV, which
greatly reduces b — ¢, since a completely reconstructed b — ¢ decay has a mass greater
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Figure 13. Sum of inclusive electron and muon distributions from CLEQ. The solid
points are data taken on the peak of the Y(4S5) while the open circles are data taken on
the continuum 0MeV below the resonance(suitably normalised). The dashed line is a fit
to the continuum data and the solid line is the predicted curve from b — cfv dominated
by B — D{v near the end of the allowed lepton spectrum.
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Figure 14. The lepton energy distribution in the B rest frame from DELPHI. The data
have been enriched in b — u events, and the mass of the recoiling hadronic system is
required to be below 1.6GeV. The points indicate data, the light shaded region, the fitted
background and the dark shaded region, the fitted b — ufv signal.

than that of the D (1.83GeV). They then examine the lepton energy distribution, shown
in Figure 14 for DELPHIL

The average of all three results is |Vy| = (4.1370:42:0-13+0.24 4 .20) x 103, resulting in a
value for |V,/Vi| = 0.1024:0.018, using |V| = 0.0405+0.0025. I have several misgivings
about this result. First of all the experiments have to understand the systematic errors
very well. To understand semileptonic b and ¢ decays and thus find their b — ufy
efficiency, they employ different models and Monte Carlo manifestations of these models.
To find the error they take half the spread that different models give. This alone may be
a serious underestimate. Secondly they use one model, the HQE model, to translate their
measured rate to a value for |V,s|. This model assumes duality, and there are no successful
experimental checks: The model fails on the A, lifetime prediction. Furthermore, the
quoted theoretical error, even in the context of the model, has been estimated by Neubert
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to be much larger at 10% (Neubert 2000). Others have questioned the effect of the hadron
mass cut and estimate 10-20% errors due to this alone (Bauer 2001).

It may be possible to use the spectrum of photons in b — s to reduce the theoretical
error in the endpoint lepton method or to make judicious cuts in ¢? instead of hadronic
mass to help reduce the theoretical errors: see Wise (2001).

The third method uses exclusive decays. CLEO has measured the decay rates for the
exclusive final states v and pfr (Alexander 1996). The data are shown in Figure 15.
The model of Kérner and Schuler (KS) is ruled out by the measured ratio of p/m. Other
models include those of Isgur (1995, 1989), Wirbel (1985), Bauer (1989), Korner (1988),
Melikhov (1996}, Altarelli (1982) and Ramierz (1990). CLEQ has presented an updated
analysis for pfr where they have used several different models to evaluate their efficiencies
and extract Vis. These theoretical approaches include quark models, light cone sum rules
(LCRS), and lattice QCD. The CLEO values are shown in Table 2.
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Figure 15. The B candidate mass distributions and the signal bin lepton momentum
spectra (insets) for the pion modes (top) and the sum of p and w (vector) modes (bottom).
The points are the data after continuum and fake background subtractions; the dark-
shaded, cross-hatched and unshaded histograms are b — X, b — ulv feed-down and
signal, respectively. For the w (vector) modes, the light-shaded and hatched histograms
are 1 = m (vector— vector) and vector — w (m — vector) cross-feed, respectively (charge
final states can feed neutral and vice-versa). The histogram normalisations are from the
nominal fit. The arrows indicate the momentum cuts.
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Model Vap (x107%)

ISGW?2 (Isgur 1989) 3.23+0.1470%
Beyer/Melikhov (Beyer 1998) 3.32 +0.15733)
Ligeti/Wise (Ligeti 1996) 2.92 +0.135:32
LCSR (Ball 1998) 3.45 £ 0.15+02
UKQCD (Debbio 1998) 3.32 £0.14752

Table 2. Values of |Vy| using B — p€~7 and some theoretical models.

The uncertainties in the quark model calculations (first three in the table) are guessed
to be 25-50% in the rate. The Ligeti/Wise model uses charm data and SU(3) symmetry
to reduce the model dependent errors. The other models estimate their errors at about
30-50% in the rate, leading conservatively to a 25% error in |V,;3|. Note that the models
differ by 18%, but it would be incorrect to assume that this spread allows us to take a
smaller error. It may be that the models share common assumptions, e.g. the shape of the
form-factors. At this time it is prudent to assign a 25% model dependent error realising
that the errors in the models cannot be averaged. The fact that the models do not differ
much allows us to comfortably assign a central value |Vy| = (3.2540.1475-224+0.80) x 1073,

and a derived value |V,;/Ve| = 0.08 £ 0.02 .

Lattice QCD has predicted form-factors and resulting rates for the exclusive semilep-
tonic final states wfr and pfr (Sachrajda 1999) in the quenched approximation. These
calculations require the momentum of the final-state light meson to be small in order to
avoid discretisation errors. This means we only obtain results at large values of the invari-
ant four-momentum transfer squared, ¢>. Figure 16 shows the predictions of the B — pfv
width as a function of ¢>. Note that the horizontal scale is highly zero suppressed. The
region marked “phase space only” is not calculated but estimated using a phase space
extrapolation from the last lattice point.
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Figure 16. The UKQCD lattice calculation for B — pfv shown as circles. The line is
an estimate.

The integral over the region for ¢ > 14GeV? gives a rate of AT = 8.3|V,,|? ps~'-GeV2.
CLEO measurements in the same interval give (7.132.4) x 10~°ps~-GeV?, yielding a value
for V,;, = (2.9 0.5) x 1073 (Sachrajda 1999). Ultimately unquenched lattice calculations
when coupled with more precise data will yield a much better value for V.
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3 Facilities for b studies

3.1 b production mechanisms

Although most of what is known about b physics has been obtained from e*e™ colliders
operating either at the Y(4S5) or at the Z° pole, interesting information is now appearing
from the hadron collider experiments, CDF and D0, which were designed to look for
considerably higher energy phenomena. The appeal of hadron colliders arises mainly
from the large measured b production cross-sections. At the Y(4.5) the total & praduction
cross-section is only 1.05 nb, whereas at the FNAL Tevatron collider, with 1.8TeV in the
pp center-of-mass, the b cross-section has been measured as ~100ub. It is expected to he
about five times higher at the LHC (Artuso 1994),

The different production mechanisms of & quarks at various accelerators leads to dif-
ferent methods of measurement. Figure 17 shows the production of B~ and B® mesons at
the T(45), while Figure 18 shows the production mechanism of the different b species at a
higher energy e*e~ collider such as LEP. Figure 19 shows the production mechanisms for
a b or ¢ quark at a hadron collider. The third order diagrams appear to be as important
as the second order diagrams and the overall theoretical calculation gives about 1/2 of
the measured value.

Figure 17. B production at the T(45).
b} B B Bg, Ab, Epe...

et 1. Z° B}

Figure 18, & production in the continuum at e*e™ colliders.
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Figure 19. Heavy quark, ¢}, production al hadron colliders. Left four diagrams are
second order in «,, while right four are third order.
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3.2 Accelerators for b physics

Experiments on b decays started with CLEO and ARGUS using eTe™ colliders operating
at the T(45). They were quickly joined by the PEP and PETRA machines operating
around 30GeV. Table 3 lists some of the machines used to study b quarks in the last
century (Artuso 1994).

Machine Beams Energy o(b) b fraction L Total #
(GeV) em~2%s7!  b-pairs

CESR ete” 10.8  1.05 nb 0.25 1.3x10% 9.8 x 106
DORIS ete” 10.8 1.05nb 0.23 ~10% 0.4 x 10°
PEP ete” 29 0.4 nb 0.09 3.2x10%

PETRA ete” 35 0.3 nb 0.09 1.7x10%

LEP ete” 91 9.2 nb 0.22 2.4x10% 1.8 x 10°
SLC ete” 91 9.2 nb 0.22 3.0x10% 8.8 x 10

TEVATRON Dp 1800 100 pb 0.002 3x10%!

Table 3. Machines used for b physics in the 20th century. The total number of bb pairs
accumulated per experiment is also listed when known.

In the year 2000 the PEP II and KEK-B storage rings began operation. These ma-
chines have separate e~ and e* magnet rings so they can operate at asymmetric energies;
PEP II has beam energies of 9.0GeV and 3.1GeV, while KEK-B has energies of 8.0GeV
and 3.5GeV. This allows the B mesons produced at the T(45) to move with a velocity
3 ~ 0.6, which turns out to be very important in measurements of CP violation, since
time integrated CP violation via mixing must be exactly zero due to the C odd nature of
the T(45). These machines are operating at very high luminosities. Current and future
machines for B physics are listed in Table 4. The CDF and DO experiments will continue
at the Tevatron with higher luminosities. CDF has already made significant contributions
including studies of b production, lifetimes and the discovery of the B, meson (Abe 1998).

Machine Exp. Beam Energy o(b) b L(Design) Interactions
(GeV) fraction cm™2s7!  per crossing
PEPII BABAR ee- 108 105mb  1/4  3x10%({) <1
KEK-B BELLE ete” 10.8  1.05 nb 1/4 1034 <1
HERA HERA-b pN 800 10nb 2-10°° 4
Tevatron BTeV op 2000 100 pb  1/500 2x103? 2
LHC LHCb op 14000 500 ub  1/160 2x1032 0.6

1 Machine has already exceeded design luminosity.

Table 4. Machines in use or approved for dedicated b physics experiments.
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BTeV and LHCb will go into operation around 2007 with much larger event rates. The
CMS and ATLAS experiments at the LHC will also contribute to b physics especially in
the early stages when the luminosity will be relatively low; at design luminosity these ex-
periments have an average of 23 interactions per crossing making the finding of detached
vertices difficult.

3.3 ete  detectors
Most experiments at e*e™ storage rings look quite similar. CLEO II, shown in Figure 20,

was the first detector to have both an excellent tracking system and an excellent elec-
tromagnetic calorimeter. Starting from the inside there is a thin beryllium beam pipe

Muon Chambers

Outer Iron
Inner lron Magnetic Coil
Barrel Crystals

Return lron Time of Flight

-e==e=
Cenlral
Drift Chambar

Beam Pipe
Silicon Vertex Detector

Figure 20. FElectrons view of the CLEO II detector.

surrounded by a silicon vertex detector; this detector measures positions with an accu-
racy of  10um. Then there is a wire drift chamber whose main function is to measure
the curving trajectories of particles in the 1.5T solenoidal magnetic field. The next device
radially outward is time-of-flight system to distinguish pions, kaons and protons. This
system only works for lower momenta. The next device is an electromagnetic calorimeter
that uses Thallium doped Csl crystals; indeed this was the most important new technical
implementation done in CLEO II and has also been adopted by BABAR and BELLE.
Afterwards there is segmented iron that serves as both a magnetic flux return and a filter
for muon identification.

The most important advance in the new CLEO III, BELLE and BABAR detectors
is much better charged hadron identification. Each experiment uses different techniques
based on Cherenkov radiation to extend /K separation up to the limit from B decays.
Figure 21 shows a view of the BELLE detector parallel to the beam.
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Figure 21. The BELLE detector.

3.4 b production characteristics at hadron colliders

To make precision measurements, large samples of b’s are necessary. Fortunately, these are
available. With the Fermilab Main Injector, the Tevatron collider will produce ~ 4 x 10!!
b hadrons/107 s at a luminosity of 2 x 103%cm ~2s~!. These rates compare very favorably to
e*e” machines operating at the T(4S). At a luminosity of 10**cm~?s™! they would produce
2x 108 B's / 107 s. Furthermore By, Ay and other b-flavored hadrons are accessible for study
at hadron colliders. The LHC has about a five times larger b production cross-section
than the Tevatron. Also important are the large charm rates, ~10 times larger than the
b rate.

In order to understand the detector design it is useful to examine the characteristics
of b quark production at pp collider. It is often customary to characterise heavy quark
production in hadron collisions with the two variables p; and 7, where 7 = — In (tan (8/2)),
and @ is the angle of the particle with respect to the beam direction. According to QCD
based calculations of b quark production, the B's are produced “uniformly” in n and
have a truncated transverse momentum spectrum, p;, characterised by a mean value
approximately equal to the B mass (Artuso 1994). The distribution in 5 is shown in
Figure 22(a).

The flat n distribution hides an important correlation of bb production at hadronic
colliders. In Figure 22(c) the production angles of the hadron containing the b quark is
plotted versus the production angle of the hadron containing the b quark according to
the Pythia generator. Many important measurements require the reconstruction of a b
decay and the determination of the flavor of the other b, thus requiring both b's to be
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Figure 22. (a) The B yield versus 1. (b) By of the B versus 1. (c) The production

angle (in degrees) for the hadron containing a b quark plotted versus the production angle
for a hadron containing b quark.

observed in the detector. There is a very strong correlation in the forward (and backward)
direction: when the B is forward the B is also forward. This correlation is not present in
the central region (near 90°). By instrumenting a relative small region of angular phase
space, a large number of bb pairs can be detected. Furthermore the B’s populating the
forward and backward regions have large values of 3y Figure 22(b).

BTeV is a dedicated heavy flavor experiment approved to run at the Fermilab Tevatron
collider, uses two forward spectrometers (along both the p and p directions) that utilise
the boost of the B's at large rapidities. This is of crucial importance because the main way
to distinguish b decays is by the separation of decay vertices from the main interaction.
LHCb, approved for operation at the LHC, needs a larger detector to analyze the higher
momentum decay products, and thus has only one arm.

3.4.1 The BTeV detector description

I will describe BTeV here though LHCb shares many of the same features. There are
difficulties that heavy quark experiments at hadron colliders must overcome. First of all,
the huge b rate is accompanied by an even larger rate of uninteresting interactions. At
the Tevatron the b-fraction is only 1/500. In addition all b experiments have problems
searching for rare decay processes, at the level of parts per million, where the background
from other b decays is dominant. To observe such decays the large data rate of b's must be
handled. For example, BTeV, has 1 kHz of b's into the detector, and these events must be
selected and written out. The electromagnetic calorimeter must be robust enough to deal
with the particles from the underlying event and still have useful efficiency. Furthermore,
radiation damage can destroy detector elements.

The BTeV Detector is shown in Figure 23 (Skwarnicki 2001) and the LHCb detector
in Figure 24 (Muheim 2001). The central part of the BTeV detector has a silicon pixel
detector inside a 1.5T dipole magnet. The LHCb experiment uses silicon strips. The BTeV
pixel detector provides precision space points for use in both the offline analysis and the
trigger. The pixel geometry is sketched in Figure 25(a). Pulse heights are measured
on each pixel. Prototype detectors were tested in a beam at Fermilab, and excellent
resolutions were obtained (Figure 25(b)), especially when reading out pulse heights (Appel
2001). The final design uses a 3-bit ADC for this.
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Figure 23. Schematic of the BTeV detector.
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Figure 24. A schematic diagram of the LHCb detector . Key: 1, vertex detectors;
2,aerogel and gas RICH’s; 3, magnet yoke; 4, coils; 5, magnetic shielding; 6, tracking
chambers; 7, gas RICH; 8, EM-calorimeter; 9, hadron calorimeter; 10, muon system.
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Figure 25. (a) Pizel detector geometry in BTeV. The detector is inside the beam pipe.
(b) The spatial resolution as a function of the incident track angle for both 2-bit and 8-bit
ADC’s as measured in an 800GeV/c pion beam. The straight lines are piecewise fits to
the data used in the Monte Carlo simulation. The dashed line near the top indicates the
resolution obtainable without using pulse height information.
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The pixel tracker provides excellent vertex resolution which is good enough to trigger
on events with detached vertices characteristic of b or ¢ decays. BTeV shows a rejection of
100:1 for minimum bias events in the first trigger level while accepting about 50% of the
usable b decays. A good explanation of the trigger algorithm can be found at the website
www-btev.fnal.gov/public_documents/animations/Animated Trigger/.  Further trigger
levels reduce the background by about a factor of twenty while decreasing the b sample
by only 10%. The trigger system stores data in a pipeline that is long enough to ensure
no deadtime. The data acquisition system has sufficient throughput to accommodate an
output of 1kHz of b’s, 1kHz of ¢’s and 2kHz of junk. Tracking is accomplished using straw
tube wire chambers with silicon strip chambers in the high track density region near the
beam.

Charged particle identification is done using a Ring Imaging CHerenkov detector. A
gaseous C,Fo radiator is used with a large mirror that focuses light onto a plane of
photon detectors; these are currently Hybrid Photo-Diodes. They have a photocathode
and a 20KV potential difference between the photocathode and a silicon diode that is
segmented into 163 individual pads. The photoelectron is accelerated and focused onto
the diode yielding position information for the initial photon. The system will provide four
standard-deviation kaon/pion separation between 3-70GeV /e, electron/pion separation
up to 22GeV/c and pion/muon separation up to 15GeV /c. Because protons don’t radiate
until 9GeV/c they can’t be distinguished from kaons below this momenta. BTeV is
considering an additional liquid C¢F4 radiator, 1cm thick, in front of the gas along with
a proximity focused phototube array adjacent to the sides of the gas volume, to resolve
this ambiguity.

BTeV also has an excellent Electromagnetic calorimeter made from PbWQ, crystals,
based on the design of CMS. Finally, the Muon system is used to both identify muons
and provide an independent trigger on dimuons (BTeV 2000).

4 B°—B° mixing

4.1 Introduction

Neutral B mesons can transform to their anti-particles before they decay. The diagrams
for this process are shown in Figure 26 for the By. There is a similar diagram for the B,.
Although u, ¢ and ¢ quark exchanges are all shown, the ¢ quark plays a dominant role
mainly due to its mass, as the amplitude of this process is proportional to the mass of
the exchanged fermion.

b d b pL1:CU »-d
a tscsul :: Itsc,uE a W- 5
< t,c,u <

Figure 26. The two diagrams for By mizing.

Under the weak interactions the eigenstates of flavor, which are degenerate in pure
QCD, can mix. Let the quantum mechanical basis vectors be {|1),|2)} = {|B%, IFO)}
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Then the Hamiltonian is

/ M M (T T
H=M-iT= w2 2] (34)
2 MY M 2\ry, T

Diagonalising we have
Am =mg, —mp, =2|Mpa|. (35)

Here H refers to the heavier and L to the lighter of the two weak eigenstates.

By mixing was first discovered by the ARGUS experiment (Albrecht 1983), although
there was a previous measurement by UAI indicating mixing for a mixture of B and B?
{Albajar 1987). At the time it was quite a surprise, since m, was thought to be in the
30GeV range. It is usual to define R as probability for a BY to materialise as a B’ divided
by the probability it decays as a B®. The OPAL data for R (Akers 1995) are shown in
Figure 27.
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Figure 27. The ratio, R, of like-sign to total evenis as a function of proper decay time,
for selected B — D*t X ¢ i events. The jet charge in the opposite hemisphere is used to
determine the sign correlation. The curve is the result of a fit to the mizing parameter,

Data from many experiments has been combined by a LEP Working Group to ob-
tain an average value of Amy = (0,489 £ 0.0008} x 10 As~!. Values from individual
experiments are listed in Figure 28,
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ALEPH" H——H Z 0.44610.020::0.013 ps™
{3 + 1 prel} /
DELPHI ' %‘_4 0.504:0.019+0,012 ps™*
4 + 1 prel
( pL:: }_,_,_‘_Z 0.444::0.028+0.028 ps™!
@) /
OPAL % 0.479+0,018+0.015 s’
(5)
(SSLrlzl ) %“—H 0.5070.023+0.019 ps’*
p
. 2CDFI' ’_,_%_,_‘ 0.495:0.0260.025 ps*
(4 + 2 prel)
BABAR * % 0.503£0.00910,011 ps”
(2 prel)
BELLE | Fo _% 0.463+0.008+0.016 ps’
1y Vv
average of above 0.489+0.009 ps™!
after adjustments )
ARGUS+CLEO —— 0.4890.032 ps’
(4 Measurements)
world average |_._I 0.489:+0.008 ps™
I 'l I L I L I 'l
04 045 05 055
- working group average .
without adjustments Am, (ps l)

Figure 28. Values of the By mizing parameter Amy for each ezperiment.

The probability of mixing is given by (Gaillard 1974) (Bigi 2000)

r

Am _ Gk
 6n?

m
Bg fzmptp|Viy th|2m?f"'(M—£) nqQcD,
W

2

(36)

where Bp is a parameter related to the probability of the d and b quarks forming a
hadron which must be estimated theoretically, F is a known function which increases
approximately as m?, and 7qep is a QCD correction, with a value of about 0.8. By far
the largest uncertainty arises from the unknown decay constant, fz. In principle fg can
be measured, since the decay rate of the annihilation process B~ — £~F is proportional
to the product of f2|V,s}%. In practice, even if V,, were well known, this is a very difficult
process to measure. Qur current best hope of determining fp is to rely on unquenched
lattice QCD which can use the measurements of the analogous Dt — p*v decay as check.
Measurements of these I} decays requires the construction of a “r-charm factory.”

Since the B, mixing measurement determines:

Ve Vial® o< I(1 = p—im)|* = (p— 1)* + 7, (37)
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it can be related to the CKM parameters; giving a circle centered at (1,0) in the p—n
plane. This could in principle be a very powerful constraint. Unfortunately, the parameter
Bpg is not experimentally accessible, and fg, although in principle measurable, has not
been and may not be for a very long time, so it too must be calculated. The errors on
these calculations are still quite large.

4.2 B, mixing in the Standard Model

B? mesons can mix in a similar fashion to B} mesons. The diagrams in Figure 26 are
modified by substituting s quarks for d quarks, thereby changing the relevant CKM matrix
element from Vi to Vi;. The time dependent mixing fraction is

Am; G 2

2 m
Ts = Ts—“ = 67:; Bg, flzi,mBsTB,IVttVtst?F(A—l;;) 1QeD; (38)

which differs from Equation (36) by parameters relevant for the B, rather than the By.

Measuring z, allows us to use ratio of z4/zs to provide constraints on the CKM
parameters p and 7. We still obtain a circle in the (p,n) plane centered at (1,0):

Val? = AN (1= p)? + ] (39)
v 2
ts

However we must calculate only the SU(3) broken ratios Bg,/Bg, and fg,/ fs,-

BY mixing has been searched for at LEP, the Tevatron, and the SLC. The probability,
P(t) for a B; to oscillate into a B, is given by:

P(t) (B, — B,) = %rse—w [1 + cos (Amst)] (40)

where t is the proper time.

To combine different experiments a framework has been established where each ex-
periment finds amplitudes A for a spectrum of test oscillation frequencies, w, defined
as

1
P(t) = EI’se'F’t 1+ Acos(wt)]. (41)

Figure 29 shows the world average measured amplitude A as a function of the test
frequency w = Am, (Leroy 2001). For each frequency the expected result is either zero for
no mixing or one for mixing. No other value is physical, although allowing for measure-
ment errors other values are possible. The data do indeed cross one at a Am, of 16ps™!,
however here the error on A is about 0.6, precluding a statistically significant discovery.
The quoted upper limit at 95% confidence level is 14.6 ps™'. This is the point where the
value of A plus 1.645 times the error on A reaches one. Also indicated on the figure is the
point where the error bar is small enough that a 40 discovery would be possible. This is
at Am, = 11ps~!. One should also be aware that all the points are strongly correlated.

The upper limit on Am, translates into an upper limit z, <21.6, also at 95% confidence
level. CDF plans to probe higher sensitivity and eventually LHCb and BTeV can reach
values of ~80.
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Figure 28. Combined ezperimental values of the amplitude A versus the test frequency

= Amy as defined in Equation 41. The inner (outer) envelopes give the 95% confi-
dence levels using statistical (statistical and systematic) errors. The “sensifivity” shown
at 18.9ps™" is the likely place a 95% c.l. upper limit could be set. Also indicated is the
mazimum value, 11ps™, where a fo discovery would be possible.

5 Rare b decays

5.1 Introduction

These processes proceed through higher order weak interactions involving loops, which are
often called “penguin” processes, for unscientific reasons (Lingel 1998). A Feynman loop
diagram is shown in Figure 30 that describes the transition of a b quark into a charged
-1/3 s or d quark, which is effectively a neutral current transition. The dominant charged
current decays change the b quark into a charged +2/3 quark, either ¢ or u.

W

b N t,c,u s,@,

Figure 30. Loop or “penguin” disgram for a b — s or b — d transition.

The intermediate quark inside the loop can be any charge +2/3 quark. The relative
size of the different contributions arises from different quark masses and CKM elements.
In terms of the Cabibbo angle (A=0.22), we have for the b — s case t:c:u = A2:A%: )%, The
mass dependence favours the ¢ loop, but the amplitude for ¢ processes can be quite large
=30%. Moreover, as pointed cut by Bander, Silverman and Soni (1979}, interference can
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occur between £, ¢ and u diagrams and lead to CP violation. In the Standard Model it
is not expected to occur for b — s, due to the lack of a CKM phase difference, but could
occur for b — d. It is always worth looking for such CP violation effects; all that needs to
be done, for example, is to compare the number of B~ — K*~v events with the number
of Bt — K**+v events.

There are other ways for physics beyond the Standard Model to appear. For example,
the W~ in the loop can be replaced by some other charged object such as a Higgs; it is
also possible for a new object to replace the ¢.

5.2 Standard Model theory

In the Standard Model the effective Hamiltonian for the intermediate ¢ quark is given by

(Deshpande 1994)

4G
Heg = ——ﬁvu,vw Zc (42)

Two of the more important operators are

O, =5y bE e, O = 2mbsLam,b’ ) i (43)

16m

The matrix elements are evaluated at the scale 4 = My and then evolved to the b mass
scale using renormalisation group equations, which mix the operators:

Ciu) = 3 Usj (1, Mw)C5(Mw). (44)

5.3 b — sy

This process occurs when any of the charged particles in Figure 30 emits a photon. The
only operator which enters into the calculation is C7(j). We have for the inclusive decay

4G
Hg = f" (VisVis | Cr(ms)O5 (45)
07 = Ton 2mbSL0’w,bRFu (46)
Giam? 2
T(b— s7) ot [CAl? VoV (47)

It is far more difficult to calculate the exclusive radiative decay rates, but they are much
easier to measure. Note that the reaction B — K+ would violate angular momentum
conservation, so the simplest exclusive final state is B — K ™.

Different techniques are used for reconstructing exclusive and inclusive decays and
unique methods are invoked for exclusive decays on the Y(4S). At other machines the
decay products, i, from an exclusive B decays. are used to reconstruct an “invariant mass”
via M2 = ¥, E? — ¥, p?. At the T(45) the decay products are first tested to see if the
sum of their energies is close to the beam energy, Epeam. If this is true then the “beam
constrained” invariant mass is calculated as M? = E2., — 3, p?. These methods can
be used for all exclusive B decays. Figure 31 shows the BELLE data for the reaction
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Figure 31. BELLE data for the reaction B° — D**n—. {0) The correlation between AE
and M. The boz shows the signal region. (b) The projection in AE for events in the M

signal region; the line shows a fit to the background. (c) The M distribution for AE in
the signal region; the line shows a fit to the background.

B D**x~, where the D** — 7+ D? BELLE first selects events with candidate D%s.
Then they require an additional #* where the measured mass difference between the D%+
minus the D° candidate is consistent with the known mass difference. Selecting the D*+
candidates they combine them with candidate n~. Figure 31(a} shows the the correlation
between the difference in measured energy AE = ¥, E; — Epean and the beam-constrained
invariant mass. In Figure 31(b} AF is shown after selecting the signal region in M, and
in Figure 31{c) M is shown after selecting on AE. These plots show how clean signals
can be selected.

CLEQ first measured the exclusive rate into K *(892)y (Ammar 1993) shown in Fig-
ure 32. Here several different decay modes of the K*{892) are used. The current world
average value for B(B — K*y) = (4.24+ 0.8+ 0.6) x 1072

61 . K'n*
- e
4[ I:I Kgnt

2

Events/3MeV

5200 5.220 5240 5260 5280 5.300
M (GeV)

Figure 32. First published CLEO dala for the reaction B — K™y showing the M
distribution for AFE in the signal region.

To find inclusive decays two techniques are used. The first one, which provides the
cleanest signals, is to sum the exclusive decays for the final states K'niwvy, where n < 4 and
only one of the pions is a #°. These requirements are necessary or the backgrounds become
extremely large. Both charged and neutral kaons are used. Of course, imposing these
restrictions leads to a model dependence of the result that must be carefully evaluated.
This is why having an independent technique is useful. That is provided by detecting only
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Figure 33. Levels of inclusive photons from various background processes at the T(45)

labeled largest to smallest at 2.5GeV/c. Also shoun is the ezpected signal from b — svy.

the high energy photon. The technique used is to form a neutral network to discriminate
between continuum and T(4S) data using shape variables.

The momentum spectrum of the v peaks close to its maximum value at half the B
mass. If we had data with only B mesons, it would be easy to pick out b — s7. We have,
however, a large background from other processes. At the T(4S), the v spectrum from
the different background processes is shown. The largest is 7° production from continuum
e*e collisions, but another large source is initial state radiation (ISR), where one of the
beam electrons radiates a hard photon before annihilation. The backgrounds and the
expected signal are illustrated in Figure 33. Similar backgrounds exist at LEP.

Sighal

Confinuutm > Continvom + [SR '|

P

¥

n

Figure 34. Ezamples of idealised event shapes. The straight lines indicate hadrons and
the wavy lines photons.

CLEO also made the first measurement of the inclusive rate for b — sy (Alam 1995).
To remove background CLEO used two techniques, one based on “event shapes” and the
other on summing exclusively reconstructed B samples. Examples of idealised events are
shown in Figure 34. CLEO uses eight different shape variables and defines a variable r
using a neural network to distinguish signal from background. The idea of the B re-
construction analysis is to find the inclusive branching ratio by summing over exclusive
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modes. The allowed hadronic system is comprised of either a K, — n*7~ candidate or
a K¥ combined with 1-4 pions, only one of which can be neutral. The restriction on
the number and kind of pions maximises efficiency while minimising background. It does
however lead to a model dependent error. For all combinations CLEO evaluates

Mg —5279\? /Eg — Fieam\>
X%:< B ) +< B bea )’ (48)
oM OF

where Mp is the measured B mass for that hypothesis and Ep is its energy. X% is
required to be < 20. If any particular event has more than one hypothesis, the solution
which minimises X% is chosen. For events with a reconstructed B candidate CLEO also
considers the angle between the direction of the B and the thrust axis of event with the B
candidate removed, cos(f;). This is highly effective in removing continuum background.

A neural network is used to combine 7, X%, cos(f;) into a new variable r, and events
are then weighted according to their value of .. This method maximises the statistical
potential of the data. Figure 35 shows the photon energy spectrum of the inclusive signal
from CLEO combining both reconstruction techniques. The signal is compared to a
theoretical prediction based on the model of Ali and Greub (Ali 1991). A fit to the model
over the photon energy range from 2.0 to 2.7GeV /c gives the branching ratio result shown
in Table 5, where the first error is statistical, the second systematic and the third shows
the dependence on the theoretical model (Chen 2001).

1950001007
— T

+ Data ]
— Spectator Model ]

8

Weights / 100 MeV

(=]

15 25 _ 3 a5

5
E, (GeV)

Figure 35. The background subtracted photon energy spectrum from CLEQ. The spectrum
is not corrected for resolution or efficiency. The solid lines show the spectrum from a
simulation of the Ali-Greub spectator model with the b quark mass set to 4.690GeV and
the Fermi momentum set to 410MeV/c.

ALEPH reduces the backgrounds by weighting candidate decay tracks in a b — sy
event by a combination of their momentum, impact parameter with respect to the main
vertex and rapidity with respect to the b-hadron direction (Barate 1998).

Current results are shown in Table 5. The data are in agreement with the Standard
Model theoretical prediction to next to leading order, including quark mass effects of
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Experiment Bx10~*
CLEO 3.21 +0.43 £0.27318
ALEPH 3.11 + 0.80 & 0.72
BELLE 3.36 £+ 0.53 + 0.4473:3%
Average 3.23 + 0.42

Table 5. B(b — 7).

(3.73 £ 0.30) x 10~* (Hurth 2001). A deviation here would show physics beyond the
Standard Model. More precise data and better theory are needed to further limit the
parameter space of new physics models, or show an effect.

5.3.1 |V.| using moments of the photon energy spectrum

In Section(2.2.4) we found a value of V,, using the first and second hadronic mass moments.
Here we use the first moment of the photon energy distribution in b — sy. The values
found for the moments and A which is directly proportional to (E,) are (Chen 2001)

(E,) = 2.346+0.032 £0.011 GeV (49)
(E2) — (E,)* = 0.0226 + 0.0066 + 0.0020 GeV* (50)
A = 0.3540.084+0.10 GeV. (51)

In Figure 36 we show the combination of first moments from photon energy in b — sy
and hadron moments in b — cfv. This implies a value of V,;, around 0.0406.

0 01 02 03 04 05 06 07 08 09

A

Figure 36. Correlation between Ay, A and V., derived from (E,) and (M% — 'ﬂzo). The
lighter bounds include both experimental and theoretical errors.
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5.4 Rare hadronic decays

The decays B' - n*n~ and B' = K7 do not contain any charm quarks in the final
state, so they must proceed either via the tree tevel V,,;, process shown in Figure 37(left),
or via the pengutn process shown in Figure 37(right).

La}
—(\}

}~
J

Figure 37. Decay diagrams forB’a = atam. (left) Via tree level Vi, process. (right)
Via a penguin process.

These diagrams can interfere with each other, and they can also interfere through B°
mixing, thus complicating any weak phase extraction. The same diagrams are applicable
for — K~n% by replacing W~ — #d in the tree level diagram by W~ — &s and
replacing the id coupling in the penguin by a £s coupling.

(a) _opu).-

N Wk LK (b H} 20

oy
L\ u 0 l_l s _
ﬁ} PoTTTTN atK

(c) W ) W~
b s b .
— g ﬁ} :K_ g E}KO
— -t (N P [ £

Figure 38. Diagrams for B~ — K~ a°, {a} and (b) are tree level diagrams where (b)
is color suppressed; (c) is a penguin diagram. (d) shows B~ — K%n~, which cannot be
produced via o tree diagram.

Other diagrams for producing K« final states are shown in Figure 38. In Section 7.1
it will be shown that CP violation can result from the interference between two distinct
decay amplitudes leading to the same final state. Consider the possibility of observing
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Figure 39. Signals in M and AF for two-body decay modes from BELLE. The data
result from projections of a Likelihood fit that takes into account event shape and particle
identification information. The dashed lines are the signal projections. The dotted lines
in the AE distributions are projections of the background compenent from the n < K
substitution.

CP violation by measuring a rate difference between B~ —» K~ and Bt = K+« The
K~ 7" final state can be reached either by tree or penguin diagrams. The tree diagram has
an imaginary part coming from the V,; coupling, while the penguin term does not, thus
ensuring a weak phase difference. This type of CP violation is called “direct.” Note also
that the process B~ — K% ~ can only be produced by the penguin diagram in Figure 38{d).
Therefore, we do not expect a rate difference between B~ =K%~ and B* =K%+,

Measurements of these rates have been made by several groups. Recent data from
BELLE are shown in Figure 33 (Abe 2001a). Table 8 lists the currently measured branch-
ing ratios.

Mode CLEO BABAR BELLE  Average
atr 47TEL06  41+£10+07 56733+04 45153
xto? <12 <06 <134

K*=z¥ 188728413 167+16+1.3 10334418 77518
K*+r® 121430 108Th 16 16313508 12.1%7
K%~ 182%40+1.6 18.2733+20 137318 173127
K% 14870333 823+ 12 16.0772130  104*%

Table 6. Branching Ratios for B — Kx and B — x7 in units of 1075,
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6 Hadronic decays

6.1 Introduction

Mark Wise in his talk at the 2001 Lepton Photon conference (Wise 2001) gave some advice
to theorists: “If you drink the nonleptonic your physics career will be ruined and you will
end up face down and in the gutter.” Presumably Mark’s statement was inspired by the
difficulty in predicting hadronic decays. Here we have lots of gluon exchange with low
energy gluons, while perturbation theory works well when the energies are large compared
with Aqcp ~200MeV. Furthermore, multibody decays are currently impossible to predict,
so we will consider only two-body decays.

6.2 Two-body decays into a charm or charmonium

We start by considering two-body decays into a charmed hadron (Neubert 1997). Figure 6
shows the processes for both B~ and B® decays into a D and a w~. There is only one
possible process for the EO, the simple spectator process (left), while the color suppressed
spectator (right) is also allowed for the B~. We call decays with only the simple spectator
diagram allowed “class I” and decays where both the simple and color suppressed diagrams
are allowed “class II1I”. Note, that because the colors of all the outgoing quarks must be
the same in the color suppressed case, naively the amplitude is only ~1/3 that of the
simple spectator case where the W~ can transform into quarks of all three colors. “Class
II" decays are processes than can only be reached by the color suppressed spectator
diagram, for example the B® — J/¢K decay shown in Figure 40.

‘1]
b C} Ay
-L—‘W\ S
afKs
Figure 40. Color suppressed spectator decay diagram for B — J/y K.

The effective Hamiltonian consists of local 4-quark operators renormalised at the scale
u and the Wilson coefficients from the Operator Product Expansion, ¢;(). We have

Ha = O (Vo e + an)Qs] + Var..} (52)
P o= [@wvoa+ Fv-a] @By
ng = (EU)V_A(EJI))V_A+(EC)V—A(EIb)V—Av

where the notation (§iga)v-a = Giv,(l — ¥5)ge. Without QCD corrections ¢;(u) = 1
and cp(p) = 0. From the non-leading order correction using the renormalisation group
equations, we have ¢; (1) = 1.132 and ¢ () = —0.249.
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We can factorise the amplitude by assuming that the current producing the 7~ is
independent of the one producing the charmed hadron. Let us consider a class I case,
B - D*r~. The amplitude can be written as

G
Afact = — 7;

The part of the amplitude dealing with the 7~ is known from pion decay. We have
(7~ |dv,15u|0) = ifxpu, where the axial vector structure is made explicit, p, is the pion
four-vector and f is given by measuring the decay width for 7~ — p~v. The term a, is
defined as

VeV (7 |(du)a| 0) (D* |(@b)v| B”) (53)

a1 = a(pg) +Eealpy), (54)

where £ is equal to the number of colors and the scale yy is on the order of the b quark
mass. Then
Gr

Afaet = — ﬁ

The F, form factor can either be calculated or measured in semileptonic decays.

For a class II process B — J/¢YK:

G
Afa,ct = _\/—g

where ay = ca(y) + Eer(py)-

A class ITI decay has a term a; + za, in the amplitude, where x equals one from flavor
symmetry. The actual values of a;, , and a; are not well predicted from theory, but we
can obtain them from the data.

One method is to use the class I decays to obtain a¢; = 1.08 & 0.04. It is possible to
calculate ay/a; as shown in Figure 41 (Neubert 1997). Using these values the measured
branching ratios are compared with the predicted ones in Table 7. Here x = +1 is used,
taken from the data. This is opposite to the interference in D decays but is expected from
the calculation shown in Figure 41.

Vi Va1 fr(miy — mp) Fy’ P (m7). (55)

VeV az(J /9 |(ec)v | 0N K |(3b)v]| B), (56)

0.6 F
04}
02k

aj/a;
[=]

-0.2

04F

0.6 F

Figure 41. Calculated values of ay/ay versus o,. The arrows indicate the ratios chosen
for B and D decays.
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Class I Class 11 Class III
Mode Model Data Mode Model Data Mode Model Data
D~ 30 30+4 J/YK~ 11 10+1 D%~ 48 5345
D*+g~ 30 2842 J/yK* 17 1542  D*ox~ 49 4644
Dtp~ 70 7914 DO 0.7 28404 D%~ 110 134+18
D**p~ 85 73+15 Droq® 1.0 2.1+£0.9 D*°p~ 119 155431

Table 7. Predicted Branching Ratios (10™*) (Neubert 1997) Compared to Measurement
For Two-Body Hadronic Decays.

The agreement is rather good except for the newly measured D°*) 7% modes where it
is rather miserable. CLEO and BELLE both have rates for D%z of (2.7 £ 0.3 + 0.5) x
107 and (2.975:3 £ 0.6) x 107, respectively, while CLEO alone has measured D*7° as
(2.140.5+0.8) x 1074,

6.2.1 Isospin analysis of the B —+ Dw system

All the decay rates for B — D7 have now been measured. The four-quark operator
(du)(cb) has isospin I=1 and I;=+1. It transforms the B into final states D*7~ and
DO7° with I=1/2 or [=3/2. The B~ decays into D7~ with I=3/2 only. It is thought that
the isospin amplitudes cannot be modified by final state interactions, so we can look for
evidence of final state phase shifts by doing an “isospin analysis.” The decay amplitudes
form a triangle as shown in Figure 42.

‘/5 A A°”

+-
A
Figure 42. The isospin amplitude triangle for B — Dn~ decays.

The relationship among B decay amplitudes and isospin amplitudes is given by

1 2
AB’ ~ DYr™) = \/;Aa/z + \/%AI/Q
2 1
\/%Ag/2 - \/%Al/g (57)

A(B_'—)DO’]Ti) = \/§A3/2.

AB® - D7)

These equations may be solved for the isospin amplitudes and the relative phase shift

between the two amplitudes. The solution is
2 1 2
|Ave| = |AB° = Do) + |AB° - pox)[] - slAB >0 (s9)
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e = 3[AB - Do)
31A(B™ — DOn)* — 2 |Avs| — ||
22| Auye| [ Aspo)

cosé = cos (63/2 - 61/2) =

Solving these equations for the D final states gives cos § = 0.88+0.05 which indicates
a phase shift of about 28 & 8 degrees, which is not statistically significant enough to rule
out zero.

6.2.2 Factorisation tests using semileptonic decays

The factorised amplitude for Dz~ decays in Equation 56 is the product of two hadronic
currents, one for W~ —» 7~ and the other for B — D. In semileptonic decay (Figure 5)
we have the product of the known lepton current and the pion current. At ¢? = m?2 the
B — D should be the same in both decays, at least for class I. The comparison for the
general case of any hadron A~ is

I' (B — D™h) = 67°a} f7 |V’ 5—; (B~ D) (59)

g*=m},

Tests of this equation for D** and a 7™, p~ or a] are satisfied at about 15% accuracy
(Bortoletto 1990) (Browder 1996).

Another test compares the polarisation of the D* in both hadronic and semileptonic

cases: % (F N D*h) - II:‘_L (F — D*h) , (60)

ey 2
q?=m}

where I';, denotes the longitudinally polarised fraction of the decay width. Comparisons
with data will be shown in the next section.

There are more modern approaches to factorisation (Beneke 2001, and Bauer 2001).
However these approaches predict

(B~ — D%")

DB D) T Ohace/m) ey

which seems to contradict current observations.

6.3 Observation of the p’ in B decays

CLEO made the first statistically significant observations of six hadronic B decays shown
in Table 8 that result from studying the reactions B — D®)n*7~7~7%(Alexander 2001).
The signal in one of these final states B' — D¢ r+r~7=7°, where D*+ — 7+ D° and
DY — K—x* is shown in Figure 43.

In examining the substructure of the four-pions, a clear w signal was observed in the
nt7~ 7% mass as can be seen in Figure 44, leading to a significant amount of D®wr—.
Furthermore, there is a low-mass resonant substructure in the wx™ mass (Figure 45).
The spin and parity of the wm™ resonance (denoted by A temporarily) is determined by
considering the decay sequence B - A D; A - wr and w— 777 7°. The angular
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Mode B (%)

B’ o D™t 1.7240.14+0.24
B® 5 Drwn- 0.2940.03+£0.04
B® 5 Drun- 0.28+0.05+0,03
B~ = Drtr-an®  1.80£0.24+0.25
B~ — Dwn™ 0.45+0.10+0.07
B~ = Down~ 0.4140,07+0.04

Table 8. Measured Branching Ratios

Figure 43. The B candidate mass spectra for the final state D* ¥ nta— 7~ 7%, with D° =
K—wt (e} for AE sidebands and (b) for AE consistent with zero. The curve in (a) is
a fit to the background distribution described in the text, while in (b) the shape from (a)
is used with the normalisation ellowed to float and a signel Gaussian of width 2.7MeV is
added.

L IR L LR LA BELERLENL N BELSELER A
¢ Signal
—_— MBSIdeband
- AE Sideband

3

Events / 10 MeV

Figure 44. The invariant mass specira of m* 1~ 7° for the final state D*Tntn~n~n® for
all three D° decay modes K- n%, K—atatn~ and K-nta°. The solid histogram is the
background estimate from the Mg lower sideband and the dashed histogram is from the
AE sidebands; both are normalised to the fitted number of background evenis. There is
an additional cut selecting the cenire of the Dalitz plot.
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Figure 45. (left} The background subtracted efficiency corrected wn™ mass spectrum from
B = (D** 4 DO + DYwn~ decays fit to a Breit- Wigner shape.

distributions are shown in Figure 46. Here 84 is the angle between the w direction in the
A rest frame and the A direction in the B rest frame; 8, is the orientation of the w decay
plane in the w rest frame; and X is the angle between the A and w decay planes,

Figure 46. The ongular distribution of 84 (top-left),0, (top-right) and X (bottom). The
curves show the best fits to the data for different J¥ assignments. The 0~ and 11 are
almost indistinguishable in cos@,, while the 1= and 2% are indistinguishable in cosé,
and X. The vertical azis gives efficiency corrected events (104 date events are used).

The data are fit to the expectations for the various J¥ assignments. The w polarisation
is very clearly transverse (sin’@,) and that infers a 1~ or 2% assignment. The cosé,
distribution prefers 1-, as does the fit to all three projections.

This structure is identified with the o because it has the correct J* and is at approx-
imately the right mass. To determine the mass and width parameters, which are not well
known, we write the decay width as a function of w#™ mass as

dI(B — Dwr™) = 2% \A(B = Dp')- BW(mes) - Al »wr”)[| (62)
B

i '} - dmiﬂ
x dP(B — Dpy - dP(p — wm }W’
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where dP indicates phase space and the Breit-Wigner amplitude is given by

1
BWTan) = G ) = tmoa o (i) (63)

The Breit-Wigner fit assuming a single resonance and no background gives a mass of
1349425 1°MeV with an intrinsic width of 547+£86{MeV. The fit shows that the wr~
mass spectrum is consistent with being entirely one resonance. This state is likely to be
the elusive p’ resonance {Clegg 1994). These are by far the most accurate and least model
dependent measurements of the ¢ parameters. Since the g/ dominates the final state, the
branching ratios for D*}wr~ apply also to D{*)g'~.

Heavy quark symmetry predicts equal partial widths for D*p’ andDp/. CLEO mea-
sures the relative rates tobe I' (B — D*p'")/T' (B = Dy'~) = 1.0620.17+0.04, consistent
within the relatively large errors.

Factorisation predicts that the fraction of longitudinal polarisation of the D** is the
same as in the related semileptonic decay B — D*¢~ at four-momentum transfer ¢*
equal to the mass-squared of the o/

(B D*p~) Ty(B— D7)
[(B— D*y-) T(B— D09

(64)

qizm:,

CLEO's measurement of the D** polarisation is (63+£9)%. The maodel predictions in
semileptonic decays for a g° of 2GeV?, are between 66.9 and 72.6% (Isgur 1990, Wirbel
1985, Neubert 1991). Figure 47 shows the measured polarisations for the D**p'~, the
Drtp, (Artuso 1999) and the D** D7~ final states (Stone 2000). The latter is based on
a new measurement using partial reconstruction of the D** (Ahmed 2000}. Thus this
prediction of factorisation is satisfied.
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Figure 47. Measured D*t polarisation versus semileptonic model predictions.
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7 CP violation

7.1 Introduction

Recall that the operation of Charge Conjugation (C) takes particle to anti-particle and
Parity (P) takes a vector r to —r. CP violation can occur because of the imaginary term
in the CKM matrix, proportional to 7 in the Wolfenstein representation (Bigi 2000).

Consider the case of a process B — f that goes via two amplitudes A and B each of
which has a strong phase, s4, and a weak phase, w4. Then we have

LB f) = (JAlefarea) 1 |B|eiostvn)’ (65)
FB-T) = (JAlefaa 4 |Blels—vs)’ (66)
I'(B— f)-T(B— f) = 2|AB|sin(s4 — s5)sin(w4 — wg). (67)

Any two amplitudes will do, though it is better that they be of approximately equal
size. Thus charged B decays can exhibit CP violation as well as neutral B decays. In
some cases, we will see that it is possible to guarantee that [sin(s4 — sg)| is unity, so we
can get information on the weak phases. In the case of neutral B decays, mixing can be
the second amplitude.

7.2 Unitarity triangles

The unitarity of the CKM matrix, namely

Vud Vus Vub Vutt ch Vt: 1 00
Ve Vs V[ |V VE ViEI=[01 0],
Vie Vis Vi) \Viy Vi Vi 00 1

allows us to construct six relationships of which the most useful turns out to be
VaaVig + VasVig + VasVy = 0. (68)
To a good approximation
V=V~ 1, Vi~ —Vy, Vs = A, (69)

so that Equation 68 becomes

1V 1 Vi
- _ —————:0_ 0
AV 1+/\Vcb (70)
Now
1| Via 1 2
Sl = - 1) 72
N7 V(=1 +7 (72)
1| Vip 1 5
g ) =/ 73
MV, SVP (73)
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Figure 48. The CKM unitarity triangle in the p—n plane. The left side is determined by
measurements of b — u/b — ¢ and the right side can be determined using mizing mea-
surements in the By and By systems. The angles can be found by making measurements
of CP violating asymmetries in hadronic B decays.

so that Equation 70 defines a triangle in the p—7 plane. This is the CKM triangle depicted
in Figure 48. We know the length of two sides already: the base is defined as unity and
the left side is determined by the measurements of |Vi,s/Vzs|, but the error is still quite
substantial. The right side can be determined using mixing measurements in the neutral
B systems. Figure 48 also shows the angles labelled a, 3, and y. These angles can be
determined by measuring CP violation in the B system.

Another constraint on p and 7 is given by the measurement of € in CP violation in K?
decays (Buras 1995):

B
n[(1- p)A%(1.4%0.2) +0.35] A2ﬁ = (0.30 % 0.06), (74)

where By is parameter that cannot be measured and thus must be calculated. A reason-
able range is 0.6 < Bg < 0.9, given by an assortment of theoretical calculations (Buras
1995). This number is one of the largest sources of

uncertainty on the e constraint. Other constraints come from current measurements
on V,y/Ves, By mixing and B, mixing. The current status of these constraints on p and
n is shown in Figure 49 (Hocker 2001). The width of these bands are also dominated by
theoretical errors. This shows that the data are consistent with the standard model.

It is crucial to check if measurements of the sides and angles are consistent, i.e., whether
or not they actually form a triangle. If they do not the standard model is incomplete.
The standard model has many parameters including the four CKM numbers, six quark
masses, gauge boson masses and coupling constants. Perhaps measurements of the angles
and sides of the unitarity triangle will bring us beyond the standard model and show us
how these parameters are related, or what is missing.

New physics can also be observed by measuring branching ratios which violate standard
model predictions. Especially important are rare decay processes such as B — Kpu'tyu~
or D — wpt ™. These processes occur only through loops, and are an important class of
penguin decays.
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Figure 49. The regions in p—7j space (shaded), where p = p(1—X?/2) and 7 = n(1-X2/2),
consistent with measurements of CP violation in K E decay (€), Vup/ Ve tn semilepionic B
decay, BY mizing, and the ezcluded region from limits on B® mizing. The allowed region
is defined by a fit from (Hocker 2001). The large width of the By mizing band is dominated
by the uncertainty in Bgf#. The lines that are not specified are at 5% confidence level.

7.3 Formalism of CP violation in neutral B decays

Consider the operations of Charge Conjugation, C, and Parity, P:

CIB®) = [B@)), CB@) = |B(@)
PIB() =-IB(-p),  PIB®) =-[B(-p)
CPIB(®)) =-[B(-p),  CP[B(p)) =~-|B(-p)).

For neutral mesons we can construct the CP eigenstates

1
|B?)=ﬁ
1

V2

(1B°) - IB)),

|BY) (1B% +B%),

where

CP|B)) = |B}),
CP|By) = -|By).

(75)
(76)
(77)

(78)

(79)

(80)
(81)

Since B and B’ can mix, the mass eigenstates are a superposition of a|B) +b|B") which

obey the Schrodinger equation

3 ()= ()= b-1) ()

(82)



282 Sheldon Stone

I CP is not conserved then the eigenvectors, the mass eigenstates |By) and |By), are not
the CP eigenstates but are

By = p|B% +q|B%,  |Bu)=9B" —q/B", (83)

where 1+ 11
3 - ¢
B _ B (84)

f‘/1+|e312 VZ 1+ st
CP is violated if eg # 0, which occurs if |¢/p| # 1.
The time dependence of the mass eigenstates is

|Br(t)) = e TH2e™l2 By () (85)
|Bu(t)y = e Tt By(0)), (86)

leading to the time evolution of the flavor eigenstates as
; Ami Amt —o
|BYg)) = e tmarsan (cos—m—IB" (0)) +1 psi n=—|B°(0 )) (87)

IB°(1))

Y ( , 5 —IB"(U)) + cos ﬂm (0))) (88)

where m = (mp + my)/2, Am =my —my, [ =T = 'y, and £ is the decay time in
the BP rest frame, the so called proper time. Note that the probability of a B® decay as a
function of ¢ is given by {B°(¢)|B%(t))", and is a pure exponential, e~™/, in the absence
of CP violation.

7.3.1 CP violation for B via interference of mixing and decays

Here we choose a final state f which is accessible to both B® and B decays {Bigi 2000).
The second amplitude necessary for interference is provided by mixing. Figure 50 shows
the decay into f either directly or indirectly via mixing. It is necessary only that f be

e ————_

Figure 50. Two interfering ways for a B® to decay into a final state f.

accessible directly from either state; however if f is a CP eigenstate the situation is far
simpler. For CP eigenstates

CP|fcpy = | fep)- (89)

It is useful to define the amplitudes

A= {fcplH|BY, A= {fcrlH|B". (90)
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If ‘X/A‘ # 1, then we have “direct” CP violation in the decay amplitude, which we will
discuss in detail later. In general CP can be violated by having

g A
A==-=#1, 91
1.5+ (91)
which is also the case if A acquires a non-zero phase, i.e |A| could be unity and CP violation
can occur.

A comment on neutral B production at ete” colliders is in order. At the Y(4S)
resonance there is coherent production of B°B® pairs. This puts the B’sina C = —1
state. In hadron colliders, or at e"e~ machines operating at the Z°, the B’s are produced
incoherently. For the rest of this article I will assume incoherent production except where
explicitly noted.

The asymmetry, in this case, is defined as

fep = ; (92)
" T(B(t) = fop) + T (B'(t) = for)
which for |g/p| =1 gives
(1= A} cos (Amt) — 2ImA sin(Amt)
afcp - 1 + |A|2 . (93)
For the cases where there is only one decay amplitude A, |A| equals 1, and we have
i, = —Im A sin(Amt). (94)

Only the amplitude, —ImA, contains information about the level of CP violation, the sine
term is determined only by B; mixing. In fact, the time integrated asymmetry is given
by

X
Grcp = — 7 zIm A = —0.48Im . (95)

This is quite lucky as the maximum size of the coeflicient for any x is —0.5.

Let us now find out how I A relates to the CKM parameters. Recall A = (q/p)(A4/A).
The first term is the part that comes from mixing:

2
q_ (thvtd) _ (1-p—in)’ _ b (96)
P VeVl (L—p+in)(1—p—in)

and 21— p)
mi= _(;2[)7] = sin(20). (97)
p o (1-p+7
To evaluate the decay part we need to consider specific final states. For example,
consider f = w"7~. The simple spectator decay diagram is shown in Figure 37 (left). For
the moment we will assume that this is the only diagram which contributes, although we
know this is not true. For this b — uiid process we have

(V. )2 2 _
ud ¥ ub _ (,0 271) — e-—2l~, (98)
VaaVus* (0 —im)(p+in) ’

A_
4=
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and
Im (\) = Im (e"%#e~%7) = Im (e**) = —sin(2a). (99)

For our next example let us consider the final state J/¢¥K,. The decay diagram is
shown in Figure 40. In this case we do not get a phase from the decay part because

(vav)’

100
[Veo Ve |? (100)

A_
A

is real to order 1/X%.

In this case the final state is a state of negative CP, i.e. CP|J/YK,) = —|J/YK,).
This introduces an additional minus sign in the result for Im A. Before finishing discussion
of this final state we need to consider in more detail the presence of the K, in the final
state. Since neutral kaons can mix, we pick up another mixing phase (similar diagrams
as for BY, see Figure 26). This term creates a phase given by

2
VeaVes
(g) = (_f%’ (101)
p K I‘/cd‘/csl

which is real to order A%, It necessary to include this term, however, since there are other
formulations of the CKM matrix than Wolfenstein, which have the phase in a different
location. It is important that the physics predictions not depend on the CKM convention.
(Here we don’t include CP violation in the neutral kaon since it is much smaller than what
is expected in the B decay. The term of order \* in V., is necessary to explain K° CP
violation.)

In summary, for the case of f = J/YK,, Im A = —sin(20).

7.3.2 Comment on the penguin amplitude

In principle all processes can have penguin components. One such diagram is shown in
Figure 37(right). The #*7~ final state is expected to have a rather large penguin ampli-
tude ~10% of the tree amplitude. Then |A| # 1 and a..(t) develops a cos(Amt) term. It
turns out that sin(2a) can be extracted using isospin considerations and measurements
of the branching ratios for B* — n+7° and B® = 7%2°, or other methods, the easiest of
which appears to be the study of B® — pm.

In the J/¢ K case, the penguin amplitude is expected to be small since a ¢ pair must
be “popped” from the vacuum. Even if the penguin decay amplitude were of significant
size, the decay phase is the same as the tree level process, namely zero.

7.4 Results on sin 23

For years observation of large CP violation in the B system was considered to be one
of the corner stone predictions of the Standard Model. Yet it took a very long time to
come up with definitive evidence. The first statistically significant measurements of CP
violation in the B system were made recently by BABAR and BELLE. This enormous
achievement was accomplished using an asymmetric ete™ collider on the YT(4S) which
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Experiment sin 2
BABAR 0.59 £+ 0.14 + 0.05
BELLE 0.99 +0.14 + 0.06

Average 0.79+0.11
CDF 0.79% 5%
ALEPH 0.84798 4+ 0.16
OPAL 32418105

Table 9. Statistically significant measurements of sin 23 compared with previous results.

was first suggested by Pierre Oddone. The measurements are listed in Table 9, along with
other previous indications {Groom 2001).

The average value of 0.79 + 0.11 is taken from BABAR and BELLE only. These two
measurements do differ by a sizeable amount, but the confidence level that they correctly
represent the same value is 6%. The value of (.79 is consistent with what is expected
from the other known constraints on p and 1. We have

- 1+ 4/1 —sin’28 b
(= i sin 23 ) S
There is a four fold ambiguity in the translation between sin 23 and the linear constraints
in the p—17 plane. These occur at 3, n/2— 3, 7+ 3 and 37 /2— 8. Two of these constraints

are shown in Figure 51. The other two can be viewed by extending these to negative 7.
We think n > 0 based only on the measurement of € in the neutral kaon system.
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Figure 51. Constraints from sin 23 measurement overlaid with other constraints (Hocker
2001). The inner band is at 1o while the outer band, shown on one band only, is at 20.



286 Sheldon Stone

7.5 Remarks on global fits to CKM parameters

The fits shown in this paper (Hocker 2001) for p and 5 have been done by others with
a somewhat different statistical framework (Ciuchini 2001, Mele 1999). The latter group
uses “Bayesian” statistics which means that they use a priori knowledge of the probability
distribution functions. The former are termed “frequentists” (Groom 2001), almost for
the lack of a better term. The frequentists are more conservative than the Bayesians.

The crux of the issue is how to treat theoretically predicted parameters that are used
to translate measurements into quantities such as V,, or ex that form constraints in the
p ~ 7 plane. This is of course a problem because it is difficult to estimate the uncertain-
ties in the theoretical predictions. Both groups treat the experimental measurements as
Gaussian distributions with the 1o width derived from combined statistical and system-
atic errors. Note, that experimental systematic errors are also difficult to quantify and
are not necessarily Gaussian, but they are judged to be sufficiently well known to not
cause a problem.

Hocker et al. (2001) have decided to use a method which restricts the theoretical
quantities to a 95% confidence interval where the parameter in question is just as likely
to lie anywhere in the interval. They call this the “Rfit” method. Of course assigning
the 95% confidence interval is a matter of judgment which they fully admit. Ciuchini
et al. (2001) treat the theoretical errors in the same manner as the experimental errors.
They call theirs “the standard method” with just a bit of hubris. They argue that QCD
is mature enough to trust its predictions, that they know the sign and rough magnitude
of corrections and they can assign reasonable errors, so it would be wrong to throw away
information.

Hocker et al. point out an interesting but generally unknown danger with the Bayesian
approach, which is that in multi-dimension problems the Bayesian treatment unfairly
predicts a narrowing of possible results. The following discussion will demonstrate this.

Let z; denote N theoretical parameters over the identical ranges [~A,+A]; then the
theoretical prediction is

N
T =] 2. (103)
In the 95% scan scheme [T,(,N)] = [-AN, +AN], while in the Bayesian approach the con-
voluted Probability Density Function (PDF) is
+00 oo N (N)
oT) = / / [] dz:G(z:)8(T — T, (104)

where the G(z;) are the PDF’s for the individual variables which taken to be equal here.
This function has a singularity in p(T) that goes as (— InT)V~!, so it increases as N
increases.

Now suppose G(z;) is flat, then for N = 1 both approaches are the same, but for
N > 2, the Bayesian approach gets a p(T') that peaks at zero. In effect, when the number
of theoretical predictions entering the computation increases, and hence our knowledge of
the corresponding observable decrease the Bayesian approach claims the converse.

Lets look at a specific example where N = 3 and A = V3. Consider both the sum
Ts = x; + 2o + z3 and product Tp = ,2923 distributions. For Rfit the allowed ranges are
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Figure 52. Convolution of the sum Ty = 1,4 12+ 13 for both Rfit and Bayesian methods
(left) and the product Tp = xzox3 (right) of 3 parameters for the Bayesian method only.
Plotied is the PDF p(T) obtained using for G(z) a uniform (solid lines, A = /3) or a
Gaussian (dashed lines, o = 1) distribution. Both PDF's of Tp have a singularity af the
origin which is nof shown. The Rfit ranges of Ts and Tp are indicated by the arrows
located in both instances al £3v/3. From (Hocker 2001).

identical being [—34, 3A]. The left side of Figure 52 shows the probability density p(T)
for T, while the right side shows p(T") for Te with G{x) in the Bayesian case being either
a Gaussian with ¢ = 1 (solid Jines) or a uniform distribution over the range [~+/3, +v/3]
(dashed lines). The later distribution is closest to the Rfit method where the allowed
range for either T is [—3\/5, +3\/§] indicated by the arrows.

In the Rfit scheme the two predictions for Tp and Ty are identical, while in the Bayesian
scheme there is a large difference in the PDF’s and it really doesn't matter if a Gaussian or
uniform distribution is chosen. There is a clear distinction between the Rfit and Bayesian
predictions for T in this case, and the Bayesian one is unreasonable because it produces
a very narrow PDF peaked very close to zero.

An example of how this can effect the results is shown on Figure 53 where predictions
of sin 28 from the indirect measurements are shown for the Rfit technique and either
uniform or Gaussian Bayesian PDF's. The predictions are quite different.

1.6

T T T T T R LA L B
g l4fF — Rt e Bayesian (Gauss)
X e Bayesian {uniform)
I I E E
g 08f ]
% 06 F E
Z 04 3
Uon2F 3
1 i

Figure 53. Comparison between Rfit (broad solid curve) and Bayesian fits for the indirect
CKM constraints onsin2p. For the Bayesian fits: Gaussian {uniform) theoretical PDF’s
are depicted as dashed-doited (dotied) curves. (This example does not include the newer
dala.)
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8 New Physics studies

8.1 Introduction

There are many reasons why we believe that the Standard Model is incomplete and there
must be physics beyond. One is the plethora of “fundamental parameters,” for example
quark masses and mixing angles. The Standard Model cannot explain the smallness of
the weak scale compared to the GUT or Planck scales; this is often called “the hierarchy
problem.” In the Standard Model it is believed that the CKM source of CP violation
extensively discussed here is not large enough to explain the baryon asymmetry of the
Universe (Gavela 1993). Finally, gravity is not incorporated. John Ellis said “My personal
interest in CP violation is driven by the search for physics beyond the Standard Model”
(Ellis 2000). We can also take the view that we will discover additional large unexpected
effects in b and/or c decays.

We must realise that all our current measurements are a combination of Standard
Model and New Physics; any proposed models must satisfy current constraints. Since
the Standard Model tree level diagrams are probably large, let us consider them as a
background to New Physics. Therefore loop diagrams and CP violation are the best
places to see New Physics. The most important current constraints on New Physics
models are

« The neutron electric dipole moment, dy < 6.3 x 10™2%e-cm.

o B(b— sv) =(3.231+0.42) x 10~* and B(b — s¢*¢~) < 4.2 x 107°.
« CP violation in K, decay, ex = (2.271 £0.017) x 1073.

« B® mixing parameter Amy = (0.487 + 0.014) ps™'.

8.2 Generic tests for new physics

We can look for New Physics either in the context of specific models or more generically,
looking for any deviations from the Standard Model expectation. One example is to
examine the rare decays B — K¢t¢~ and B — K*¢*¢ for branching ratios and polari-
sations. According to Greub et al., “Especially the decay into K™* yields a wealth of new
information on the form of the new interactions since the Dalitz plot is sensitive to subtle
interference effects” (Greub 1995). Another important tactic is to test for inconsistencies
in Standard Model predictions independent of specific non-standard models.

The unitarity of the CKM matrix allows us to construct six relationships. These may
be thought of as triangles in the complex plane shown in Figure 54. (The bd triangle is
the one depicted in Figure 48.)

All six of these triangles can be constructed knowing four and only four independent
angles (Silva 1997) (Aleksan 1994). These are defined as:

_ Vi _ VirVua
,H - a'rg ( ‘/cb‘/cﬁ ’ Y= a'rg ‘/ct‘/cd ? (105)

VAV, VAV,
X = __¢s 1 _ _Yud¥us .
arg ( v, ) X' = arg VAV, (106)
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Figure 54. The sixt CKM triangles. The bold labels, e.g. ds refer to the rows or columns
used in the unitarity relationship. The angles defined in equation (105) are also shown.

(a can be used instead of v or 3.) Two of the phases 3 and y are probably large while X
is estimated to be small 0.02, but measurable, while X' is likely to be much smaller.

It has been pointed out by Silva and Wolfenstein (Silva 1997) that measuring only
angles may not be sufficient to detect new physics. For example, suppose there is new
physics that arises in B% — B mixing. Let us assign a phase 8 to this new physics. If we
then measure CP violation in B® — J/¢ K, and eliminate any penguin pollution problems
in using B® — 7+7~, then we actually measure 23’ = 23+ 6 and 20/ = 2o — 8. So while
there is new physics, we miss it, because 23’ + 2o’ = 2a + 28 and o/ + §' + v = 180°.

8.2.1 A critical check using X

The angle X, defined in Equation 105, can be exiracted by measuring the time dependent
CP violating asymmetry in the reaction B, — J/¢n{"), or if one’s detector is incapable
of high quality photon detection, the J/¢¢ final state can be used. However, in this case
there are two vector particles in the final state, making this a state of mixed CP, which
requires a large statistics sample to do a time-dependent angular analysis to extract X.

Measurements of the magnitudes of CKM matrix elements all come with theoretical
errors. Some of these are hard to estimate. The best measured magnitude is that of
A = |Vis/Via| = 0.2205 £+ 0.0018.

Silva and Wolfenstein (Silva 1997) (Aleksan 1994) show that the Standard Model can
be checked in a profound manner by seeing if:

V,s|? sin 8 sinvy

Vaal sin(8+1)’
Here the precision of the check will be limited initially by the measurement of sin X, not
of A. This check can reveal new physics, even if other measurements have not shown any
anomalies.

sinX = (107)

Other relationships to check include:

. Vs |? siny sin(8 + )
X = — et
sin ‘/Cb sinﬂ ] (108)
2 . .
sinx = | Vea| sin B sin(5+7) (109)
ts sy
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The astute reader will have noticed that these two equations lead to the non-trivial

relationship: \
sin? 3 =sin?y |2

cb
This constrains these two magnitudes in terms of two of the angles. Note, that it is in
principle possible to determine the magnitudes of |V,,;,/V,| and |Vig/Vis| without model
dependent errors by measuring 3, v and X accurately. Alternatively, 3, v and X can be
used to give a much more precise value than is possible at present with direct methods.

For example, once 3 and ~ are known
2
Vub

Ve

Vi |
Vs

(110)

2
ST (111)
sin®(3 + 7)

Table 10 lists the most important physics quantities and the decay modes that can be
used to measure them. The necessary detector capabilities include the ability to collect
purely hadronic final states labeled here as “Hadron Trigger,” the ability to identify
charged hadrons labeled as “K7 sep,” the ability to detect photons with good efficiency
and resolution and excellent time resolution required to analyze rapid B, oscillations.
Measurements of cos(2¢) can eliminate 2 of the 4 ambiguities in ¢ that are present when
sin(2¢) is measured.

Physics Decay Mode Hadron | K7 | v | Decay
Quantity Trigger | sep | det | time o
sin(2a) BY = pr > atrq0 Vv N RY

cos(2a) BY = pr —» wtr— g0 Vv vV |V
sign(sin(2a)) | B® = pr & B - ntn™ Vv v |V

sin() B, - DK™ VAR, Y,
sin() B~ 5 DK~ v |V

sin(+y) B 5 rtr & B, - K*K~ Vv Vv Vv
sin(2X) B, = J/yn', J/vm Vi Vv
sin(243) B = J/yK,

cos(29) B — J/yK® K° — nly v

cos(28) B — J/yK* & B, — J/v¥¢

Zs B, —» Dfn~ Vv Vv
AT for B, | B, — J/yn', Dir~, KYK- v lviv] v

Table 10. Required CKM Measurements for b’s

8.2.2 Finding inconsistencies

Another interesting way of viewing the physics was given by Peskin (2000). Non-Standard
Model physics would show up as discrepancies among the values of (p, ) derived from in-
dependent determinations using CKM magnitudes (|Vip/Vis| and [Vig/Vis|), or BY mixing
(8 and «), or B; mixing (X and ).
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8.2.3 Required measurements involving 3

Besides a more precise measurement of sin 23 we need to resolve the ambiguities. There
are two suggestions on how this may be accomplished. Kayser (1997) showed that time
dependent measurements of the final state J/9K?°, where K° — nfy, give a direct mea-
surement of cos(2) and can also be used for CPT tests. Another suggestion is to use the
final state J/9¥K*°, K** — K,n°, and to compare with B; — J/¢ to extract the sign of
the strong interaction phase shift assuming SU(3) symmetry, and thus determine cos(20)
(Dighe 1998).

8.2.4 Required measurements involving a and ¥

It is well known that sin(28) can be measured without problems caused by penguin
processes using the reaction B — J/¢K,. The simplest reaction that can be used to
measure sin(2a) is B — w77~ This reaction can proceed via both the tree and penguin
diagrams shown in Figure 37.

Current measurements (Table 6) show a large penguin component. The ratio of the
penguin emplitude to the tree amplitude in the 7" 7~ channel is about 15% in magnitude.
Thus the effect of the penguin must be determined in order to extract a. The only model
independent way of doing this was suggested by Gronau and London, but requires the
measurement of B — 777 and B® — 770, the latter being rather daunting.

There is however, a theoretically clean method to determine a. The interference
between tree and penguin diagrams is exploited by measuring the time dependent CP
violating effects in the decays B® — pr — 77~ 7° as shown by Snyder and Quinn (1993).

The pr final state has many advantages. First of all, it has been seen with a relatively
large rate. The branching ratio for the )®z final state as measured by CLEO is (1.540.5+
0.4) x 1075, and the rate for the neutral B final state p*77 is (3.57}:0 £0.5) x 1075, while
the p°n* final state is limited at 90% confidence level to < 5.1 x 1078 (Gao 1999). BABAR
(Bona 2001) measures B (B® — p*77) as (28.9+ 5.4 £ 4.3) x 107%. These measurements
are consistent with some theoretical expectations (Ali 1999). The associated vector-
pseudoscalar K*7 decay modes have conquerable or smaller branching ratios. Since the
p is spin-1, the 7 spin-0 and the initial B is spinless, the p is fully polarised in the (1,0)
configuration, so it decays as cos?#, where 8 is the angle of one of the p decay products
with respect to the other m from the B, determined in the p rest frame. This causes the
periphery of the Dalitz plot to be heavily populated, especially the corners. A sample
Dalitz plot is shown in Figure 55. This kind of distribution is good for maximising the
interferences, which helps minimise the error. Furthermore, little information is lost by
excluding the Dalitz plot interior, a good way to reduce backgrounds.

To estimate the required number of events Snyder and Quinn preformed an idealised
analysis that showed that a background-free, flavor-tagged sample of 1000 to 2000 events
was sufficient. The 1000 event sample usually yields good results for a, but sometimes does
not resolve the ambiguity. With the 2000 event sample, however, they always succeeded.

This technique not only finds sin(2a), it also determines cos(2a), thereby removing
two of the remaining ambiguities. The final ambiguity can be removed using the CP
asymmetry in B® — 777~ and a theoretical assumption (Grossman 1997).
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Figure 55. The Dalitz plot for B® — pr — n*n~ 7" from Snyder and Quinn (1993).

Several model dependent methods using the light two-body pseudoscalar decay rates
have been suggested for measuring 4. The basic idea in all these methods can be sum-
marised as follows: the tree diagram for B® — nt#x~ has the weak decay phase v. In
order to reproduce the observed suppression of the decay rate for 7*7~ relative to K*r¥
we require a large negative interference between the tree and penguin amplitudes. This
puts v in the range of 90°. A great deal of theoretical work is required to understand the
effects of re-scattering, form-factors etc. We are left with several ways of obtaining model
dependent limits, due to Fleischer and Mannel (1998), Neubert and Rosner (1998), Fleis-
cher and Buras (2000), and Beneke et al. (2001). The latter use a sophisticated model of
QCD factorisation and apply corrections. Figure 56 shows values of v that can be found

Bk y2B(°K")
o

WEKVEEK) :
- -

25 50 75 100 125 1% 175 o ¥ S0 75 100 125 150 178
¥ (deg) ¥ (deg)

Tt ﬂ-‘x‘y’(:'x‘; 2 ’{‘1,;‘,’“'*-]

T

3% S0 75 100 135 150 178

0 25 50 75 100 125 150 175
Y (deg) ¥ (deg)

Figure 56. Model predictions from (Beneke 2001) as a function of the indicated rate
ratios. The dotted curve shows the predictions from naive factorisation. The curved
bands show the total model uncertainties where the inner band comes from theoretical
input uncertainties, while the outer band allows for errors to corrections on the theory.
The specific sensitivity to |Vy| is showed as the dashed curves. The gray bands show the
current data with a 1o error while the lighter bands are at 20.
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Figure 57. (left) The two diagram diagrams for B; — DEK™ that interfere via B,
mizing. (right) The two interfering decay diagrams for B~ — DK~ where one is a
b — u transition and the other a doubly-Cabibbo suppressed decay.

in their framework, once better data are obtainable.

In fact, it may be easier to measure 7 than « in a model independent manner. There
have been two methods suggested.

(1) Time dependent flavor tagged analysis of B, -+ DXK¥. This is a direct model
independent measurement (Du 1986) (Aleksan 1992) (Aleksan 1995). Here the Cabibbo
suppressed V,,;, decay interferes with a somewhat less suppressed V;, decay via B, mixing
as illustrated in Figure 57 (left). Even though we are not dealing with CP eigenstates
here there are no hadronic uncertainties, though there are ambiguities.

(2) Measure the rate differences between B~ — D°K- and B* - D°K* in two
different D° decay modes such as K~7t and K*tK~. This method makes use of the
interference between the tree and doubly-Cabibbo suppressed decays of the D°, and does
not depend on any theoretical modeling (Atwood 1997, Gronau 1991). See Figure 57

(right).

8.3 New Physics tests in specific models
8.3.1 Supersymmetry

Supersymmetry is a kind of super-model. The basic idea is that for every fundamental
fermion there is a companion boson and for every boson there is a companion fermion.
There are many different implementations of couplings in this framework (Masiero 2000).
In the most general case we pick up 80 new constants and 43 new phases. This is clearly
too many to handle so we can try to see things in terms of simpler implementations. In
the minimum model (MSSM) we have only two new fundamental phases. One 85 would
arise in B® mixing and the other, 84, would appear in B® decay. A combination would
generate CP violation in D° mixing, call it ¢k, when the decay is D° — K7+ (Nir
1999). Table 11 shows the CP asymmetry in three different processes in the Standard
Model and the MSSM.

Two direct effects of New Physics are clear here. First of all, the difference in CP
asymmetries between B® — J/9K, and B® — ¢ K, would show the phase ¢4. Secondly,
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Process Standard Model New Physics

B - J/yK, sin 23 sin2(8 + 6p)

BY o ¢K, sin 23 sin2(8+ 6p + 04)
D' K—rxt 0 ~ Sin @k

Table 11. CP Violating Asymmetries in the Standard Model and the MSSM.

there would be finite CP violationin D® — K~nt where none is expected in the Standard
Model.

Manifestations of specific SUSY models lead to different patterns. Table 12 shows the
expectations for some of these models in terms of these variables and the neutron electric
dipole moment dy; see (Nir 1999) for details. Note, that “Approximate CP” has already

Model dy x 1072 0p 04 sin Py
Standard Model <1078 0 0 0
Approx. Universality > 1072  ©(0.2) O(1) 0
Alignment >107%  ©002) 01) o)
Heavy squarks ~ 107! o(1) 0O(1) 0(107?)
Approx. CP ~ 107! -8 0 O™

Table 12. Some SUSY Predictions.

been ruled out by the measurements of sin 2.

In the context of the MSSM there will be significant contributions to B, mixing,
and the CP asymmetry in the charged decay BF — ¢K7F. The contribution to B,
mixing significantly enhances the CP violating asymmetry in modes such as B, — .J/¢.
(Recall the CP asymmetry in this mode is proportional to sin2X in the Standard Model.)
The Standard Model and MSSM diagrams are shown in Figure 58. The expected CP
asymmetry in the MSSM is & sin ¢, cos ¢4 sin(Am,t), which is approximately 10 times
the expected value in the Standard Model (Hinchliff 2001a).

b:m—: s b, W ,s
5 teu t,c,u 5 t: xt
D B
Wt HS

Figure 58. The Standard Model (left) and MSSM (right) contributions to B? mizing.

We observed that a difference between CP asymmetries in B — J/9 K, and ¢ K arises
in the MSSM due to a CP asymmetry in the decay phase. It is possible to observe this
directly by looking for a CP asymmetry in BY — ¢K7F. The Standard Model and MSSM
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Figure 59. The Standard Model (left) and MSSM (right) contributions to B~ — ¢K .

diagrams are shown in Figure 59. Here the interference of the two diagrams provides the
CP asymmetry. The predicted asymmetry is equal to (My,/ msquark)2 sin ¢, in the MSSM,
where Myquark is the relevant squark mass (Hinchliff 2001a).

The ¢K and #K* final states have been observed, first by CLEO (Briere 2001) and
subsequently by BABAR (Aubert 2001). The BABAR data is shown in Figure 60. The
average branching ratio is B(B~ — ¢K~) = (6.8 & 1.3) x 107% showing that in principle
large samples can be acquired especially at hadronic machines.

@ |
,-\8_ 3
34 | ]
= irFﬁpﬁ[:’""" ]
< o (b) 4 6 (d) .
- 118

21_LH.”. ‘.Z‘Hm

P o LLILIL T

wnw =

20 5.25 5.30 5.20
2
my (GeV/c®)

Figure 60. Projections of the mazimum likelihood fit onto the B candidate mass mgs
from BABAR. (a) B* — ¢K*; (b) B® — ¢K°; (¢) Bt = ¢K**; (d) B® — ¢K*°. In
(c) the histogram is the sum of the two contributing K* channels while the shaded area is
K%t alone (the other channel is K*79). The solid line shows the projection of the signal
plus background fit while the dashed line shows the projection of the background only.
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8.3.2 Other new physics models

There are many other specific models that predict New Physics in b decays. I list here a
few of these with a woefully incomplete list of references, to give a flavor of what these
models predict.

o Two Higgs and Multi-Higgs Doublet Models predict large effects in e and CP vio-
lation in D® — K~r* with only a few percent effect in B® (Nir 1999). Expect to
see 1-10% CP violating effects in b — sy (Wolfenstein 1994).

o Left-Right Symmetric Model have contributions that compete with or even dominate
over Standard Model contributions to By and B; mixing. This means that CP
asymmetries into CP eigenstates could be substantially different from the Standard
Model prediction (Nir 1999).

o Extra Down Singlet Quarks are likely to give dramatic deviations from Standard
Model predictions for CP asymmetries in b decays (Nir 1999).

o FCNC Couplings of the Z boson in the decay B — K*{*¢{~ mean that both the
sign and magnitude of the decay leptons carry sensitive information on new physics.
Potential effects are on the of 10% compared to an entirely negligible Standard
Model asymmetry of ~ 10~3 (Buchalla 2000). These models also predict a factor of
20 enhancement of b — d¢*¢~ and could explain a low value of sin 23 (Barenboim
2001a).

o Non-commutative Geometry. If the geometry of space time is non-commutative, i.e.
[#y, 2] = 10,,, then CP violating effects may be manifest a low energy. For a scale
<2TeV there are comparable effects to the Standard Model (Hinchliffe 2001b).

o MSSM without new flavor structure can lead to CP violation in b — s7v of up to 5%
(Bartl 2001). Ali and London propose (Ali 1999) that the Standard Model formulas
are modified by Supersymmetry as

Amg = Amg(SM) [1+f(mX;t,m;R,mH:t,tanﬂ)] (112)
Am;, = Am,(SM) [1 +f (mxg,ng,myi,tanﬂ)] (113)
G% [k Mg M},
= ———————B A2A6_ { c C (4] = flee
lex| NEINTE K (APA°T) S Ye (et fa(Yer Ye) = Nec)

+ ey fs(Ye) [1 +f (mxf,mgn,myi,tanﬂ)] APV - ﬁ)}, (114)

where Am(SM) refers to the Standard Model formula and the expression for |ek|
would be the Standard Model expression if f were set equal to zero. Ali and London
show that it is reasonable to expect that 0.8 > f > 0.2. Since the CP violating
angles will not change from the Standard Model, determining the value of (p, 7)
using the magnitudes Am,/Amy and |egx| will show an inconsistency with values
obtained using other magnitudes and angles.

o Ertra Dimensions are beginning appear in papers predicting b decay phenomena.
See Agashe (2001), Barenboim (2001b), Branco (2001), Chang (2001) and Papavas-
siliou {2000).
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I close this section with a quote from Masiero and Vives (2001): “The relevance of
SUSY searches in rare processes is not confined to the usually quoted possibility that
indirect searches can arrive ‘first’ in signaling the presence of SUSY. Even after the pos-
sible direct observation of SUSY particles, the importance of FCNC and CP violation
in testing SUSY remains of utmost relevance. They are and will be complementary to
the Tevatron and LHC establishing low energy supersymmetry as the response to the
electroweak breaking puzzle.”

I agree, except that I would replace “SUSY” with “New Physics.”

8.4 Expected data samples

It is clear that precision studies of b decays can bring a wealth of information to bear on
new physics, that probably will be crucial in sorting out anything seen at the LHC. This
is possible because we do expect to have data samples large enough to test these ideas
from existing and approved experiments. In Table 13 I show the expected rates in BTeV
for one year of running (107 s) and an e*e~ B-factory operating at the Y(4S) with a total
accumulated sample of 500 fb—1, about what is expected around 2006. (LHCb numbers
are the same order of magnitude as the BTeV numbers for many of the modes.)

Mode BTeV (107)s B-factory (500 fb!)
Yield Tagged® S/B  Yield Tagged! S/B

B, — J/yn") 22000 2200 >15

B~ - ¢K~ 11000 11000 >10 700 700

B 5 9K, 2000 200 5.2 250 75

B® = K*outp- 4400 4400 11 ~50  ~50 7

Dt 5 atD% DY 5 K7t | ~ 108 ~10% large 8x10° 8x10° large

t Tagged here means that the initial flavor of the B is determined.

Table 13. Comparisons of BTeV and B-factory Yields on Different Time Scales.

9 Conclusions

I have attempted to cover the length and breadth of b physics, and have only scratched
the surface. There is much more to be said and much more to learn. Why are there three
families? What is the connection with neutrinos and that mixing matrix? How do we
explain the mystery of flavor? These and many more unanswered questions I leave to the
students.
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1 Introduction

303

The two lectures which are written up in this paper, try to answer the questions why
hadron machines look very promising for B physics studies, what are the problems in b
hadron detection, and how these are solved in three experiments, CDF, an example of a
general purpose collider experiment, HERA-B, a fixed target experiment, and BTeV, a
specially designed collider experiment in the forward direction. Some of the advantages
of hadron machines are evident from Table 1. The b production cross section is typi-
cally much higher in a hadron machine, as compared to an e*e¢” machine. At HERA-B,
where the cross-section is comparable to ete™ production, the b6 production rate can

Production ete” = Y(4s) | ete” = 2° pA = bbX | pp— BBX | ppip) — WX
Mechanism — BB — bb forward
Accelerators CESR, DORIS LEP, S5LD HERA {P) Tevatron Tevatron
PEPLI, KEKB
Detectors CLEOQ, ARGUS | ALEPH, DELPHI HERA-B CDF, Do BTaV
BABAR, BELLE | L3, OPAL, SLD
a(bh) ~ 1nb 2z 6nb 2 12nb 22 50ub A 100xb
albbyolhad) | 0.26 0.22 10-° 10-3 2-1073
B". B* yes yes yes yes yes
BY, BF, A} no yes yes yes ves
boost {3v) 0.06 {0.5) 6 =20 = 2—4 = 4—20
multiple events | no no yes, 4 yes yes, 2
main trigger inclusive inclusive lepton pairs | leptons displaced
vertex

Table 1. Comparison of bb production at e*e™ and hadron machines
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be improved by increasing the luminosity. Another advantage of b hadrons produced in
hadronic collisions, compared to the B-factories at the T(4S5), is the large boost which
results in an average decay length, (L) = 480 um. Finally, we note that the Y(4S) ma-
chines only produce B and B* mesons, whereas the hadron machines also produce other
b hadrons, including By, B, and A,

When designing a detector for b hadrons at a hadron machine, we have to consider
several issues. High interaction rates are needed because of the rather low ratio of the
signal cross section to the total cross section. In most cases this means we are dealing
with multiple interactions per event, so the detector has to be able to tolerate high track
densities (see Figure 1). The detector components that are used have to be radiation
hard, and have a sufficiently fine granularity to separate out the track hits.

Lbun £3417 Evi ,‘.ﬂﬁ’i 'g@:r‘m paia 51
P —{EEIMETA) &

Figure 1. Comparison of bb events: CDF(top), HERA-B(bottom)
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The low ratio of signal to total cross section also requires an early selection of in-
teresting events. Two approaches are used in developing selective triggers with good
background suppression. The first approach relies on the fact that the decay products
of a B meson have rather high transverse momenta in few-body final states, such as
B — uwX, B — J/YK; = punn, B — w*n~. The final states with a single lepton or
lepton pairs are particularly attractive because lepton identification can be done rather
easily. A second approach takes advantage of the displacement of the decay vertices of
b hadrons from the interaction point. In the case of HERA-B this distance is typically
lcm. Both approaches are used in the experiments presented in this paper. The detection
of high py tracks only takes a few hundred nanoseconds, while the reconstruction of the
vertex takes more time, and is a part of the higher trigger levels, although the BTeV
experiment plans to reverse this order.

The next section reviews the excellent results from the CDF detector. These serve
as a proof of principle for doing B physics at a hadron machine. Then follows a brief
discussion of how to measure B, mixing. The remaining sections describe the HERA-B
and BTeV experiments.

2 B physics with CDF

2.1 CDF spectrometer

The Tevatron collider provides pp collisions at a center-of-mass energy of 2TeV in two
interaction regions, for the two experiments, CDF and D0. The CDF detector (Abe 1988)
is a general purpose magnetic spectrometer with a silicon microstrip vertex detector, a
vertex TPC, a main tracking chamber, an electromagnetic and a hadronic calorimeter,
and a system of muon chambers (Figure 2).

SR EEEE
30 m

T T
o I 1.0 2.0
LAYER 00 svXin INTERMEDIATE SILICON LAYERS

Figure 2. CDF spectrometer: isometric view (left) with a vertex detector system, a
central tracking chamber, electromagnetic and hadronic calorimeters, a superconducting
solenoid, and muon chambers; side view after the recent upgrade (right) with a new sili-
con vertez detector including the additional layer (L00), silicon tracker, central tracking
chamber (COT), and additional calorimeters.
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Figure 3. Ezamples of CDF performance: distribution of di-muon invariant mass (left),
decay length distribution for di-muen events from the J /v mass band (right).

For b physics studies there are two interesting figures of merit illustrated in Figure 3.
The di-muon invariant mass resolution in the J/1 region is 16MeV /c?, and the resolution
on the position of the Jv vertex is 40-50 ym. The performance of the vertex detector is
essential for improving the signal to background ratio, as can be seen for the By — J/y K™
decay channel in Figure 4.

NQ
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Figure 4. Cleaning up the J/y K™ signal: a cut on decay length (>100um) significantly
improves the signal to background ratio (bottom).
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2.2 CDF results

This is a brief summary of the results from CDF. The interested reader should consult
overview papers (Paulini 1999, Pitts 2000) for more details.

The excellent performance of the vertex detector allowed measurements of the time
evolution, and hence of b lifetimes and BB mixing. The results of the lifetime measure-
ments of & hadrons are summarized in Figure 5. The precision of these results, and of
the By mixing measurements (Gay 2000}, match the precision of the LEP experiments
(Figure 5). A search for a B, mixing signal resulted in a lower limit Am, > 5.8ps™! at
95% confidence level.

Among the contributions to the spectroscopy of b hadrons the most important were
the first observation of the B, meson and the determination of the masses of the B,, Ay
and B. hadrons. CDF also measured the production cross section o(pp — 5X) which
turns out to be larger than theoretical predictions by about a factor of 2 (Bedeschi 2001).

CDF studied time-dependent CP violation in By — J/¢K,, obtaining the resuit
sin28 = 0.791%4 (Affolder 2000). For the next generation of precision & physics ex-
periments a measurement of the polarization in the B, — J/#¢ decay is important as
an input for the measurement of AT /T (Affolder 2000a). CDF has also shown that rare
decays, such as By — K*uu, can be studied at hadron machines with sensitivities com-
parable to ete~ machines (Affolder 1999).

CDF B Lifetimes Amy Resuits
LB LR RS I T
(8") o [151£005ps  ALEPH| 1 10.446+0.020+ 0018 ps’
8") o[16640.05ps  DELPHI| oy 1049750027 0023 ps"
t(B:) [ [1-3620.10ps S GoRiD WP ey
0
A,) —e (132 1017 ps OPAL| o  {0.466+0.022 0.016 ps”
B! ‘
At (e 0462017 ps SLD|  s.. {0526 0.043 - 0,031 ps”
e, 1b) o lLED ndips
o CDF| jef 0.495+0.026 +0.025 ps™
T{B*}J{T(B ) ................... I.f ............... 1.09 i 0-05
................................... Amge H o'm i.ﬂ,.o‘o __|_ 0.013 ps-‘l
N N N P O LS
05 1 15 N
04 06
am, [ps™)

Figure 5. CDF results: lifetimes of b hadrons (lefi), By mizing parameter Amy compared
to LEP and SLC resulis{right).
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2.3 CDF plans for future

For Run II the Tevatron collider has been upgraded with a new injector and antiproton
source. The bunch spacing has been changed from 3.5us to 396ns, and will be further
reduced to 132ns in the second stage. It is expected that 2fb~! of integrated luminosity
will be accumulated in the years 2001-2004, and as much as 15fb~! by 2007. Both numbers
should be compared to the 0.1fb~! of data collected in Run I.

Major upgrades of the CDF and D0 detectors have been carried out to take advantage
of the machine improvements. The upgrades to the CDF detector, shown in Figure 2, in-
clude increased muon system coverage, a larger vertex detector, and a new central tracker
consisting of a drift chamber and additional silicon layers between the vertex detector
and the drift chamber. A time-of-flight counter has been added for n/K separation up
to 1.6GeV /c. An additional vertexing layer(L00) close to the beam significantly improves
the reach of the experiment for B; mixing (see next section). The trigger system now
includes a fast track search in the first level, and a silicon vertex tracking algorithm in
the second level. This will lower the p, threshold for muons, as well as providing a two
track trigger for hadronic decays

With an integrated luminosity of 2fb~! in the first period of Run II, it is expected that
the CP violation parameter sin 23 will be measured with an error of 0.043 (Tanaka 2001).
A B, mixing observation will be possible up to z; = 60 at 50 significance. AT'/T for B,
mesons will be measured with an error of 0.05 using the decay channel B, — J/y¢. It is
also expected that the forward-backward asymmetry App in the rare decay By — K*pupu
will be measured. The bb production cross section will be studied further, as well as
exclusive decays of the B, meson, B, — J/¢¥fv and J/y.

3 How to measure B; mixing

To observe mixing in the B, system requires a measurement of the probability that a B, at
time ¢ = 0 turns into B, when it decays at a later time ¢. The B, has to decay to a flavour
specific final state with a precisely measured decay vertex and B, momentum. Scveral
decay channels have been considered, including the semileptonic channel B, — uDv,
where Dy — ¢rt, KT K¢, Kt K*, the hadronic channel B, — J/¢yK*, where J/v¥ — pp,
K* — Kr, as well as more conventional hadronic decays such as B, — D{*)z* or
D{®rtrtr—. A flavour tag is needed to determine the initial B, flavour at t = 0. This is
best provided by the charge of the kaon or lepton from the associated decay of the other
b quark.

In what follows, a simplified picture is given of the maximal mixing parameter z,
an experiment can measure, as a function of the resolution and available statistics. The
interested reader should consult Moser & Roussarie 1997 for a full discussion. For a
perfectly tagged B, at t=0, the probability that this B, meson decays as a B; depends
on the proper time t according to {1 — cos(z,t/7)}exp (—t/7). Imperfect tagging and
backgrounds reduce the amplitude of the cosine term by a “dilution” factor (D):

7(Bs = B,) = e7/7{1 — Dcos(z,t/7)}.

For lepton tagged events the value of D is about 0.19 (Figure 6).
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Figure 6. Ezample of B, mizing with x, = 30 (Am, = 22ps™'): (a) perfect resolution
and no dilution, (b} with a dilution factor D = 0.19, {c) with dilution factor I} = 0.19
and a finite resolution o, = 45fs

The amplitude of the mixing signal is further reduced by the finite resolution in proper
time ¢. In the limit of very good resolution {&, € z,7), a simple quantitative estimate
of the effect can be made by observing that the amplitude is reduced by events moving
from the “up” side of the wave to the “down” side, the effect being most important in
an interval of order g; around the node of the oscillating term {Figure 7). In this region
the function is approximately linear, and the fraction of events in this interval can be
roughly estimated to be o?22/272. A full derivation involves a convolution of the time
evolution curve and the detector response. The amplitude turns out to be reduced by
a factor exp{—o2x2/27%), in agreement with the rough estimate to first order in o7 /7°.

ritle

time (20T )

Figure 7. Dilution of the oscillatory term due to finite resolution.
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The dilution D is replaced by D' = Dexp(—ocfx?/27?) , giving the distribution shown in
Figure 6(c).

A simple estimate of the statistics required for a significant measurement, can be made
by fixing z,, and dividing the events into two classes, those from the “up” part of the
wave, and those from the “down” part (Figure 7). The measured oscillation amplitude
for a given x, differs from zero if the two classes are found to be differently populated.
The distribution over the two classes is binomial, with probability for the “up” part equal
to p = 0.5+ ¢D, where ¢ is a constant of order 1. The error on p, o(p) = /p(1 — p)/N,
for a measurement with N reconstructed and tagged events. This expression can be
simplified for p = 0.5 to o(p) = 1/(2v/N). The resulting error on the amplitude D’ is
oo % 1/(2cv/N), and the significance of the measurement is:

olx?
D'jop 2 2e/NDexp (—ﬁ) :
For a given significance, the number of events needed, and thus the duration of the
measurement, is proportional to exp(c?z2/27%). This is a very steep function of the
proper time resolution o, and the mixing parameter x,, particularly in the region where
the quadratic term in the exponent is greater than 1. In the upgraded CDF detector,
where g,=45{s is expected, this value is reached at x;, = 30.

4 HERA-B

HERA-B is a fixed target experiment at the storage ring HERA at DESY (Lohse et al.
1994). The experiment was originally designed to measure C'P viclation in the decays of
neutral B mesons to J/¢ K2 (Figure 8). Bottom hadrons at HERA-B are produced with
a beam of 920GeV protons from the storage ring which hits an internal wire target. The
average momentum of the B mesons is 120GeV, so they travel about lem before they
decay. The J/y from the decay B® — J/9K? can be triggered and reconstructed in its

signal b quark

920 GeV
K-
tagging b quark

Figure 8. A B — J/wK? event showing the typical momenta and decay distances
expected in the HERA-B experiment.
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dileptonic decay mode. From two existing measurements of o(bb) in the relevant kinematic
region (Jansen et al. 1995, Alexopoulos et al. 1999), the fraction of events containing
b quarks is of order 107%. Since the branching ratio for the decay B® — J/¥K? is of
order 1073, and J/v — [TI™ is 6%, the ratio of the signal channel to the total inelastic
cross section is of order 107!!, The HERA-B design requires a very high interaction rate
of 40MHz, with an average of four proton—nucleon interactions occurring for each bunch
crossing (every 96ns). This interaction rate leads to fluxes of charged particles through
the detector components which are comparable to the fluxes expected at the LHC.

0 m—e Top View

Side View

Figure 9. The HERA-B spectrometer.

4.1 The HERA-B spectrometer

HERA-B is a large magnetic forward spectrometer (Figure 9) with outer dimension of
20mx9mx7m. It covers a polar angle between 10mrad and 200mrad with respect to the
beam direction corresponding to a 90% coverage in the center of mass system. The main
detector components are wire targets, a vertex detector system, a tracking system, a ring
imaging Cerenkov counter, an electromagnetic calorimeter, muon chambers and a trigger
system.

An important requirement for HERA-B was to not interfere with HERA operation for
ep collider experiments. The solution was to put several target wires in the halo of the
proton beam (Ehret 2000). Protons which leave the core of the beam, and are therefore
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proton beam |

Figure 10. HERA-B wire target concept (left), reconstructed vertez positions (right).

lost for collisions, interact in 8 wires which are arranged in 2 stations (Figure 10). This
arrangement allows for an efficient separation of primary vertices for events with multiple
interactions. The interaction rate can be changed by moving the wire targets within the
beam halo, and the number of wires in operation can be varied by retracting some of them.
Operation of the wire target is very stable, and meets the criteria for small interference
with collider operation.

4 stereo views/SL

- 2.5, 87.5,92.5 deg

Figure 11. The HERA-B vertez detector system.

The vertex detector system (VDS) has to provide track co-ordinates for reconstructing
decay vertices and the impact parameters of decay products. The VDS (Masciocchi 2001)
consists of 64 double-sided silicon microstrip detectors assembled in eight super-layers of
four quadrants around the proton beam axis (Figure 11). To minimize multiple scattering,
the first seven super-layers are placed in a Roman pot configuration. The VDS has
successfully operated for several years with interaction rates of up to 40MHz. It has a hit
efficiency better than 97%, and a hit resolution of 10 pm.
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Figure 12. The HERA-B Outer Tracking system: honeycomb drift chambers (top),
modular structure (bottom).

The tracking system extends over a total length of 11m. The first group of super-
layers are situated inside the field of a dipole magnet, while the others are in the field-free
region. The particle flux increases towards small polar angles, so the system is divided
into inner and outer parts consisting of detector elements with different granularity. The
Outer Tracker (OTR) measures charged tracks over most of the geometrical acceptance.
It consists of honeycomb drift chambers of two different granularities (Figure 12), covering
a total area of about 1000m?2. The system has to operate in a high radiation environment,
which led to some serious aging problems (Hohlmann 2001). During the year 2000 run,
the overall hit efficiency was also somewhat worse than expected, due to HV failures of
individual wires. We note that the HERA-B outer tracking system is the first large area
detector working in a LHC-like environment.

The inner tracker (ITR) measures tracks at small distances from the beam, and provides
input for the first level trigger (Gradl 2001). The ITR elements cover the region from
6em to 25cm around the beam pipe, where the particle flux can reach 10 per square
centimeter per second. The detectors are microstrip gas chambers with a gas electron
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Figure 13. MSGC-GEM detector structure.

multiplier stage (GEM), as shown in Figure 13. After an extensive conditioning phase,
the operation of the ITR was stable in the year 2000 run, with performance close to the
design value. Performances of the complete tracking system for K; and A candidates are
shown in Figure 14.

KO —s o AN — pm
R°, mass spectrum A mass spectrum
= m = 496 MeV/
300 = 7 MeV

04 0425 045 0475 05 0525 055 0575 0.6 108 109 L1 LID LIZ I3 14 LIS L6
m/GeV m/Gev

Figure 14. Performance of the HERA-B tracking system: K% and A signals

A ring imaging Cerenkov counter (RICH) identifies charged hadrons from the photons
emitted in a gaseous C4F, radiator (Arino et al. 2000). The photons are reflected by two
mirrors and collected as rings on multianode photomultipliers (Broemmelsiek 1998), using
a lens system (Figure 15). To match the variation in occupancy and reduce the cost, 4
and 16 channel versions of the Hamamatsu R5900 multianode PMT are used. The system
has typical rates of IMHz per channel in the hottest parts. It has been in operation since
summer 1998, with very few noisy or dead channels (Figure 16).

For ultrarelativistic particles, the average number of photons in a ring is 32, and the single
photon resolution is o}/ = 0.7mrad for the finer, and 1mrad for the coarser granulari-
ties, in excellent agreement with the design values. Figure 17 shows the probability that
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Figure 16. HERA-B RICH: a low occupancy background event with two rings on the
photon detector (left), a typical event (right).
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Figure 17. HERA-B RICH: particle identification efficiency from J/vy — pu.

a muon from a J/¥ decay is recognized as a muon by the RICH, as a function of muon
momentum. The performance of RICH is expected to improve with better alignment of
the tracking system.

The electromagnetic calorimeter (Avoni et al. 2001) measures photon energies, identi-
fies electrons and provides an electron pretrigger. The calorimeter is of the “shashlik”-type
with three different granularities in order to match occupancies. The measured energy
resolution, o(E)/E = 1.7% @ 22.5%/VE, is close to the design value.

The muon detector (Eiges et al. 2001) separate muons from hadrons and gives a muon
pretrigger. It consists of four layers of detector elements embedded in iron absorbers.
Three types of detector elements (tube, pad and pixel chambers) are used in order to
match the required granularity. In the 2000 run, the muon pretrigger provided a good
J/ signal using a fourfold coincidence of signals in the pad chambers. The performance
was limited by inefficiencies in certain parts of the detector.

The huge background from inelastic proton-nucleon scattering requires a highly selec-
tive and efficient trigger. The main idea of the HERA-B trigger (Gerndt 2000, Kreuzer
2001) is to search for a pair of high-p, leptons, with invariant mass consistent with a J/%.
At the pretrigger level, data from the calorimeter, muon and tracking systems are used
to define regions of interest which correspond to particles with high transverse momenta.
Pattern recognition and track reconstruction are performed with dedicated processors at
the tracking system stations (Figure 18), starting from the track candidates defined by the
pretrigger system. A cut is made on the invariant mass of candidate track pairs The first
trigger level aims to reduce the rate by a factor 200. Second and third level triggers refine
track candidates and search for vertices. They are designed to give suppression factors of
100 and 10 respectively. A fourth level performs the complete event reconstruction and
writes data to storage. The best results in the 2000 run were achieved with a first level
trigger requirement of a single high-pt lepton; and a search for the second high-pt lepton
in the second level trigger. We note that in this period the first level trigger efficiency
was 20% for single muons and 54% for electrons, which is well below the design value of
90%. This is mainly due to inefliciencies in the tracking and muon chambers.
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Figure 18. HERA-B first level trigger system: pretrigger candidates are followed through
track finding units (TFU), combined into pairs in track parameter units (TPM); before a
final decision by the trigger decision units (TDU).

4.2 HERA-B status and plans

The experiment was approved in 1995, but the design and construction of detector ele-
ments that can cope with the extremely high fluxes proved to be a technological chal-
lenge. Problems with the tracking system caused a substantial delay in the schedule, and
installation of the full detector was only completed in February 2000. The first phase of
commissioning lasted 6 months (HERA-B Collaboration 2000). The performance of the
detector for Ji events is shown in Figure 19.

After the end of the current HERA shutdown, a continuation of the operation of
HERA-B is expected in the second half of 2001. Due to the late start and the trigger
inefficiencies, HERA-B is no longer competitive for a measurement of CP violation. In
the 2001/2002 running period the experiment will concentrate on the measurement of
events which contain a J/¢¥ meson, for which the detector is optimized. Based on the
results of the 2000 run, and detector improvements, it is expected that 1500 reconstructed
J/ events will be collected per hour, resulting in 2.1 million events in the full running
period. With these data HERA-B can measure the nuclear dependence of charmonium
production, and the bb production cross-section.

A suppression of the yield per nucleon of J/4¥ in proton-nucleus, pion-nucleus, and
heavy ion collisions is observed in heavy nuclei compared to light nuclei (Leitch et al.
2000, Alde et al. 1991, Leitch et al. 1995). The effect depends strongly on the xg and
pr of the J/¢. Various mechanisms can contribute to this suppression, but their relative
importance is not clear. HERA-B can measure the production of J/i mesons down
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to zp = —0.4, as well as ¢ and Y., vusing the electromagnetic calorimeter to reconstruct
Xe = J/1y. Running simultaneously with target wires made of different materials reduces
the systematic errors. Last year HERA-B took data using Ti and C wires.

A measurement of of the production cross-section o is needed, because there are
two inconsistent results (Jansen et al. 1995, Alexopoulos et al. 1999). For the related
processes, A — bbX, the theoretical predictions underestimate the cross section. The
measurement of o,; at HERA-B will be based on inclusive b — J/9¥X compared to direct
J /4 production. The J/v¢ candidates with decay vertices detached from the target wire
will be attributed to decays of b hadrons. It is expected that 340 events of this type
will survive alt cuts with a small background. The result for oy is expected to have a
statistical accuracy of 5-10%.

HERA-B is the first experiment working in a LHC-like environment, As such it has
accumulated valuable experience during construction and commissioning which is vital
for the success of the next generation of hadron experiments. After further improvements
during the 2001 shutdown, final commissioning of the detector witl be completed.
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5 BTeV - a second generation B factory

The motivation for the BTeV experiment is the expectation that in the next few years
the ete~ B-factories will firmly establish the evidence for CP violation in B decays, but
that several questions will remain open due to lack of statistics, and the restricted set of
b hadron decays that are available at the e*e™ machines. The goal of BTeV is to perform
high precision measurements of the CP parameters v, a, x, in the decays of BY, B* and
B, mesons, and to search for new physics in rare and flavour changing neutral current
decays (Stone 2001).

B hadrons at the Tevatron
o T

T

5 2.5 o s ‘9/)9/3, sp B bptodud‘on al'\g

Figure 20. Production of bb pairs at BTeV: dependence of boost on the pseudorapidity
(left), correlation of production angles of the bb pair (right).

The BTeV experiment (Santoro 1997, Skwarnicki 2001) will exploit the very large
production cross section for bb pairs in the forward and backward direction in pp collision
at the Tevatron (Stone 1997). The boost factor 3y becomes very large in this region,
compared to the central region covered by CDF and D0. Figure 20 shows that b quark
pairs are either both in the forward or both in the backward direction, so a single arm
spectrometer similar to HERA-B would in principle be sufficient for flavour-tagged CP
measurements.

5.1 BTeV spectrometer

To accomplish its goals, the BTeV spectrometer (Sheldon 2001), shown in Figure 21, has
to meet the following requirements. It has to efficiently trigger on hadronic B decays, and
it needs a high resolution vertex detector to measure B, oscillations. An excellent particle
identification system is required for n /K separation, and a high resolution electromagnetic
calorimeter for 7° reconstruction. All the detector components have to survive high
interaction rates. Finally, it needs a high capacity data acquisition system that can
handle a large number of read-out channels.

The BTeV tracking system has three major parts, a vertex pixel detector, a system
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Figure 21. BTeV spectrometer with an ezpanded view of the interaction region.

of straw-tube chambers as the main tracking device, and silicon strip detectors in the
vicinity of the beam pipe. The pixel detectors are essential to eliminate ambiguities and
provide a detached vertex trigger in the high track density region (Artuso 2001). The
detectors are expected to have a low noise. The read-out electronics is subject to the
same radiation load as the detector, but it has been possible to develop radiation hard
electronics using the deep sub-micron process (Christian 2001).

The identification of hadrons is essential for the tagging of b-flavour in C P violation
and mixing measurements. [t is also crucial for the identification of hadronic final states
such as B — ntn~. The importance of the latter is illustrated in Figure 22, where the
B — nt7w~ events are obscured by a large background from other, kinematically similar,
two-body decays. The kaon and pion momentum range that the identification device has
to cover, can be deduced from Figure 23. To achieve the necessary w/K separation in the
range 3 < p < 70GeV/c, a RICH counter will be used (Figure 24), with the same radiator
gas, C4F o, as in HERA-B. To supplement the performance in the low momentum region
and to improve p/K separation, plans are being discussed to add an aerogel radiator.
A novel type of a position sensitive photon counter will be used (Figure 25, the hybrid
photon detector (HPD) (Alemi 2000). A high electric field is used to accelerate photo-
electrons onto a silicon pixel detector. The HPD is still under development, and is also
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foreseen for use in the LHCh experiment {Wotton 2000).

The calorimeter needs to have high resolution and good radiation tolerance. For
this BTeV will use 22000 Lead Tungstate crystals (PhWO,), with size 27x27x2220mm>.
This is the same technology as for the CMS experiment. The crystals are radiation
hard, fast scintillators with 99% of the light emitted in less than 100ns. They will be
read out with photomultiplier tubes. The energy resolution predicted by a full GEANT
simulation is o(E)/E = 0.55% & 1.6%/VE(GeV), and the position resolution is given by
oy = 3500um/E{GeV) & 200um.

The muon detector will be used both to identify muons, and to provide an auxiliary di-
muon trigger for checks of the detached vertex trigger, particularly in the commissioning
phase of the experiment. It consists of two toroids with three detector sets.
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One of the main components of the BTeV spectrometer is the trigger system (Artuso
2001). The first level trigger is meant to find segments in the entrance and exit of the
pixel detector as shown in Figure 26. It will then match segments, get crude momentum
estimates, and reject low momentum tracks from further use for vertex determination. In
the next step, the primary vertex will be found, and then for each of the tracks which
miss the primary vertex, the significance of the detachment parameter, b/a(b), will be
calculated (Figure 27).

The goal of the first level trigger is a factor of 100 rejection of bunch crossings which
do not produce a bb pair, and an efficiency exceeding 50% for interesting events. As an
example, a requirement of two tracks with b/o(b) > 6 leaves 1% of beam crossings, and has
63% efficiency for B" — ntn—, 70% for B~ — DK, and 50% for B° — J/¢K?2. The
dependence of the signal efficiency and the background rejection power on the detachment
parameter cut for different numbers of tracks is shown in Figure 28.
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Figure 27. Detachment of a frack from the primary verter.
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The second trigger level will rely on re-fitting the pixel segments, including more hits,
and linking these tracks to the downstream tracking systems. This will give an accurate
momentum measurement, and a better determination of the detachment parameter of the
track. The aim is to achieve a further rejection of a factor of 10 or more at 90% efficiency.
Finally a third level will involve more processing, with the goal of reducing the event
output rate of 4kHz, with an event size of 40kbyte.

5.2 BTeV physics reach

The comparisons shown in Table 2, are meant to illustrate in which respects the BTeV
experiment is a second generation B-factory. In the first column we list the expected
numbers of events collected by the ete™ B-factories with the integrated luminosities of
500fb~! which are expected by 2005. In the second column we present the amount of
data the BTeV experiment is expected to reconstruct in one effective year (107s). The
interested reader is referred to a review article (Stone 1997) for further discussions, as
well as a comparison between the BTeV and LHCb experiments.

Mode ete™ B-factories BTeV

with 500fb~! yield in 107 s
By — wtw- 850 24000
By — ¢K~ 700 11000
By — ¢Ks | 250 (75 tagged) | 2000 (200 tagged)
By — K*uu 50 2200
B, — J/yn) - 15000

Table 2. Comparison of expected BTeV yield of reconstructed events in some interesting
decay modes with the expectations from the ete™ B-factories by the year 2005.

6 Summary

We summarize this review by observing that although the hadron production of B mesons
has a large cross section, the background levels are high, so elaborate triggering strategies
are needed to extract the signal events. In addition an efficient operation of the detector
in a high rate environment is required over extended run periods. The results of B physics
studies by the CDF experiment prove that B physics can be done at hadron machines. The
HERA-B spectrometer components are ready after extensive R& D to develop radiation
hardness and high rate tolerance. The trigger of the HERA-B spectrometer is being
commissioned, and a year of data taking is expected in 2002. This will provide valuable
experience for the next generation of experiments at hadron machines. Finally, the second
generation of B factory experiments, BTeV and LHCDb, are being developed, and are
expected to open a new era of B physics after 2005.
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1 Introduction

A small matter-antimatter asymmetry of the weak force has been experimentally estab-
lished. This CP violation may be related to the small excess of matter from the big bang.
The nature of CP violation in the K® system has been clarified after 37 years of exper-
imentation as being due to a non-trivial phase in the weak quark mixing matrix which
generates “direct CP violation” in the weak Hamiltonian. The experiments demonstrating
this direct CP violation are discussed.

2 The big bang and the expanding universe

In our present universe, we observe with optical telescopes about 100 billion (10'") galaxies
each of them with 100 billion stars. These stars for most of their life burn hydrogen to
Helium, through nuclear fusion. They emit visible light. from their surface and neutrinos
from their interior. Both of these radiations have been observed from the sun.

The analysis of the visible wavelength spectrum reveals black absorption lines due to
the absorption of light in the atoms of the outer layers of the sun or other stars. A large
step in the understanding of the evolution of the universe was made when Edwin Hubble
observed in 1929 that these absorption lines for a given element are shifted towards the red
end of the wavelenguh scale for stars which are very far outside our galaxy, say 100 million
light years away. This “redshift” is interpreted as being due to these stars receding from
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Figure 1. Galazies receding from us with velocities indicated by the length of the arrows

us. Hubble observed that the size of the redshift, and the velocity of these receding stars is
proportional to their distance from us. As an example, there is a galaxy in the Ursa Major
which moves away with 1/7 of the light velocity, i.e. 42000km/sec. Figure 1 visualizes the
flight velocities of such galaxies, with arrows indicating the size of the recession velocities.

Of course, our point of reference, the earth, is by no means a special one. According to
relativity theory, each reference system is equivalent in our finite, but unlimited universe.
Each galaxy recedes from every other with a velocity proportional to their distance, like
two points on a expanding rubber balloon. Turning the time arrow backwards, one con-
cludes that these objects must have been very close to each other, about 15 billion years
ago. At that time, an incredibly hot fireball of matter and radiation started to expand
in the “big bang".

During the big bang, at high temperatures above 10*° degrees Kelvin, matter docs not
consist only of the stable building blocks which we observe in our old and cold universe, the
protons and meutrons of the nucleus, and the electrons and neutrinos. The fundamental
constituents of protons and neutrons, the up (u) and down (d) quarks, play their role,
but there are also two more massive families of fundamental particles which have heen
produced and discovered in modern accelerator taboratories over the bast few decades.
Thus we have altogether three families:

1; up (u) and down (d) quarks, electrons (e) and their neutrinos (¢)
2: strange (s) and charm (¢) quarks, muons (#) and their neutrinos ()

3: bottom (b) and top (t) quarks, tau leptons (7) and their neutrinos (v,)

In addition to these matter particles, it was possible to create their antiparticles at
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Figure 2. Production of an electron-positron pair in a hydrogen bubble chamber

the time of the big bang . In the universe today there is no indication of antimatter Jeft
over from the big bang. If antimatter exists, it must show up through the + radiation
which is produced when antimatter annihilates with matter. In the big bang, matter and
antimatter were made at extremely high temperatures and in equal quantities because the
forces which are responsible for their production are completely symmetric with respect to
matter and antimatter. As an exarmple Figure 2 shows the production of an electron and
a positron from a photon hitting liquid hydrogen in a bubble chamber. The curvature
of the two trajectories is due to a magnetic field which allows to distinguish betwecn
positive and negative electric charges. In a similar way, the other elementary constituents
of matter were produced in pairs during the initial phases of the big bang. In this hot
fireball, creation and anuihilation of particles and antiparticles led to an equilibrium of
approximately equal numbers of particles, antiparticles and photons. The temperature
(measured in degrees Kelvin) corresponds to the average energy of the particles (measured
in electron-volts, V). The expanding fireball cools down, and below a certain temperature
the creation of particle-antiparticle pairs stops while annihilation goes on. If all forces
were symmetric with respect to matter and antimatter, there would be no matter lefe
over in the cold phase except for photons. As a result of the expansion of the universe
these photons would be shifted to lower energies. This cosmic microwave background was
discovered in 1965 by Penzias and Wilson. The wave-length spectrum perfectly matches
the Planck radiation of a black body at a temperature of 2.73 degrees Kelvin (Figure 3}.



330 Konrad Kleinknecht

Wavslength (cm)
10717 " . 0.1
10-28
~ 10710
g — 273 K blackbody
N
I
; 10°% +TIRAS  COBE satellite
- = DMR COBE satellite
o2 x UBC sounding rocket
103 o LBL-Italy White Mt. & South Pole
¢ Princeton ground & balloon
4 Cyanogen optical
10-23 Il — | e N . i
1 10 100 1000
Frequency (GHz)

Figure 3. Freguency distribution of the cosmic microwave background variation, as
measured by the COBE satellite

This is the echo of the hot photons from the big bang. Today the density of this radiation
is 500000 photons per litre.

Not only is there no primordial antimatter in our universe. The ratio of nucleons over
photons is now only about 10-'?, whereas it was of order one in the early phases of the
universe. A possible explanation was given by Sacharov and Kuzmin. They stated that
this small surplus of matter is only possible if

« onie force violates matter-antimatter symmetry,
« baryon number is violated and

« the expansion goes through phases when there is no thermodynatnic equilibrinm.

3 Symmetries

Symmetries and conservation laws have long played an important role in physics. The
simplest examples of macroscopic relevance are the conservation of energy and momentum,
which are due to the invariance of forces under translation in time and space, respectively.
This was demonstrated by Emmy Noether.

Sacharov postulated that one of the known forces or a new force violated the svm-
metry between matter and antimatter, thus producing a small surplus of matter. All
the remaining matter annihilated with the corresponding amount of ahtimatter, and at
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the end we are left with a surplus of 107!? of matter compared to the photons. Such a
symmetry violation goes against principles which were cherished for centuries.

In the domain of quantum phenomena, there are conservation laws corresponding to
discrete transformations. One of these is reflection in space by the parity operator P,
Invariance of the laws of nature under P means that the mirror image of an experiment
yields the same result in its reflected frame of reference as the original experiment in the
original frame of reference. This means that “left” and “right” cannot be defined in an
absolute sense.

Similarly, the particle-antiparticle conjugation operator C, transforms each particle
into its antiparticle, whereby all additive quantum numbers change their sign. C in-
variance means that experiments in a world consisting of antiparticles will give identical
results to experiments in our world. Here again it will be not possible to define in an ab-
solute way whether an object consists of antimatter or matter. An anti-atom composed
of antinucleons and positrons emits the same spectral lines as the corresponding atom.

A third transformation of this kind is the time reversal operator T, which reverses
momenta and angular momenta. According to the CPT theorem (Liiders 1954, Panli
1955), there is a connection between these three transformations such that under rather
weak assumptions in a local field theory all processes are invariant under the combined
operation CPT.

For a long time it was assumed that all elementary processes are also invariant under
the application of each of the three operations C, P, and T separately. This assumption
was questioned by (Lee & Yang 1956), and the subsequent experiments demonstrated
the viglation of P and C invariance in weak decays of nuclei and of pions and muons.
This violation can be visualized by the longitudinal polarization of neutrinos cmerging
from a weak vertex: they are left-handed when they are particles and right-handed when
antiparticles. Application of P or C to a neutrino leads to an unphysical state (Figure 4).

\' . Vi
C _
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Figure 4. The mirror image of a left-handed nevirino under P, C, and CP
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The combined operation CP, transforms a left-handed neutrino into a right-handed
antineutrino, thus connecting two physical states. CP invariance was therefore considered
(Landau 1957) to be a valid replacement for the separate P and C invariance which was
no longer true in weak interactions.

A unique testing ground for CP invariance are elementary particles called neutral K
mesons. They have the property that the particle K° and its antiparticle KO differ in one
quantum number, called strangeness, but can mix through a transition mediated by the
weak interaction. A consequence of CP invariance for the neutral K mesons was predicted
by (Gell-Mann & Pais 1955). It was then known that there was a V° or K} particle that
had a short lifetime (10719 sec). It was predicted that there should be a long-lived partner,
K3, and that these two physical particles are mixtures of the two strangeness eigenstates,
K° (S=+1) and K9(S = - 1) that are produced in strong interactions. Weak interactions
do not conserve strangeness, but the physical particles should be eigenstates of CP if the
weak interactions are CP invariant. With K0 = CP K, the eigenstates are:

CPK, = CP[(K°+K%/V2] = (K'+K2 = K

CPK, = CP[(K"-K°/V2 = (K°-K°/V2 = -K,

Because CP (nt7~) = (nt7~) for two 7 mesons in a state with zero angular momen-
tum, the decay into 7t 7~ is allowed for the K;, but forbidden for the K,. Hence the K,
is predicted to have a longer lifetime, because it must decay to three pions. This was
indeed confirmed when the long-lived K, was discovered.

It was discovered by (Christenson, Cronin, Fitch & Turlay 1964), that the long-lived
neutral K meson also decays to #t7~, but with a small branching ratio of ~ 2 x 1073,
From then on the long-lived state was called K;, because it was no longer identical to the
CP eigenstate K;. Similarly, the short-lived state was called K.

4 Phenomenology and models of CP violation

The phenomenon of CP violation in decays of neutral K° mesons has been with us for 37
years. The first ten years of intense experimentation after the discovery of the decay
K; —» w7~ were devoted to the observation of other manifestations of the phenomenon,
like the decay K; — n%7° (Gaillard 1967, Cronin 1967), and the charge asymmetry in the
decays K; — nte¥v and K| — mtu¥v (Bennett 1967, Dorfan 1967), and to precision
experiments on the moduli and phases of the CP violating amplitudes (Kleinknecht 1976).
These experimental results excluded a large number of theoretical models proposed to
explain CP violation, such that at the time of the London conference (Kleinknecht 1974)
only two classes of models survived. The superweak model postulated a new, very weak,
CP violating interaction (Wolfenstein 1964) with AS = 2, whereas milliweak models
invoked a small (10~2) part of the normal AS = 1 weak interaction as the source of CP
violation. In the milliweak model there is also a direct decay of a Kaon state with CP
quantum number -1 into a two-pion state with CP +1 through the weak Hamiltonian.
This is called “direct” CP violation, as opposed to “indirect” CP violation by A®/K0
mixing, which is a feature of both models. The key question is can one devise experiments
to distinguish between these models?
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In this context it was very important that a specific milliweak model within the Stan-
dard Model was proposed {Kobayashi & Maskawa 1973). At the time of the discovery
of CP violation, only 3 quarks were known, and there was no possibility of explaining
CP violation as a genuine phenomenon of weak interactions. This situation remained
unchanged with the discovery of the fourth quark, because the 2x2 weak quark mix-
ing matrix has only one free parameter, the Cabibbo angle, and no non-trivial complex
phase. Kobayashi and Maskawa remarked that this picture would change if six guarks
are present. Then the 3x3 mixing matrix naturally contains a complex phase, as well as
three mixing angles. It is then possible to construct CP violating weak amplitudes from
“box diagrams” of the form shown in Figure 5.

5 W a @ g ia d
———— AN —— - - -
K uct} laci K K W W K®
—_— NN —— - - -
d W s d we,t s

Figure 5. Boz diagram for K'—K° mizing connected to CP violating parameter e.

A consequence of this model of CP violation is that the relative decay rates for K; —
xtx~ and Kp — #%" are not necessarily equal. This direct CP violation is due to
“Penguin diagrams” of the form given in Figure 6.

Figure 6. Penguin diagrams for K° — 2n decay with direct CP violation,

For a quantitative discussion, we use the conventional notation. The eigenstates of
CP are;

K\ (K° + K%/V2 = +CPK,
K, = (K°-K%/V2=-CPK,

The physical long-lived (K';) and short-lived (Ks) states are defined as:

Ks = (Ki+esK) /(1 + [es])?
Ky = (Ky+ e K)/(1+ |e|?)'?
With CPT invariance, €5 = ¢ = ¢, where:

€= ImF12/2 +$Imﬂrf|2
ils —TL)/2 - (ms —my)




334 Konrad Kleinknecht

is given in terms of the elements of the K® — K° mass matrix M and decay matrix I. The
phase of ¢, is
arg(e) = arctan(2Am/I's) = 43.7° £ 0.2°.

The experimentally observable quantities are

<7tn |T|Ky >
<7tn |T|Ks >’
< 7% T|K,, >
<7970 T|Ks >

]77+—|€i¢+7:77+— =
ol = o =

It can be shown that these amplitude ratios consist of a contribution from CP violation
in the box diagrams describing K° ~ K° mixing, called ¢ above, and another one from CP
violation in the penguin diagrams associated with weak K — 27 amplitudes, called ¢':

Do =€+ ¢ oo = € — 2¢’

The quantities 7, _, ngo and 3¢’ form the Wu-Yang triangle in the complex plane. The
CP violating decay amplitude €' is due to the interference of a Al = 1/2 amplitude, Ay,
and a Al = 3/2 amplitudes, Ay:

o ’LIIIIAQ
24

exp[i(62 — (50)]
and its phase is given by the m7 phase shifts in the I = 0 and I = 2 states, d¢ and J,:
arg(e') = (6, — o) + /2

which is measured experimentally to be (61 +9)° (Biswas 1981) or (45 +9)° (Ochs 1981).
The two models discussed above differ significantly in their predictions. In the superweak
model there is no direct CP violation in weak decays, ¢ = 0, and therefore . = gy = .
In milliweak models it is likely that € # 0.

5 Theoretical estimates for the parameter €’

The parameter € can be estimated within the weak quark-mixing model of Kobayashi and
Maskawa, if one infers the magnitude of the quark mixing angles from other experiments,
and calculates the hadronic matrix elements for box graphs and penguin graphs. Typical
values for |¢//¢| are in the range +0.2 — 3.0 x 1073 for three generations of quarks. A
measurement of this quantity to this level of precision therefore becomes crucial for our
understanding of CP violation. Since the phase of € is close to that of ¢, and since
[¢'/€] < 1, we get:

!

€ ¢ 1
~—=Rel -} ==-{(1- B 2
p e(f) 6( mo0/n+ |)
Various methods are used to calculate the value of Re(¢'/e). Due to the difficulties in
calculating hadronic matrix elements, which involve long distance effects, the task turns
out to be very difficult. The following results have been obtained recently:
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1. The Dortmund group uses the 1/Ne expansion and Chiral Perturbation Theory
{(XPT). They quote a range of 1.5 x 1074 < ¢'/e < 31.6 x 10~* (Hambye 1999) from
scanning the complete range of input pararmeters.

2. The Munich group uses a phenomenological approach in which as many parameters
as possible are taken from experiment. Their result {Buras 1999) is 1.5 x 1071 <
¢'/e < 28.8x 1074 from a scanning of the input parameters and ¢' /¢ = (7.7732)x 10~*
using a Monte Carlo method to detertmine the error.

3. The Rome group uses lattice caleulation results for the input parameters. Their
result is € /e = (4.7750) x 1077 (Martinelli 1999).

4. The Trieste group uses a chiral quark maodel to caleulate €' /e, Their result is 7 x
10-% < €'fe < 31 x 107 (Bertolini 1998).

It is hoped that reliable hadronic matrix elements will be obtained in the near future by
lattice gauge theory calculations,

A measuremment of the double ratio

R= 700/ _ DKy —2r%)/T(Ky = a*n™)
P T(Ks = 229)/T{Ks — 77-)

to a precision of better than 0.3% is required to distinguish between the milliweak and
superweak models, and test these theoretical predictions.

6 Experiments on direct CP violation

6.1 The first observation of direct CP violation

The first observation of direct CP violation was made in 1988 by a collaboration of physi-
cists at CERN. Their experiment, called NA31, was based on the concurrent detection
of 7°%% and w*n~ decays from alternating collinear beams of K¢ and K. Kaons with
energies around 100GeV were produced by a 450GeV proton beam from the SPS accel-
erator at CERN. The energies of the decay products were measured in a comnbination
of a high-resolution Ligquid-Argon electromagnetic calorimeter and an iron-scintillator
hadronic calorimeter. In the first runs, about 100000 decays of the type A — 7% and
295000 decays of Ky — atn~ were observed, and the result for the CP parameter was
Re(¢'/e) = (33 + 11} x 10~ (Burkhardt 1998). In further data-taking, the number of
observed K, — #%1® decays was increased to 4 x 10°.

A similar sensitivity was achieved by an experiment at Fermilab near Chicago, called
E731. In 1992/93 the experimenis NA31 at CERN and E731 at FNAL presented final
results. The CERN result (Barr 1993) of (23.0 = 6.5) x 10~* shows evidence for direct,
CP violation with a significance of more than 3¢, whereas the Fermilab result {(Gibbons
1993) of (7.4 £5.9) x 107* is consistent with zero. As a consequence of this disagreement,
two new experiments, NA4R at CERN and kTeV at Fermilab, were constructed to resolve
the issue.



336 Konrad Kleinknecht

-

2Tm

| I —

- A | - G2 i | — 50— -q—?.?m—p‘

240 m nim —

3MEm -

Figure 7. Layout of the main detector components of the NA48 experiment.

6.2 The NA48 detector
The new CERN experiment NA48 (Figure 7) was designed

« to measure all four decay modes concurrently,
« to register data at a rate 10 times higher than NA31,

« to achieve an improved energy resolution for photons (liquid Krypton calorimeter)
and for charged pions (magnetic spectrometer).

In the design of the NA48 detector the cancellation of systematic uncertainties in the
double ratio is exploited as much as possible. Important properties of the experiment are:

1. Two almost collinear beams which lead to an almost identical illumination of the
detector.

2. The lifetime weighting of the events defined as Ky, events, to remove systematic
errors due to detector acceptance.

The K|, target is located 126m upstream of the beginning of the decay region. As the decay
lengths at the average kaon momentum of 110GeV/c are Ag = 5.9m and A, = 3 400m
respectively, the neutral beam derived from this target gives predominantly K;, decays in
the decay region. A separate Kg target is located only 6m upstream of the decay region,
so this beam is a source of mainly Ks decays. The two beams are almost collinear, with
the Kg target situated 7.2cm above the center of the K;, beam. The relative angle of the
beams is 0.6mrad so that they converge at the position of the electromagnetic calorimeter.

The beginning of the Kg decay region is defined by an anti-counter (AKS). which is
used to veto Kaon decays occurring upstream of the decay region. The position of the
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AKS also defines the global Kaon energy scale which is directly correlated to the distance
scale. The decay region itself is contained in a 90m long evacuated tank.

The identification of decays from the Kg beam is done by a tagger consisting of an
array of scintillators situated in the proton beam which is directed onto the Kg target.
If a proton signal is detected within a time window of +2ns with respect to a decay, the
event is defined as Kg event. The absence of a proton tag defines a K, event.

A magnetic spectrometer is used to reconstruct Kg ), — 7#*7~ decays. The spectrom-
eter consists of a dipole magnet with a transverse momentum kick of 265MeV /¢, and four
drift chambers which have a spatial resolution of ~ 90um. This leads to a mass resolution
of 2.5MeV/c?. A hodoscope consisting of two planes of plastic scintillator provides the
time of a charged event with a resolution of about 200ps.

A liquid krypton electromagnetic calorimeter (LKR} is used to identify the four pho-
tons from a 7°7° event. Liquid krypton bas a radiation length of Xy = 4.7cm which
allows one to build a compact calorimeter with high energy resolution AE/E = 1.35%, as
measured with electrons coming from a K -3 mew. It also has a very good tine resolution
of less than 300ps and very good linearity. It consists of 13212 cells {2x2cm?) pointing to
the average Kg decay position. The transverse spatial resolution is better than 1.3mm.

The electromagnetic calorimeter is complemented by an iron-scintillator sandwich
calorimeter with a depth of 6.8 nuclear interaction lengths which measures the remaining
energy of hadrons for use in the trigger for charged events.

A muon veto detector, consisting of three planes of scintillator shielded hy 80cin of
iron, is used to identify muons and veto K| — muv events.

6.3 Analysis of NA48 data

To identify events coming from the Kg target a coincidence window of £2ns bhetween
the proton signal in the tagger and the event time is chesen (see Figure 8a,c). Due
to incfliciencies in the tagger and in the proton reconstruction a fraction gy, of true Ky
events are misidentified as K, events. On the other hand there is a constant background of
protons in the tagger which bave not led to a good Kg event. If those protons accidentally
coincide with a true Ky, event, this event is misidentified as a Kg decay. This fraction o ¢
depends only on the proton rate in the tagger and the width of the coincidence window.

Both effects, a}; and o}, can be measured in the charged mode as Kg and K, can
be distinguished by the vertical position of the decay vertex (see Figure 8b). The results
are af; = (1.63 + 0.03)x107" and afs = (10.649 £ 0.008)%. This means that about
11% of true K. events are misidentified as Kg events, however, this quantity is precisely
measured to the 1071 level. What is important for the measurement of the double ratio
R is the difference between the charged and the neutral decay modes Aoy = o —af 5.
Proton rates for both decays modes are measured in the sidebands of the tagging window
to determine Acrg. The result is Aars = (4.3 £ 1.8)x 1074, Several methods have been
used to measure Aag,;, leading to the conclusion that there is no measurable difference
between these mistaggings with an uncertainty of 40.5x107%

Another important correction is the background subtraction. Decays Ki, — mer and
K, — muv can be misidentified as K — #t#x~ decays, as the v is undetectable. However,
since the v carries away momentum and energy, these events can be identificd by their
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Figure 8. (a) and (c): minimal difference between tagger time and event time (At ).
(b) Atmin for charged K|, and Ks events. (d) Comparison between charged and neutral
event time. For this measurement decays, selected by the neutral trigger, with tracks are
used (v conversion and Dalitz decays Ks — n%7% — yyyete ).

high transverse momentum p| and their reconstructed invariant mass. The remaining
background can be measured by extrapolating the shape of the background in the m — pf?
plane into the signal region. In this way the charged background fraction leads to an
overall correction on R of (16.9 £ 3.0)x10~%.

A similar extrapolation can be done in the neutral decay mode. Here the background
comes from K, — 37° decays, where two v are not detected. This leads to a misrecon-
struction of the invariant 7° masses. In this case the background leads to a correction of
R by (—5.9 £ 2.0)x107".

The number of signal events after these corrections are summarised in Table 1. The
efficiencies of the triggers used to record neutral and charged events have been determined.
Independent triggers are used which accept a down-scaled fraction of events. In the
neutral decay mode the efficiency is measured to be 0.99920£0.00009 without measurable
difference between Ks and K decays. The nn~ trigger efficiency is measured to he
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Event statistics {x 10%)
NA48 | KTeV NA48 | KTeV
Ksg— ntn™ | 22221 | 452 | K, —7ta™ | 14453 | 2.61
Kg — n7% | 5.209 142 | KL — 7% | 3.290 | 0.86

Table 1. Eveni numbers after tagging correction (NA48) and background sublraction.

(98.319 & 0.038)% for K. and (98.353 £ 0.022%) for Kg decays. Here a small difference
between the trigger efficiency in Ks and K decays is found. This leads to a correction to
the double ratio of {(—4.5 £ 4.7)x10™%, The error on this measurement is dontinated by
the total number of events registered with the independent trigger. This error is one of
the main contributions to the systematic error on the measurement of R.

The distance D from the LKR to the decay vertex is reconstructed using the position
of the four v clusters. From the kinematics of the decay one cobtains

where E; is the energy of cluster ¢ and r;; the distance between cluster ¢ and cluster j.
This formula directly relates the distance scale to the energy scale. It is therefore possible
to fix the global energy scale with the measurement of the known AKS position in the
neutral decay mode. More checks on the energy scale and the linearity of the encrgy
measurement can be performed using the invariant 7° mass and the known position of
an added thin CH, target in which a 7~ beam produces 7° — 2. The comparison of all
methods gives an uncertainty of +3x 107" in the global energy scale.

Another systematic problem is the minimijzation of acceptance corrections, which is
done by weighting the K events. The difference in the lifetime between Ky and K events
produces a different illumination of the detector. There are more K events decaying
close to the detector, whose decays products are measured at smaller radii closer to the
beampipe. NA48 weights the K events according to the measured lifetime such that the
distribution of the z-position of the decay vertices of Kg and K| cvents and the detector
acceptances become equal. Using this method the influence of detector inhomogencities
is minimised and the analysis becomes nearly independent of acceptance calculations by
Monte Carlo methods. The price to pay for this reduction in a systematic error is a loss
in statistical accuracy.

Although the acceptance is alimost equal there are nevertheless small differences in the
beam geometry and detector illumination betwecn decays coming from the Ky and the K.
target. These remaining differences are corrected using Moente Carlo methods. to calenlate
that the deviation of the double ratie R from an input vahwe of 1 is {26.7 £ 5.7)x 107",

Sunmtming up the systematic uncertainties of all different sources in quadrature, gives
atotal of 12.4 x 107" in R, and 2.1 x 107 in €'/e.

The result of NA48 using the data samples from 1997, 1998 and 1999 is{Fauti 1399,
Lai 2001)
dle=(153 + 2.6) x10~1 (1)
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6.4 The KTeV detector
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Figure 9. Layout of the main detector components of the KTeV erperiment

The main elements of the KTeV detector (Figure 9) are similar to those in NA48,
since both experiments work in a similar environment. The main difference is the way in
which the Ks mesons are produced. KTeV uses two parallel well separated kaon beams
derived from a single target. In one beam, the K mesons from the target pass through a
collimator and then decay in an evacuated decay region of 30m length. In the other beam
the K; mesons traverse a slab of matter, known as a “regenerator”. In the regenerator,
the K° and K° components of the K, are affected differently by interactions with matier.
Therefore the beam emerging behind the regenerator is a slightly different superposition
of these two components. In the forward direction, it contains a A'¢ componext which
is coherent with the outgoing K'; component. This is the regenerated A's beam used in
the experiment. The regenerator alternates between both beams every minute in order
to keep the detector illumination identical for the Kg and the K, components.

The decay region of the regenerator beam is defined by a lead-scintillator counter at
the downstream end of the regenerator. The decay region of the vacuum beam starts at
the first photon veto detector.

The KTeV magnetic spectrometer consists of four drift chambers, with the magnet
providing a momentum kick of p, = 412MeV /¢, leading to a mass resolution given by
a(my+,-) = 1.6MeV/c?. For triggering of charged events a scintillator hodoscope is used.

The electromagnetic calorimeter consists of 3100 pure Cesium-lodide (Csl) crystals
with a radiation length of X = 1.85cm. In the inner region the crystal size is 2.5 % 2.5 em?
and in the outer region 5.0 x 5.0 cm?. Two beam holes of 15 x 15 cm? allow the kaon beams
to pass to the beam dump. The energy resolution at large photon energies above 10GeV
is 0.75% as measured with K. decays.

Ten lead-scintillator “photon veto” counters are used to detect particles escaping the
decay volume. The background is further reduced by a muon veto counter consisting of
4 m of steel and a hodoscope.
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Linear fits to the data/MC ratio of (a).

6.5 Analysis of KTeV data

KTeV has similar physical backgrounds to NA48, except that two-pion decays from R
mesons produced by incoherent regeneration in the regenerator have to be subtracted.
Typical numbers for the background fractions are 6.9x107* charged background from
K¢ and K3 decays and 27x107* neutral background from 3x° decays. The backgronnd
levels in the regenerated beam are 107x1077 in the neutral mode, which gives rise to
a large systematic error, and 7.2x107" in the charged mode. The event nutnbers after
background subtraction are given in Table 1.

The main difference in the analysis techniques of the two experiments is the treatnient
of the acceptance correction. KTeV does not use event weighting but uses Monte Carlo
studies to correct for detection differences between the Kg and K| decays. K3 and 37°
decays are used to model the detector and the agreement between data and Monte Carlo
is good (see Figure 10). The acceptance correction to R is calculated by Moute Carlo
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simulation to be {2314 13) x 10~%. This can be compared to the size of the total efect of
¢'/e on R, 168 x 1074, as measured by KTeV. The main source of systematic uncertainty
is a slight disagreement between data and Monte Carlo comparison in the rtn~ decay
mode in the vacuum beam. A variation of (—1.60£0.63)x10~'m~! has been found which
is applied as a systematic error.

The energy scale is determined using the known position of the regenerator edge. The
comparison of the measured position of the vacuum window with the real position gives
an uncertainty of the global energy scale which contributes an error of 4.2x10"% on R.

The result is obtained by a fit of Re(e'/¢), the regeneration amplitude and phase to
the event nmumbers per energy bin. The result published in 1999 was (Alavi-Harati 1999)

¢fe=(28.0 + 3.0 (stat) + 2.8 (sys) ) x10~ (2)

but this was subsequently corrected due to an error in background subtraction:

¢'fe =232 + 3.0 (stat) + 3.2 (sys) £ 0.7 (MC) )x10™* (3)
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Figure 11. Measurements of the parameter €' /¢

7 Conclusion

The two experiments KTeV and NA48 have definitively confirmed the original observation
of NA31 that direct CP violation exists. The results of all published results on € /e are
shown in Figure 11. Therefore, the CP violation observed in the K meson system is a
part of the weak interaction, duc to weak quark mixing. Exotic new inferactions such
as the superweak interaction are not needed. With more data, both experinients will
reach a precision of (2 x 107") on ¢'/e. The theoretical calculations of ¢'/¢ within the
Standard Model are still not very precise, but this does not change the main couclusion of
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the experiments, that ¢ is different from zero and positive, and hence direct CP violation
exists.

Unfortunately, this milliweak CP violation in the Kobayashi-Maskawa quark mixing
matrix is probably not large enough to explain the observed matter-antimatter asymmetry
from the big bang. An additional, stronger CP violation is needed for this. There are spec-
ulations that this might be due to CP violation in the lepton sector in the early universe.
Very heavy Majorana neutrinos could play a role in the formation of an antimatter-matter
asymmetry at this time (Buchmiiller 2001).
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1 Introduction and short history

Two experiments, BABAR at SLAC and Belle at KEK, succeeded this year in presenting
new evidence for CP violation, so that 37 years after its discovery in decays of neutral
K mesons (Christenson 1964), the effect is now established for the first time in a second
system, the decays of neutral B mesons (Aubert 2001a, Abe 2001). Both experiments use
double storage rings with asymmetric energies to produce B mesons in e*e™ collisions
on the T(45) resonance. These lectures describe these so-called “B-Meson Factories”,
the experimental detectors, the special features of experiments on the Y(45), and the
description of CP violation in quantum mechanics and in the Standard Model. The most
recent experimental results are discussed.

Let me start with a short history of CP violation in B meson decays. The b quark was
discovered in 1977 in high-energy proton-tungsten collisions at FNAL (Herb 1977), in the
bound bb state T(1S) = 139, with a mass of 9.46GeV. Soon afterwards, the T(15) (Berger
1978, Darden 1978a), and Y(2S5) (Bienlein 1978, Darden 1978b), were also produced in
ete™ annihilation with the DORIS storage ring at DESY. Both these states, as well as the
Y(3S), are not heavy enough to decay into the lightest B mesons, B°(bd) and B* (bu), and
their antiparticles B® and B~. The next bb resonance, the Y(45) with a mass of 10.58GeV,
was first produced in Cornell’s ete™ storage ring CESR (Andrews 1980, Finocchiaro
1980). Its decays into BT B~ and B°B°® pairs were first seen as an enhancement in lepton
production from semileptonic B decays (Bebek 1981, Spencer 1981).

Soon after the discovery of the T(15), it was already clear that B mesons could show
large CP-violating effects (Ellis 1977). Plans to look for these effects experimentally led to
proposals for B-meson factories with ete™ luminosities much higher than those achicved
by the storage rings CESR and DORIS. The first proposal was worked out at the Swiss
National Laboratory PSI (Eichler 1986, Wacker 1988), but was not funded. During this
period, the ARGUS experiment at DORIS discovered BYB° oscillations (Albrecht 1987),
leading to an enhanced interest in B-meson factories, and in the search for CP violation
in B-meson decays. The subsequent proposals at SLAC (Hitlin 1989) and KEK (KEK
1990) were approved in 1993, and construction of the two machines PEP-II and KEK-B
started more or less immediately.
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The designs of the detectors BABAR and Belle were finalized and approved in 1995,
and the first ete™ collisions in PEP-II took place in July 1998, with the first events
recorded by BABAR in May 1999. In July 2000, the first BABAR and Belle results were
reported at the International Conference for High Energy Physics at Osaka. In October
2000, PEP-II reaches its design luminosity of 3x10*/cm?/s, and in July 2001 BABAR
and Belle discover CP violation in B-meson decays.

2 PEP-II and KEK-B

Figure 1 shows a schematic view of the B-meson factory PEP-II at SLAC. It consists
of a double storage ring for electrons of 9GeV and positrons of 3.1GeV located in the
2.2km circumference tunnel of the dismantled PEP storage ring. The new electron ring
uses bending magnets from PEP, but all the other components of PEP-II have heen
built in 1994-1998. The electrons are extracted from the SLAC linac at their nominal
energy and then transferred into the HER (high energy ring) of PEP-II. The positrons are
produced by high-energy electrons near the end of the linac, returned to the linac start
point, damped by synchrotron radiation in two small rings, extracted from the linac at
their nominal energy, and then transferred into the LER (low energy ring). The two rings
intersect at only one point where the BABAR detector is located.

PEP I

Low Energy
Ring (LER}

7N\

North Damping Ring

BABAR L
Positron Return Line Positron Source Detector “A
| |
e-gun [
200 MeV Uinsc
injector
PEP Il
South Damping Ring I-'!‘xlgnl:g Tﬂ%rar

- 3 km >

Figure 1. Schematic view of the B-meson factory PEP-II at SLAC.

By August 2001, a peak luminosity of £ = 3.3x10% /em?/s has been reached, (exceed-
ing the design value of 3x10%); this corresponds to 3.6 ete~ — Y(45) — BB events per
second, is obtained with an electron current of 0.88 A, and a positron current of 1.55A.
Averaged over one day the best luminosity has been 220/pb/day, compared to a design
value of 135/pb/day. Figure 2 shows the luminosity accumulated up to the end of August
2001. PEP-II has delivered 45 events/fb, and BABAR has recorded 43 events/fb. Out of
these, 4/fb were recorded at a center-of-mass energy 40MeV below the T(4S) resonance
for background studies, and 39/fb are on the resonance corresponding to 42x10° BB
events. The asymmetric energies of the two beams cause the BB pairs to be produced
with a significant velocity in the direction of the high energy beam, unlike in the svin-
metric storage rings CESR and DORIS. The Lorentz boost of the Centre of Mass system
is:

gy = [REN +RE
MY (48)

56 (1)
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Figure 2. Integrated luminosity of PEP-1I up to August 2001.

Figure 3 shows the B-meson factory, at the Japanese National Laboratory KEK. It
is a double storage ring for electrons of 8GeV and positrons of 3.5GeV leading to a
boost of 3y = 0.45, which is slightly smaller than in PEP-II. The second difference is
a beam crossing angle of 22mrad in the interaction region, whereas PEP-II collides ¢t
and e~ beams with zero crossing angle. The non-zero angle could make it possible to
reach higher luminosities. Up to July 2001, KEKB has reached a peak luminosity of
L = 4.5x10% /cm? /s, but the integrated luminosity of 32.8/fb is slightly lower than PEP-
I1. There is only one interaction region in KEK-B, which houses the Belle detector.

& TSUKUBA Area
Qé';? i — %%,
) ' HER LER %:3:%
«#9 Interaction Region \
VGQ f (Belle) %,

OHO Area

=
' RF'
RF EuJi Area

Figure 3. Schematic view of the B-meson factory KEK-B at KEK.
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3 BABAR and Belle

Figure 4 shows the layout of the BABAR detector (Aubert 2001f). The BABAR Collabo-
ration consists of about 520 physicists from 9 countries: Canada, China, France, Germany,
Italy, Norway, Russia, UK, and USA. The detector geometry reflects the boosted event
topology, with the ete™ interaction region displaced from the centre of the detector.
There are six main detector components, a silicon vertex detector (SVX), a drift chamber
(DCH), a Cerenkov detector (DIRC), an electromagnetic calorimeter (EMC), a magnet
coil, and an instrumented flux return yoke (IFR).

Figure 4. Scheme of the BABAR detector. Abbreviations are explained in the text.

The SVX reconstructs the decay vertices of the two B mesons. With the boost of
By = 0.56, the average distance between the production and decay of a B meson is:

Byer = 260um. (2)

The production point e*e~ — T(4S5) — BB, cannot be reconstructed, and lies somewhere
in the bunch-crossing region which has a length o, = lem. The decay point of a fully
reconstructed B meson is found with a resolution ¢, & 70um, which depends slightly on
reconstructed final state. Partially reconstructed B mesons, which are used for flavour
tagging, have a vertex resolution o, =~ 180um. As explained in Section 4, all time-
dependent B-meson decay information can be obtained from the distance between the
two decay points, without any knowledge of the BB pair production point. This distance
has a typical resolution of v/70% + 1802 = 190um, dominated by the tagging vertex. This
is below the typical decay length of 260um in Equation 2, and the BYBY oscillation length:

2w 3ye

=20 ] 3
Anig i (3)
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Figure 5. The Silicon Vertex Detector of BABAR.

The vertex resolution is achieved by tracking charged decay products with five layers of
double-sided-readout silicon strip detectors in the geometry shown in Figure 5.

The drift chamber (DCH) tracks charged decay products in three dimensions through
the magnetic field of 1.5T produced by the solenoid coil. It measures the track momenta,
Dr. Dy. P:, and their specific ionisation dE/dx. The DIRC determines their velocity by
measuring the emission angle of Cerenkov light in 2.5cm thick quartz bars. Combining
momentum and velocity information identifies the mass of the charged particle. The EMC
measures the directions and energies of photons, identifies electrons, and also determines
the direction of K¢ mesons that interact in the calorimeter. The IFR identifies muons,
and measures the direction of K mesons that do not interact in the EMC.

Figure 6. Scheme of the Belle detector. Abbreviations are explained in the text.

The Belle detector (Abashian 2001) is shown in Figure 6. The Belle Collaboration
has about 300 physicists from 14 countries: Australia, Austria, China, Germany, India,
Korea, Japan, Philippines, Poland, Russia, Slowenia, Switzerland, Taiwan, and USA. The
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Figure 7. Scheme of Belle’s Silicon Vertex Detector.

detector consists of a silicon vertex detector (SVD), a drift chamber (CDC), a particle
identification system (PID), an electromagnetic calorimeter (Csl), and an instrumented
flux return for K; and muon identification (KLM). It is quite similar to BABAR, with
the main difference being in the particle identification. Instead of a DIRC, where the
Cerenkov angle is measured, Belle uses aerogel Cerenkov counters (EFC), which only
determine velocity thresholds, and time-of-flight scintillators (TOF), which determine
slow velocities. Belle's silicon vertex detector has only three layers, with the geometry
shown in Figure 7. An upgrade to five layers is in progress.

Figure 8. A fully reconstructed event BB® — ((2S)K2)(D**n~) in BABAR.

Figure 8 shows a BB event with both B-meson decays fully reconstructed in BABAR.
One B meson decays into D** 7~ with D** — D%+, D —» K—rt. This final state is a
flavour eigenstate, i.e. the neutral B was a B° at its time of decay. The other B decays
into the final state ¥(2S) K2 with ¥(2S) — p*p~, K2 = mtx~, which is a CP ecigenstate
that can come from either flavour of neutral B. Such events are very rare, since a single
B is fully reconstructed, with all its decay products detected and identified in BABAR,
with a probability of only 103,



B-meson factory results 351

4 Special features of BB pair decays

The T (48} is a bb meson with mass m = {10580.0 £ 3.5)MeV and width [ = (14 £ 5)MeV
(PDG 2000}. The cross section for its formation in e*e™ annihilation is 1.1nb, and it
decays by a strong interaction inte BE pairs, 50% B* B~ and 50% BB’ . These final
states consists of two and only two particles which decay by weak interactions on a time
scale of 10,

The experimental study of these weak decays is influenced by the fact that B mesons
from the T'{48) come in pairs. The mass of a B meson is 5279MeV (PDG2000), s0 in the
center-of-mass system of the T(48), each B has a kinetic energy of only 10580/2 — 5279 =
11MeV, corresponding to a velocity #* = 0.064, and a momentum p* = 340MeV /c. Let
us look first at the determination of the total decay rate of neutral and charged B mesons,
through measurements of their lifetimes.

RO
z,=Pyct,

-*

-

Yedsi
z,=Pyct, B,

e

!
1
i
{
!
|
Ar ~ 250y

Figure 9. Decay topology of BB pairs and definition of Az. In the example, a B® decays
into D*~n" and the other neutral B into three non-identified fracks.

Figure 9 sketches the decay topology of a BB pair. The two decay points are measurcd
with the help of the silicon vertex detectors, but the production point is not measurable.
Due to the small value of 5% in the T(45) frame, compared to the boost factor Fy = (.56
in BABAR (0.45 in Belle), we can approximate

Az =z — 2 = Brye(ty — £3) = Pyelrt . {4)

Therefore, a good measurement of Az provides a measurement of At. The lifetime, 7{5%),
gives the decay distribution of a Bt B~ pair:

d’N

N “tfr -t/
— e Tdt, dt
T2 e e 1 2

N
' E_&”T 6_2"'2’{7 did dtz ’
r

dN N oty ool gyyir  for 1y > ta,
dat

g e AT [ e dtyfr for 12 > 4,

av = Notatrgay = X ptneuir d(t) —t2). (5)
2r 2r
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Figure 10. Plots of mgs and AE* for BY — J/K?* decays in BABAR.

Thus there are decay pairs with positive and negative values of At = ¢, — t9, and the
decay law is symmetric, dN(At) = dN(—At), and depends only on the absolute decay
time difference, |At|. The first BABAR measurement of T uses pairs where one B is fully
reconstructed with its decay vertex at z;, and the second vertex at 2; is obtained from
the intersection of at least two reconstructed tracks from the other B.

B* mesons are fully reconstructed in the decay modes D%x*, D*0x*, J/ph+, and
¥(25)K*. B~ mesons are reconstricted in the corresponding charge-conjugated modes.
J/# mesons are reconstructed in their ete™ and p* ¢~ decay modes. Figure 10 shows how
combinations of J/¢ candidates and K™ tracks are identified as B* — J/¢ A decays,
using the kinematic quantities, “beam-energy-substituted mass”:

mes = f(mras)/2)* ~ (B}, + PR, (6)

which has to he equal to m(B™*) within the experimental resolution of £2.5MeV, and the
centre-of-mass “energy difference”:

AE* = Ejhb + E: — "1‘1‘(43)/2 . (7)

which must be zero within the experimental resolution of £15MeV. Figure 11 shows the
mgs distribution of all the ~7300 B* candidates. Within the signal region, there are
93% signal events and 7% background. The A? distribution of all events in the signal
region is shown in Figure 12. The lifetime 7{B7) is obtained by fitting the expectation in
Equation 5 to the data, folding in the experimental resolution for At. This is describec
in detail in {Stark 2001}. The result {Aubert 2001b) is given in Table 1. The lifetitne of
the B? is obtained in a similar way, but in this case the presence of BYB? oscillations has
to be taken into account. Let us have a quick look at oscillation phenomenology before
returning to the 7(B°) measurement.

A B meson produced at f = 0 decays ‘at time ¢ either as a B® or as a B®. Owing
to second order weak interactions, illustrated in Figure 13, a neutral B meson is a linear
superposition

|B) = 41|B°) + v2|B") (8)
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The dotted curve is the background.

PDG 2000 BABAR New Average
7(B*)inps 1.653£0.028 1.673+0.032+0.023 1.662+ 0.023
7(B%) in ps  1.548£0.032 1.546 + 0.032 £ 0.022 1.542 £ 0.021
7(B*Y)/r(B% 1.062+0.029 1.082%+0.029+0.012 1.080 =+ 0.021

Table 1. B Meson Lifetime Results (Stark 2001).
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Figure 13. Diagram describing B"B° oscillations.

with a time dependence of ¢, and » determined by initial conditions and the coupled
differential equations,

. Oy My a2 i (T T
i —— = p;; 1P;  where i = i : 9
g o [(7n21 maz) 2 (F21 [y i

The matrices m;; and I';; are Hermitean, with mj; = m}, and I';; = T}, CPT symmetry
requires that my; = mge =m, ['j) =T'9» =T. There is also an unobservable phase, so the
matrix j;; has only five physical parameters, m, T', [m g/, Re (Th2/miz2), and Im (T2 /my,).
There are two and only two solutions of equation (9) with an exponential decay law:

BY(t) = (pB"+ ¢B")e 4! i =imy + Ty /2,
BYt) = (pB®—¢B")e v = tmy, + /2. (10)
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The normalisation requirement is |p|> + |¢[?>=1. Again the phase of ¢/p is not an
ohservable, and the five observable quantities in equation (10) are my, my, [y, Ty, and
lg/p|. Explicit formulae relating these five observables to the five parameters of p;; can
be found in the literature {Branco 1999). By convention (H=heavy, L=light), we have

Amd=mH—mL)0‘ {l].)

The non-exponential decay laws of the two initial states:

¥a(0) = B, ¥5(0) = B°, (12)
are given by: e~ 4 et g et — emmt
. & T te ™ ge " —t "=
vs(t) 5 e . (13)
et 4 e—nt_u p e et
yp(t) = 5 ¢ 3 (14)

These decay laws include the probabilities P that a B changes Aavour, beconing a B°,
and vice versa:

PB* - B% = [e'r”‘ + e Tet — 2e= TR +TLIH2 o6 Apny, - f.)] ,

2

4
2

P

PE s B ‘q

1
4
1
4

[e‘r”‘ +e 't e TatTit2 ogg( Ay, - z)] . (15)
In the Standard Model, CP and T violation in B®B° oscillations is expected to be very
small, and these probabilities are almost equal:

P(B° -5 B =P(B" - B+ 0(107%) & [¢/p| =1+0(1077). (16}

The lifctime difference should also be less than a percent:
Fy=T,=T. (17)
This leads to the good approximation:
P(B" = B = P(B" - B®) = ¢ ™1 — cos(Amy - t)]/2, (18)
and a corresponding derivation gives:

P(B" - B%) = P(B* = B = ¢ "'l + cos(Amyq - 1)]/2. (19)

BYB® pairs from Y (4S) decays have to be parity cigenstates because of parity cou-
servation in strong interactions. A two-particle state B°(0)B%(n — 0), as sketched in
Figure 14, is not a parity eigenstate owing to

P B O)B'(n — 8) = B'(x — OF(9). {20}

Since the parity of the T(45) is —1, the allowed state is
w = BY#) B°(x - 6) - Bx - 0) B'(#). (21}
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Figure 14. B"(0)B%(x — 8) is not a parity eigenstate.

It remains in this coherent state until the first of the two B mesons decays. The state of
the second B meson is defined at that time ¢;. If the first decay is a flavour-specific B°,
we have:

Bl(tl) - FO, Bg(t]) = BO, BQ(tz] = Cl'(fg - f[]BO + ﬁ(tg - tl)gn, (22}

with a(t) and 3(t) from equation (13), where ¢ = ¢, —t,. Equation 22 describes BB pair
decays also for the case when only the second B decay at time ¢, is flavour-specific. «(f)
and 3(2) then describe the time-changing flavour of the first B which decays at £ < 0. If
both decays are flavour-specific, we have measurements of B*B°, B'B°, or B*B® pairs as
a function of t.

In a recent BABAR measurement of Amy (Aubert 2001c), neutral B mesons are fully
reconstructed in flavour-specific decay modes, in the same manner as B* and B~ in the
lifetime measurement discussed above. The second neutral B is partially reconstructed
to obtain its flavour. This flavour measurement, which will be described in more detail
in the CP violation Section 5.4, has a certain fraction of wrong flavour determinations:

N, wrong
W= —= == 0.20. (23)
Nrighl. + Nwrong
From measurements of the decay vertices, z;, z;, and equation (4), we obtain A¢ for
each reconstriucted pair. Including the wrong Aavour assignments, and the oscillation
formalism with |g/p| = 1, and 'y = T'y =T, we have the number of unmixed and mixed
pairs, and their time-dependent asymmetry a(At):

N(B'B%) = ne T8 [(1 — w)[1 + cos{AmgAf)] + w[l — cos(AmdAt]]] ,

= ne™"8 14 (1 - 2w) cos(AmyAt)] (24)
N(B°B%) = N(B'B°)=ne "1 [1- (1 - 2w) cos{AmaAt)] , (25)
oayy = NBB)-NBBY o cos(amead). (26)

N(B'B%) + N(B'B%)

The time dependences of Equations 24 and 25 are shown in Figure 15a with perfect flavour-
tagging, w = 0. In Figure 15b the effects of w > 0 and the experimental resolution in Az
are included. The BABAR results are shown in Figure 16. A fit gives:

Amg = (0.516 £ 0.016 £ 0.010)/ps. (27)
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Figure 16. BABAR result on B'B° miring with fully reconstructed B mesons. The
dotted curves indicate the backgrounds.

BABAR and Belle have also measured Amg using other methods. A clean sample
of “dilepton” events can be obtained, T(45) — ¢£X, where / is a positive or negative
high momentum electron or muon. Positive leptons tag the decay of a B or a BY, and
negative leptons a B~ or a B, with a low mistag fraction w if the momentum cut is high
enough. In 23 million BB events, BABAR finds 99000 dilepton events (Aubert 2001d),
with a resolution on the vertex separation, o(Az) = 250pm. The asymmetry

N{¢He) — N(££¢%)

“AA) = Ny T NEE) &

is shown in Figure 17. Its expectation is different from that in Equation 26 and Figure 16
because of the presence of £t¢~ pairs from B*B~ events. Taking this into account, the
fit gives the preliminary result

Amg = (0.499 £+ 0.010 £ 0.012) /ps. (29)

A compilation of Am, measurements is given in Figure 18. The "world average” of
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these measurements is
Amy = (0.488 £ 0.009) /ps. (30)

When ARGUS discovered B'B° oscillations (Albrecht 1987), they used a time-integrated
measurement of dilepton events, which gave:

- .
X = ST g Ay = 017 £005,

where the value of Amyg has been adjusted for the present value of I' = 1/7(B"). The
Standard Model expectation is:

Amy = (0.47 £ 0.10) /ps, (31)

G (B (B B(B) m(W)? S ( ?;"(“,2)) [Val?[Vil?

Amyg = —
Md = G2

(32)
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which relates Amy to the CKM matrix element |Vi4| with the Fermi constant G, a
parameter 75 from perturbative QCD, and a parameter fv/B from non-perturbative
QCD. The Inami-Lim function S and ng = 0.55 & 0.01 are known with small errors. The
dominant theoretical uncertainty in the relationship between Amy and |Vig| comes from
tow-energy QCD. For this, we will use the lattice QCD result:

F(B®)/B(BY) = (230 % 25 + 20) MeV. (33)

Let me conclude this section by returning to the B° lifetime measurement. Adding
Equations 24 and 25 leads to the resukt

dN(At) = N(B"B")+ N(B'B") = N—2£ e~ T80 gAg, r

1
BTN
which is as simple as Equation (5) for the determination of 7{B*) from B* B~ pairs. In
the same analysis (Stark 2001, Aubert 2001b), BABAR fully reconstructs 7000 neutral B
mesons in the modes DX g¥ Di*ix % DT and J/pK*, where D™¥ ig either a
D or a D*. The sample purity of 90% is similar to charged B reconstruction. The other
neutral B is pariially reconstructed to measure the decay vertex, but without requiring
a flavour determination. The fit to the Af distribution gives the results in Table 1 (on
page 353). The lifetime ratio 7(BT)/7(B") is significantly different from unity. This starts
to be well understood, see (Buchalla 2001) in this School.

5 CP Violation in B-Meson decays

5.1 CP violation in the Standard Model

Understanding CP violation is the main goal of the two experiments BABAR and Belle:

+ Is there CP violation in B decays and how large is it?
» Can this violation be explained by the Standard Model weak interaction?

» Does the same explanation hold for the known CP violation in A meson decays?

The answers to the second and third questions alsc require precision measurements of B
meson decays without CP violation. Note that the discovery of CP violation in A meson
decays does not mean that CP is violated in the Standard Model, since its origin could
be in a non-Standard new interaction.

In the Standard Model, CP violation is a simple property of the Higgs couplings to
quarks if there are more than two families of quarks. Since the three families of leptons
and quarks are well established and the Higgs mechanism has been treated in the lecture
of (Rosner 2001) at this School, I will not go into details liere. The essence is that the
Higgs mechanism mixes quarks in a different way from antiquarks. The Glashow doublet
partners of the quark mass eigenstates u, ¢, and ¢, are linear combinations ', &', and
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¥ of the mass eigenstates d, 5, and b. These combinations are different for quarks and
antiquarks:

d = Vigd+Vi-s+Vyu b,

8 = Vg-d+Vy-s+Vy-b,

¥ = Vg-d+Vi-5+Ve-b, (35)
d = Vi-d+Vvi.s+VvE-b,

7 o= Vi-d+VEis+ Vb,

Vo= Vi d+V) .3+V, ). (36)

Here V;; is a unitary quark mixing matrix , named CKM after (Cabibbo 1963) and
(Kobayashi Maskawa 1973). CP violation arises only if Vj; # Vij. Since the gauge
invariance of the Higgs coupling term in the Standard Model Lagrangian does not ex-
plicitly forbid complex coupling matrices, it is expected to lead to a complex matrix ;.
This complexity is a necessary but not sufficient condition for CP violation. Because of
unobservable phases, we must have:

Im (Vi VI ViV = J #0. (37)

The quantity J is the same for all i # j and k # { {Jarlskog 1985).

The CKM matrix has four observable parameters. There are various paratnetrisations,
with experimentalists prefering that of (Wolfenstein 1984) |

1-A2/2 A AN p — i)
Vo= -A 1-X2/2 A)N? + 0N, T AR (38)
AN —p—in) -4\ 1

The four parameters of the matrix, A, A, p, and », are 4 of the 18 free parameters of the
Standard Model. Six unitarity conditions V¥t = | can be drawn as triangles (Bjorken
1987) in the complex plane. All six have the same area J/2. The most popular one is
shown in Figure 19:

ViaVih + VgV + VuVy = 0, (39)
VAHAN) =1 4 Vg /(AXD) 0. (40)

Measurements of K and B semileptonic decays, which are not discussed here, give
A=02204 1%, A=0831x5%. {41)

Information on p and n comes from several observations, as summarized in Figure 20.
The figure shows p = p/1 — A2 and 7 = nv/1 — A%, which are different from p and 5 by
about 2.5%. As can be seen from Equation 39, Viy, = AA(1 — 5 — %), together with
= AX(p — in), fulfill unitarity more accurately than Equation 40. Consequently the
use of g and 7 will become important when the experiments have reached a precision of
3% or better.
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The measurements of I'(h — ufr) (LEP 1999), and I'(B — pér) (CLEO 1999), are
sensitive to |Vis|. The measurement of Amy, discussed in the previous section, and
the upper limit on B, mixing, Am, (LEP 2000), are both sensitive to [Vig|. All these
results are consistent, and we conclude that, with a significance of >1.70, n # 0, and
|J| & 3x107° # 0. These CP conserving measurements already show that CP symmetry
is violated in the Standard Model. The significance will increase when the theoretical
uncertainties in the circular bands of Figure 20 are reduced.

The B-Meson Factories have so far contributed to the measurement of Amy, but they
do not intend to measure Am, which would require running the storage rings on the
T(55) resonance. They will contribute new results on |V,| starting next year.

Two immediate questions arise from Figure 20:

« Does |J| = 3x107° explain the known value of ¢x for CP violation in K decays?

» What are the predictions for CP violation in B meson decays?

The first answer is yes, as shown in Figure 21. CP violation in K decays has been discussed
here by (Kleinknecht 2001). The band in Figure 21 follows from |n,_| = |no| = 2.3% 1073,
The experimental width of the band is less than 1%, so the width is dominated by the
theoretical uncertainty on By. Adding in the ex constraint fixes the signs of n and J to
be positive. Figure 22 shows the result of a maximum-likelihood fit to the experimental
results for |V, |Vig|, and €(K') including theoretical uncertainties in the relationship of
these measurements to p and 7.

As discussed here by (Nir 2001), there are three classes of CP violation which can be
observed in the B-meson system; in BB oscillations, in decays (“direct CP violation™),
and in the interference between oscillations and decay. In the Standard Model with p
and n as fitted in Figure 22, the largest effects are expected in the third class, where the
decay mode is a CP eigenstate. There are some modes where the prediction for the CP
asymmetry is very insensitive to theoretical uncertainties, especially

_dAN(B® — J/HKY) — dN(B® - J/yKY)
U= AN(B® - J/YKS) + dN(B® — JJKY)

= [sin 20 £ O(1%)] sin(AmgAt), (42)
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Figure 21. The hyperbolic band shows the relation of p and Figure 22. Fit result
7j to the measured value of €x. for p and 7.

where 3 has been defined in Figure 19:

2n(1 — p)

1 2 = —_——
e

(43)
and At is the difference between the decay time into J/¥ K, and the decay time of other

B in the BB pair. Before coming to the BABAR and Belle results for a;, | would like
to discuss briefly the other two classes.

5.2 CP violation in B’B" oscillations

The two mass and lifetime eigenstates in the neutral B system have been defined in
equation (10). CP conservation in BYB° oscillations is equivalent to |q/p| = 1. If CP is
violated, we may use the Kaon language for p and ¢,

= 1+¢ 9Re
pP—q p_l+ep |;0|_1 (¢B) (49)

€g = ——, == . =14+ ——=.
p+gq q l—ep q 1+ [ep|?

Because there are several ¢ parameters in Kaon physics, we choose the notation e
for € in mixing. The imaginary part of €5 is unobservable. Since the Standard Model
expects Re (eg) to be small, as ex is in KYK? oscillations, a useful convention is to take

Im (e) = 0, giving |p/g| =1+ 2Re(ep).
CP violation in oscillations shows up as a different number of B°B® and B"B° decay
pairs. A straightforward calculation gives

dN(B°B")(At) — dN(BYB°)(At) _ 4-Re(ep)
dN(BYBY)(At) + AN(B°BY)(At) 1+ |es?

am(At) = (45)

This asymmetry is independent of Af. Table 2 gives results for Re (¢g), including a rccent
BABAR result (Brandt 2001) which uses 21 million Y(4S) events. No CP violation is
seen. This is not surprising since the Standard Model expectation is below the sensitivities
reached by current experiments.



362 Klaus R Schubert

Experiment Reference Method Sample ep/(1+ |eg|?)
OPAL (Ackerstafl 1998) ¢+¢+ /¢ 3M 20 0.002 £+ 0.007 £ 0.003
OPAL (Abbiendi 1999) inclusive  4M Z° 0.001 £ 0.014 = 0.003
ALEPH (Barate 2001) combined aM 20 —0.003 £ 0.007
CLEO (Jaffe 2001) et /e 10M Y (4S) 0.004 £ 0.010 £ 0.002
BABAR  (Brandt 2001)  £+¢*/¢-¢- 21M Y(4S) 0.0012 = 0.0029 + 0.0036

Table 2. Searches for CP wiolation in B°B° oscillations.

5.3 CP violation in decays

BABAR, Belle, and CLEO have searched for direct CP asymmetries in various decay
modes. As explained in (Nir 2001), the decay amplitude A(B — f) with B = B* or B°
has to be described by at least two diagrams, with different weak phases and with different
strong phases, in order to show a direct CP asymmetry:

I'(B—f)-T(B—f)

%ﬂﬁzﬂﬁaﬂ+ﬂBaﬁ'

(46)

Table 3 shows the limits on asymmetry values for five decay modes. For details and
references, see (Hamel de Monchenault 2001). Again, no indication for CP violation is
seen, but this is not in contradiction with Standard Model expectations.

Mode BABAR Belle CLEO

Ktn~ —-0.194+0.10 +0.04 +0.19 —0.17 —0.04 + 0.16
K+n0 0.00+0.18 —0.06 +0.22 —0.20 —0.29 +£0.23
Krt -0.214+£0.18 +0.10 +0.43 - 0.34 —0.18 + 0.24
J/YpK*T  —0.009 &+ 0.027 &+ 0.005 +0.018 £ 0.043 4 0.004
K*y —0.035 4+ 0.076 £+ 0.012 +0.08 £ 0.13 4+ 0.03

Table 3. Search for direct CP wviolation in hadronic and radiative B decay modes. The
K*~ result is an average of K** and K*0.

5.4 CP violation in interference
This third class of CP violation requires decays of neutral B mesons into CP eigenstates,
If) =mnslf) withn;=4+1lor —1. (47)

Examples are f = 7*x~, where n; = +1, since the two pions are in a state with £ = 0,
P = +1,and f = J/¥KY, where n; = —1. The notation J/9¥ K is a short-hand: in reality
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K2 and J/@K? are not CP eigenstates, and what are observed are the decay cascades:

B® — J/yK® with K —axtz™,

B® » JyK® with K —atn™, {48)
where the reconstructed state J/¥(x*7~) with m., = my is a strict CP eigenstate. The
CP eigenvalue is —1 because CP(J/y) = +1, CP{x7) = +1, and { = 1 between the
J/ and the mr state is required by angular momentum conservation with J(B) = 0,
J(Jfp) =1, and J{zr) = J(K) = 0.

We now introduce the decay amplitudes

{(fIT|B% = 4y, UITIB% =4;. {49)

Using the notations of equations (13) and (14), the time-dependent decay rates dN and
dN of initial flavour states ¥p and g are given by

2

e THE 4 g—ved qe—'mt — gt
anN 4 = S . | L — | r
© At A (5
. e~ VHE 4 et _ pe—*mt_e—'ut 2
dN 4 = - 4 g | [
(¥) 5 T+ 5 ! (1)
Using the abbreviated notation: _
A
rp= 224 (52)

pAs’
and making the approximations [y = 'y =" and |g/p| = 1, a straightforward calculation
gives:

_ '|f‘1f|2 —Tjad 1- |‘-‘")'|2 2lm (ry)
dN(At) = —5 € 1+ T+, cos(AmgAt) T+ sin{AmgAt)| |
2 2
dN(A) = l—“qg‘il—e"m” [1 Bl L cos{AmgAt) + 2tm (ry) sin(AmdAt)] . (53}

1+ |'."_.t‘|2 1 +|1"_f|2
For the case f = J/@ K%, this gives, with a precision of better than 1% (Nir 2001):
rp=e"® (54)

and we obtain, with the proper normalisation of the decay amplitude A;:

re-l"latl
dN(Af) = [1 — sin(28) sin{Am4At)] ,
o Ce-TIa
dN(&f) = (L + sin(28) sin(AmaAd)] ,
af(Bt) = % = sin(26) sin(AmaAt) . (55)

The integral of a; over all At is zero. Therefore, a time-dependent measurement. of
the two rates is necessary in order to obtain sin23. The experimental determination of
sin 23 requires eight steps:
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1. Reconstruct J/i mesons in their ete™ and p*p~ decays.

2. Reconstruct neutral A" mesons in their 77~ decays.

3. Reconstruct neutral B mesons from the J/y and K candidates.

4. Partially reconstruct the second
“tags” the flavour of the first B

B meson of the pair in a flavour-specific way. This
at the time of decay of the second B.

5. Reconstruct the z coordinates of the two decay vertices to obtain Af for each event.

6. Determine the fraction w of wrong flavour tags.

7. Determine the vertex resolution funciion R{Af — At) between reconstructed and

true At values

8. Determine sin 28 from a fit to the two time distributions dNV,,(Af) and dN (A7),
{Here dN,, = (1 — w)dN + wdN and similarly for dN ).

In the BABAR experiment {Aubert 2001a) with a sample of about 32 Million BB

pairs, there are 380 reconstructed and

tagged J/¢ K3 events, including about 15% with a

K = 7°7° decay. Steps 1, 2, and 3 have already been discussed in the lifetime section. In
addition to J/¢ K2, BABAR has used other charmonium CP eigenstates in their sin 2/
analysis, ¥(25)K2 and X, K§ with ny = =1, J/$R? with n; = +1, as well as J/p R
with A% — K%x° which is a mixture of CP eigenstates with ny = —1 and +1, hut with

a well-determined effective value of 5y

= +0.65 + 0.07 {Aubert 2001e).

@ S 107
%m B‘|B4R § b Do
%m ':' ?)j Tk sigaad W
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150 E
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o 728 events % 273 ev. purity 51%
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_ o\ - 0 b £l L 0
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Figure 23. Mass distribution for all B
decays into CP eigenstates with a K% in
the BABAR sin2f measurement. The
dotted curve shows the background.

1,
)

Figure 24. Distribution of AE®, sce test,
for the B — J/YK) candidates in the
BABAR sin 23 measurement.

The modes with iy = +1 have r; = —e®#, and an asymmetry a; with the opposite
sign. The mgg distribution of all events in modes with a A% is shown in Figure 23. The

signal of the J/¢ K] mode is shown in

Figure 24. The EMC and IFR measure the direc-

tions of K? mesons, but not their energies. Using the m{B°) requirement to constrain the
K? energy, leaves only one kinematic constraint, AE*=E*(J/¢)+E*(K])-m(T45)/2.
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which is shown in Figure 24. The background in the K sample is much higher than in
the K¢ sample. Background levels are often expressed as purities:

Nsigna]

56
Nsignal + Nhackgmund ( )

P:

The event numbers and purities in Figures 23 and 24 are those before flavour-tagging.

Flavour-tagging is achieved by requiring a second B decay vertex with high tnomentum
electrons, high momentum muons, charged Kaons, or other flavour-specific combinations
determined using a neural net algorithm. In order to maximize the tagging rate, tags with
only one track are accepted, and their decay coordinate z3 is given by the intersection
of this track with an assumed B flight line. The neural net tags nse poorly identified
leptons, slow pions, and fast hadrons. They are grouped into two classes NT1 and NT2.
Table 4 gives the tagging efficiency ¢;, the mistag fraction w;, and the quality factor ¢

Tag category ¢ (%) w; (%) Q; (%)

Leptons 10.9+03 89+13 74+05
Kaons 35.8+£05 176x1.0 150+09
NT1 78+03 220421 2.5£04
NT2 13.8+03 3514+19 1.2+03
Sum 68.4 £0.7 261+1.2

Table 4. Flavour-tagging in the BABAR experiment.

for each tag category i. The quality factors are defined as

Qi =e(1-2w)’, Q=3 . (57)

They determine the statistical error of the fit result:

1.9
W Nag PQ

where N, is the number of signal events before tagging. Table 5 gives the number of
tagged events and their purity for the BABAR experiment (Aubert 2001a).

Step 5, the determination of At with equation (4), is the same as in the lifetime and
oscillation measurements. Step 6, the determination of the mistag fractions, uses the same
sample of fully reconstructed neutral B mesons with identified flavour as in the oscillation
measurement. The 9400 events of this “flavour sample” are tagged with the same four
tagging categories as the “CP sampie”. Since their flavour is known, the tags are easily
classified as right or wrong. The results are given in Table 4.

o(sin23) = (58)

Step 7, the determination of the time resolution, is achieved by simultaneously fitting
parametrized resolution functions R;(Af — At}, which are different for cach tagging cat-
egory i and each decay mode, to both the flavour sample and the CP sample. This is
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Mode N P (%)
JIwKR(n*n~) 316 98
JIpKS(x%7%) 64 94

(25) K 67 98
X K3 33 97
JIpK*0 50 74
JIPK? 273 51
Sum 803 80

Table 5. Number and purity of tagged events in the BABAR experiment.
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Figure 25. (o) and (b} show the time dependences for the flavour sample with uremized
{solid curves) and mired evenis (dashed curves). (¢} and (d) show these curves for the CP
sample with B tags (solid) and B° tags (dashed). (a} and (¢} are without At smearing
and without mistags, (b) and (d} with smearing and mistags.

illustrated in Figure 25. For each i, the observed A{ distributions can be described by

AN (AT = f e T[] 4 D; cos(AmgAt)|Ri(AF — At) dAt,

AN (A f e"TIAU[1 — D; cos{AmaAt)|Ri( AT — At) dAt, (59)

for the “unmixed” flavour sample events dN, with the opposite-flavour tag, and the
“mixed" events dN; with the same-flavour tag, and by

dNy(AD)

f e~TI8[1 4 D, sin 28 sin(AmgAf)| R{(AL — At) dAt,

AN,(AD) = / e~ TI8[1 = D, sin 24 sin(AmaAL)|Ri( AT — At)dAt, (60)
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Figure 26. Rates and asymmetry for the K} modes in the BABAR measurement

for the CP sample events with a B® and a B° tag, dN; and dN,, respectively. The
“dilution” factors are I); = 1 — 2w,. Since the resolution funetions R; are the same for all
four distributions, the fits to the high statistics samples 1 and 2, fix their shapes in the
low statistics samples 3 and 4.

This combined fit in step 7 is in practice performed together with steps 6 and 8, which
determine the mistag fractions w;, and the value of sin23. The results are

sin23 = 0.56+£0.15 for the K5 modes,
0.70 +0.34 for J/Y K,
= 0.82+1.00 for J/wK®*,

where the errors are statistical only. A combination of these results leads to
sin23 = 0.59 £ 0.14 £ 0.05. (61)

The systematic error is dominated by the knowledge of the resolution function for Ks
modes, and by the knowledge of the CP properties of the background for the iy mode,
The rates and the asymmetry ay for the K's modes are shown in Figure 26, If the condition
lrsl = I is not imposed in the fit, the data can be fitted to the expressions iu equations
(53). This fit, using all modes, gives:

| = 0.93 £ 0.09 + 0.03. (62}

Hence there is no indication for direct CP violation in the decay modes used for the sin 2/7
measurement.

In the Belle experiment (Abe 2001), 31M BB events are analysed in a very similar way.
The same CP eigenmodes are reconstructed as in BABAR, plus an additional mode, . Ag,
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Figure 27. Signal and background in the J/ K} sample of Belle's sin 23 meusurement.
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Figure 28. The sin23 result of Belle. (a} Rates for all tagged events; B" tags for
ny = ~1 modes are combined with B® tags for ny = +1 and vice versa. (b) Asymmetry
as for modes with ny = —1, {c} with 5y = +1., (d} combined asymmelry.

which has 5; = —1. Figure 27 shows Belle's signal for the mode J/v K], whose purity of
61% is slightly better than BABAR. Another difference is in the tagging strategy, where
Belle tries to tag each event, and uses all 1137 reconstructed events of their CP sample in
the final fit. Their “tagging efficiency” is ¢ = 1 compared to ¢ = 0.68 in BABAR, but their
overall tagging quality is @ = 0.270 £ 0.012, which is very similar to @ = 0.261 £ (0.012
in BABAR. Belles's final fit, combined all modes, is shown in Figure 28, Their result is

sin 26, = 0.99 £ 0.14 £ 0.06 , (63)

where ¢, is the Japanese name for 3.
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Figure 30. Fit result from Figure 22 and lines of constant Figure 31. Final fit
likelihood (maz, +1o, £20) for sin 2. to all observations in-
cluding sin 2(3.

Figure 29 compiles all results for sin 23. The world average is
sin28 =0.79+£0.10, (64)

which is in very good agreement with the p/n region favoured by the measurements of
[Vasl, |Vial, and e(K?®), as shown in Figure 30. A common fit to |Vys|, |Vial, €(A?), and
sin 23 gives the region in Figure 31. With one-standard-deviation errors, this region has

= 0.22+012,
= 0.34+0.06,
(284 0.6)x107° . (65)

o =
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Figure 32. Tree (o) and penguin (b} diagram for n* and 7~ decays of B mesons.

BABAR has also performed a first measurement (Aubert 2001g) of the angle o in
the Unitarity Triangle (see Figure 19 for its definition). sin 2« is obtained from the time
dependence of tagged n*n~ decays. If only the tree diagram of Figure 32a contributes to
these decays, we would have in complete analogy to Equations 54 and 55

Prtn- = ezia ,
|rw+1r‘ | =1 ¥
Ar+a- = sin2asin(AmgAt), (66)

where a,+,- is the asymmetry between dN, the number of 7*#~ decays with B® tags,
and dN, the number with B tags. However, there is a contribution from the penguin
diagram in Figure 32b, which has a different weak and a different strong phase. This leads
to direct CP violation, irz+.-| # 1, in addition to CP violation in the interfercnce between
oscillations and decays. This means Im (r,+.-) # sin 2a, and instead of equations (55), we
have to use equations (53) for the expected time dependence, leading to the asymmeotry:

[+ Jr— (At) = —Crty- COS(AmdAt) + Saeg- sin(AmdAt),
_ 1- |rw+w_ |'2
C:H-ar‘ - ]. + IT-,r+,|——|2,
21 . .
Sﬂ'+1|" = M = Sln(Qﬂ‘eﬂ'}- (67)

1+ I's“w-e-,,- |‘2

Using the same 32 M BB events as in their sin 23 analysis, BABAR finds the preliminary
result

Crrp- = —025208 10124 |
Serp- = 003792 +0.01. (68)

There have been theoretical attempts (Beneke 2001, Luo 2001) to reiate sin(2ay) to
sin{2«), using additional measurements of K and nw decay rates of neutral B inesons.
The central value of the BABAR result, sin(2a.q) = 0.03, gives c.q¢ = 1° or 89°, which
they translate into « elose to zero or equal to 75°. The first value does not agree with
the preferred p/n region from all our previous discussions, but the second one agrees very
wejl. Using the one-standard-deviation errors of the BABAR result in Equation 68 and
the oy to a transiation curve in (Luo 200]1):

a = (75 + 18)°. (69)

This result is drawn with a central and two one-standard-deviation circles in Figure 33.
There are no 2¢ contours because the BABAR result still allows any value of o within
two standard deviations.
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Figure 33. Contours of constani likelihood {maz, +1o), from the BABAR sin 204
megsurement.

6 Conclusion

CP violation in the B meson sector has been firmly established in 2001 by two experi-
ments, BABAR at SLAC and Belle at KEK. Their observation of ay # 0 in charmonium
final states, has a combined significance of more than seven standard deviations, It is com-
patible with the Standard Model explanation of CP violation in the Higgs mechanism. It
is also compatible with the CKM matrix parameter values of p and # as determined from
measurements of [V, |Vie|, and e(K).

With the combined efforts of theorists and experimentalists, the next years will show
how precisely the measurements will determine p and 5, and if the five independent. cort-
straints on g and 5 from |V,|, {Vigl, e{K), 3, and a will establish a consistent description,
or will falsify the assumption that all weak processes including CP violation are well
described by the Standard Model.
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1 Introduction

Since its discovery, the b quark has brought us two big surprises. The first was the un-
expectedly large lifetime. The second was the mass difference between the two mass
eigenstates of the By meson system which is about 100 times larger than the mass dif-
ference in the neutral K meson system. From the first observation, we learned that the
mixing between the second and third families is much smatler than between the first and
second families. {The mixing between the first and third families is even more suppressed.)
The second observation taught us that the mass of the top quark is much larger than had
been anticipated at that time.

The main goal of B physics is to study the structure of quark mixing and its role in
CP violation. In the Standard Model CP violation can be very naturally accommodated
through the complex quark mixing matrix (Kobayashi and Maskawa 1972} defined by four
parameters (Nir 2001). All current observations of CP violating phenomena in particle
physics are in full agreement with the Standard Model calculations. However, there are
still some reasons to speculate about CP violation generated by physics beyond the Stan-
dard Model. Firstly, the Standard Model alone cannot account for the large asvmmetry
between matter and antimatter observed in our universe (Shaposhnikov 1986). Secondly.
various extensions to the Standard Model introduce new sources of CP violation. Since
CP violation is expected in many B meson decay modes, and the Standard Model can
make precise predictions for some of these decay modes, the B meson system appears to
be a very attractive place to look for evidence for physics beyond the Standard Model.

In the presence of new physics, some assumptions made to extract the Cabibba-
Kobayashi-Maskawa (CKM) parameters are no longer valid. Indeed, the consistency of
the CKM picture with current observations could be accidentally due to numerical can-
cellation between various effects from new physics. Therefore, it is essential to develop a
strategy which allows the new physics and the Standard Model contributions to be clearly
disentangled. Then the CKM parameters can be determined in a model-independent way.
This is important since we hope that physics at higher energy scale will one day be able
to explain the family structure, by deriving the CKM parameters.



374 Tatsuya Nakada

In this article, we discuss how B meson decays can be explored at the LHC in order
to obtain a better understanding of the CKM picture, and to look for physics bevond the
Standard Model.

2 The CKM picture

2.1 'The CKM matrix

In the Standard Model, CP violation is naturally introduced by a 3 x 3 complex quark
mixing matrix, Vo, expressed as

Via Vs Vs
Vexm =} Vg Vs Vi
Vie Vis Vo
The charged current of the weak interaction is then proportional to
Uy (1 = %) %V DLW*

where U and D, are the left-handed quark operators for the charge 2/3 up-type and the
charge —1/3 down-type quarks respectively:

Uy, dy
UL =1 CL [ DL =1 5L
ity by,

The matrix Voxm is unitary, V¥ = 1. One of the unitarity relations is:
ViV + VedVf + VigVg = 0. (1)

This is illustrated in the complex plane in Figure 1(a}. The unitarity condition can be
illustrated more easily by translating Ve4V.} and Vigl)) to form a closed triangle, as shown
in Figure 1{b). The three angles of the triangle, «, 3 and - (also known as ¢., ¢ and ¢y
respectively) can be defined as:

V ‘/* r ‘,rt P;‘ ‘,'1
(x-——tan"(— i “"), g=m—tan™" Gfd—“"), 'y=tan_’(— ¢ “b). (2)

TE R
ViaVii wd¥

Vel

a) ' b)

.
Vud Vo

Re

Figure 1. (a) One CKM matriz unitarity condition: Vi Vi + VaVif + Vidyy = 0.
(b} Elements translaied to form a triangle drawn in the compler plane.
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It should be noted that a redefinition of the quark phases results in a rotation of the
triangle in which the three angles, o, # and < remain invariant.

Violation of the unitarity condition given by Equation (1) is expressed in a graphical
form in Figure 2(a) and (b}, where the three sides given by V,,V.}, V.Vii and Vi,V do
not form a closed triangle. Note that o, 5 and v defined by Equation (2) still satisfy:

a+3+y=m

If one forms the closed triangle from the length of the three sides, [VigVii|, |VeVik| and
|ViaVif|, the three angles of this triangle, o, 3’ and ' defined in Figure 2(c), are not
identical to o, /7 and y. Therefore, a test of unitarity can be made by comparing the
angles defined by the length of the three sides, and the angles measured by CP violating
effects (as explained later).

a) A b)
Im

Vud vub
e

Re

\

* L)
Vea Voo Vi Vib

[Ved Veb |

Figure 2. {a} and (b}, are similar to Figure 1, but unitarity 1s violated, In {c) a closed
triangle is formed using the three sides.

A unitary 3 x 3 matrix can be parameterized by four parameters. One possible choice
(Particle Data Group 2000) is to use three angles, 82, 03, 813 and one complex phase, 4,
The standard parameterization for the CKM matrix is then given by:

Verm = Roz X Ria x Ry,

where
ez $12 0 1 0 0 o3 0 sz
Ria= | —s;0 ¢ 0 Rz = |0 e s By = 0 1 0
0 0 1 0 —s93 e, —<“J‘|3E’-M 0 la

with s;; = sin#; and ¢;; = cos 6.
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A parameterization reflecting the observed pattern of the CKM matrix was proposed
by Wolfenstein (Wolfenstein 1983). This introduces the parameters:
813 €084 Si3sind

523
A= 812, A=+, p=—— n= )
S12 512523 812523

and expands the matrix elements in powers of A. Neglecting terms proportional to A™
where n > 5, this gives:

- a2/2 A AN (p—in)
Vekm = | =X — i AZX\% 1-22%/2 AN? (3)
AN (1= p—if) —AN —iAxty 1

where j and 7 are given by § = p(1 — A2/2) and 7 = 5(1 — A?/2). The parameter A is
known from light hadron decays to be 0.221 +0.002 (Particle Data Group, 2000). As seen
from Equation 3, the first 2 X 2 sub-matrix is almost unitary:

VidVi 4 Vs Vit = i A2\ = 0 VidVE + VeV = —iA2A = 0

and

Vad? + [Vasl? = 1 = X /4 = 1 Vaal> + Va2 =1 - A/ =1

r
Ves

With the parameterization given in Equation 3, the imaginary part of V,,; becomes negligi-
ble in the unitarity relation given by Equation (1), and the phases of the matrix elements
are:
arg Vig = -0, arg Vip = =7,
arg Vg = argVyy, = arg Vi, = 0, argVyy=m.

Vus and V,; are also real, but the imaginary part of Vi, cannot be completely ignored:
argVis =0v+7
The angles 3, v and &+ are functions of p, 7 and A:

8 = tan™! _77_’ v = tan™! Q, dy =tan~! A%, (4)
1-p p

2.2 Extraction of the CKM parameters

From a measurement of |V,;|, the Wolfenstein parameter A can be determined. The
matrix element |V| is extracted from semileptonic (and hadronic) decays of B mesons
into charmed meson final states (Stone 2001). In exclusive B meson decays, a description
based on the quark tree level process b — ¢+ W ™~ is obscured by soft hadronic interactions.
This has to be taken into account in order to extract |Vy| from the data. Significant
improvements in understanding these hadronic effects have been made both in theory
and experiment. Further progress will come using the high statistics data samples from
the BABAR and BELLE experiments (Schubert 2001).

The semileptonic decays of B mesons to final states containing only the light u and
d quarks are used for the extraction of |V,,| (Stone 2001). They are generated by the
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tree level process b — u+ W™, Unlike the determination of |Vy|, hadronic decays cannot
be used since sizeable contributions from the penguin processes, b — s and & — d, arc
present in the decay amplitudes. It is much more difficult to evaluate the effects of strong
interactions for |V, than for |V|, and the error on the current value of [V| is totally
dominated by the theoretical uncertainties. This will remain the case for some time.

While |V, and |V,| are determined from decays with tree processes, |Vial can be
accessed indirectly through loop processes such as B°-B? oscillations. The oscillation in
the Standard Model is described by the well known box diagrams shown in Figure 3. Due
to the large top quark mass and the structure of the CKM matrix, only the top quark

TS v TV T
Poyiler iy 4 P os L
d i Tta ¢ d T
- i —— L -« Y ¥ —2
B° B° B° B’

Figure 3. Boz diagrams describing B*-B° oscillation,

contribution needs to be considered in the loop. Neglecting the absorptive part of the hox
diagrams, the oscillation amplitude for B® —» B is calculated to be (Hagelin 1981):

2 22 2
_Grfs,Ba,me,my

o = 1272

na, S () (ViaVy )2 (5)

where Gr, my and mg, are the Fermi coupling constant, W boson mass and B; mass,
The function S(z;) is determined from the mass ratio, x, = (m¢/mw)?, where m, is the
top quark mass, and the QCD correction factor, 7g,, can be calculated reliably with per-
turbation methods. The B meson decay constant, fg,, and the bag parameter, Bg,, have
never been measured directly. The decay constant fg, is given by the transition matrix
element between B® and the hadronic vacuum state. Thus it could be experimentally ob-
tained from the branching fraction for the leptonic decay, B* — 7*v, shown in Figure 4,
assuming that |V,s| is known. The decay constants for B and B are expected to be very

Figure 4. Diagram for the BY — rtu, decay.

similar. The bag parameter takes into account the difference between the hadronic vac-
uum and the actual hadronic states virtually present in the BB osciltation processes,
Theoretical estimates exist with large uncertainties due to the difficulties in evaluating
the effects of the non-perturbative soft hadronic interactions. The most promising theo-
retical approach to obtain fg, and Bg, is the QCD lattice calculation discussed in these
proceedings (Davies 2001).

The absorptive part in the B®-~B? oscillation is due to ¢ and « quarks. It is calenlated
to be very small compared to the dispersive part and can indeed be ignored. With this
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approximation, the mass difference between the two mass eigenstates, BY and BY, can
be derived,

_ H
Amd = de - mléd = 2|H21[,
and the decay width difference between them is negligible:
_ L H
AT, =T% —T#
There is no CP violation in the B°-B oscillations in this approximation. Note that the

phase of the oscillation amplitude is given by the phase V2 = —28.

The mass difference Amy is experimentally measured as the frequency of B°- B os-
cillations. From the known structure of the CKM matrix, we have |Vi| = 1 with very
high accuracy. Therefore, |Vi4| can be obtained from Amd The error on |V4| is totally
dominated by the theoretical uncertainties on fzv/By.

From the measurements of V3, V,, and Vi4, the quantities:
1| Vi A2
7+ 1-— 6
VI =S A 5 (6)

1 |Vidl

(L= PP+ = (™

and

can be drawn as circles around (0, 0) and (1, 0) in the 7-7 plane respectively. There are
two possible solutions where these circles intersect, but the one with 77 > 0 is favoured
from the analysis of CP violation in the K°-K?° oscillations.

The mass difference in the B, system, Amy, can be evaluated by calculating the
BY-BY oscillation amplitude using box diagrams in a similar way to the By system. A
measurement of Am, determines |V, V,f|2, which allows:

- . 1|th|
1-— 2_+_ 2 — 8
( P) Uj _/\|Vtsl (8)

to be used instead of Equation (7). In the ratio:

1 -~ 1\/ \/ B. 7B, \/EB,st
MVl — AVAmy \/ ™Mp,7B, \/BBded

the assumption |Vi] = 1 is no longer necessary. While the theoretical uncertainty in
fsVB is quite considerable, the ratio between these quantities for the B, and By mesons
is theoretically much better understood. Therefore, Equation (8) will have a significantly
smaller error than Equation (7). Unfortunately, only an experimental lower limit is avail-
able for Am, at the moment.

We now consider CP violation for decay final states which can be produced by both

O and B°. These can be CP eigenstates such as J/1 Kg or non-CP eigenstates such

as D**7~ and its CP-conjugate state D*~7*. If CP violation is present neither in the

oscillation nor the decay amplitudes, it is well known that the only signature of CP
violation that can appear is through phases:

sin(@o + ¢y) sin (Amgt)
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in the time-dependent decay rates of initial B® and B°, where ¢y is the phase of the
BY-TB° oscillation amplitude, and ¢ ¢ is the phase of the ratio of the instantaneous decay
amplitudes of B® and B® into the particular final state.

For the J/4 K final state, the 5 — ¢+ W tree process dominates, but there can also
be a b = s penguin process (Figure 5). The phase of the tree process is given by Vi,
and is 0 in the Wolfenstein approximation. The penguin process is described by a virtial
top quark loop with CKM matrix elements, V;, VY, which has only a small phase —4~.

Therefore, ¢; = 0, with a theoretical uncertainty less than a few percent.

=]

5
da

Figure 5. Quark diagrams for the B> J /i K decay.

The final state D**7~ can be generated by the tree process b — ¢+ W~ followed by
W~ — wud for the B° decay or the doubly Cabibbo-suppressed tree process b = 7+ Wt
followed by W* — cd for the B decay, as seen from Figure 6. From the relevant CKM
matrix elements, it follows that ¢; = . Note that only the tree processes contribute.

u q
W d w A B

- ¢ Lt

=
ml
=]

u
d

Asd =

4
Y

Figure 6. Quark diagrams for the B® and B® = D**r1~ decays.

The phase of the oscillation amplitude is given by ¢y = 23 as discussed before. There-
fore the CP violation signatures in B® and B° decays are

sin{24) sin (Amgt) for J/YKs

and
sin(28 + 4)sin (Amgt)  for D**#x~ and D¥"#t.

For the sin(2/3) measurement from J/y» Kg, the average of the recent results from
BABAR and BELLE gives (Schubert 2001):

sin28 = 0.79 £ 0.17

where the error is scaled following the recipe of the Particle Data Group. It is unlikely
that any definitive measurement of sin{24 + ), using B — D*H 7%} will be done by
the current generation of experiments.
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Analogous decays for the BY meson system are J/1 ¢ and J/¢n, which have ¢; = 0,
and D} K~ which has ¢; = . Since the B’-BY oscillation phase is —23v as discussed
before, the CP violation signatures would be:

sin(—2d0v) sin (Am,t)  for J/y ¢ (or J/in)

and
sin(—28y + ) sin (Amyt) for DK~ and D, K.

No definitive measurements on these quantities will be available from the current gener-
ation of experiments.

In Figure 7, we summarise the region of § and 7 allowed by the current data on
|Vis|/ (A Vis|), Amg, and sin(23), as well as the one-sided constraint on Amg/Am, from
the lower limit on Am,. All the data are interpreted within the framework of the Standard
Model, so the constraints may be modified by new physics as discussed earlier. There is a
common overlapping region indicating that the data are consistent with the CKM picture,
and no sign of new physics is visible within the errors. Note that the sin(23) measurement
gives two allowed regions in the -7 plane defined in Figure 7, and only the one consistent
with the other constraints is drawn.

1
3

5 0 p 0.5 1

Figure 7. Allowed region in the p-ij plane from |Vy|/|Ve|, Ama, and sin{28) measure-
ments, and from the upper limit on Am;.

3 Possible CKM picture in 2006

Let us now speculate about the CKM landscape in 2006. Due to progress in theoretical
understanding of the hadronic effect, strongly helped by the large statistics and high
quality data from BABAR and BELLE, |V,,/V,| might become known with a relative
error of £10%. Once Am, is measured by CDF, |Vi4|/(A|Vis]) will become known with a
relative error of +£7%. From CP violation in B® and B® decays to J/1 K, the combined
results from BABAR, BELLE, CDF and D0 might yield a result of sin(23) with an error
as small as 0.03, which is still statistically limited. Estimating the progress in other CP
violation channels is more difficult since they have various theoretical uncertainties, and
future improvements are difficult to evaluate. Assuming that the currently preferred values
of p and 5 remain unchanged, the situation expected in 2006 is illustrated in Figure 8.
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2006

1.0

0.8

0.6 1

[Vl / Vel : ~
0.0 :

~1.0 0.5 00 P 05 1.0

Figure 8. Possible situation of the allowed region in the p-ij plane in 2006

4 Presence of New Physics

Once we allow the presence of physics beyond the Standard Model, the determination of
the CKM matrix elements becomes much more complicated. Most of the extensions of
the Standard Model introduce new heavy particles. The contributions of thesc particles
to the tree processes should be negligible, but for B°-B°® and BY-B? oscillations, their
contribution to the box processes could be sizeable. New heavy particles could also appear
in the penguin processes, but the effects should be smaller than in the box processes, due
to the different dependence on the masses of the particles appearing in the loops.

In the presence of new physics, the phases for the oscillation amplitudes are modified:
86 =20+ dp
and
¢y = —287 + dyp

where ¢ and ¢§p are new phases.

The new physics has very little effect on the decay amplitude if this is gencrated by
tree processes. Therefore, we assume that the phases of the amplitudes for decay modes
such as B® = J/¥ Kg, B® = D**n~, B® = J/¢¢ and B? — D} K~ remain unchanged.
For the CP violation signatures in B® and B® decays, we would then have

sin(28 + ¢%p) sin Amgt for J/y Kg (9)

and
sin(28 + ¢%p + v)sin Amgt  for D**n~ and D*"xt.

The value of 3 is modified, but it is possible to use both measurements to extract the
angle, v, in a theoretically clean way, even if new physics is present.

Similarly for the B? system:
sin(—28v + ékp) sin (Am,t) for J/w o (or J/yn) (10)

and
sin(—20vy + ¢3p + v)sin (Amst)  for DFK~ and Dy K™.
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the value of 47 is modified, but 4 can be cleanly extracted by combining the two CP
violation measurements.

Once v is determined, p and 7 are given by:

and the unmodified values of 3 and §v can be obtained from Equation (4). Hence all the
parameters of the CKM matrix can be completely determined even if new physics exists.
The contributions from new physics are then determined from Equations (9) and (10).

The allowed region in g plane from the CP asymmetry measurement with BY and
B® — J/vy Kg decays is no longer valid. What is measured from the asymmetry is not j3,
but 3 + ¢&p/2. Similarly, the region given by the Amy/Am, measurements is no longer
valid since there could be sizeable contributions to both the Am from new physics. The
only valid region in Figure 8 is that from the |V,|/(A|Vis|) measurement, and the apparent
consistency seen in Figure 8 could be accidental. Once 7 is measured in the theoretically
clean way explained above, the situation will become clear. Figure 9 illustrates a possible
situation where y is measured with an accuracy of +5°, and is not consistent with the
mixing and CP asymmetry constraints. In this case, the measurements of ¥ reveal the
presence of new physics contributions.

By — J/yKg + Dn
B, — Jiyo + D.K

1.0

Amy [ Am,
0.8 '

0.6
0.4

.ﬁ E .:-"?"“'- - :‘¢N‘,u\. Physics ’(2
0.2 - T 4 io \ R
ubl b bt =,
0.0 , p: B ™.
-1.0 -0.5 0.0 0.5 1.0

Figure 9. Possible situation in the p-1j plane in 2006 in the presence of new physics
contributions

In the discussion above, we have made an assumption that new physics does not
contribute to the decay amplitude. This may not be strictly true for the B® — J/i» K
and B? — J/¢ ¢ decays, since these decays receive a small contribution from the b — s
penguin process. Whether new physics can appear in the penguin process can be examined
by studying CP violation in B® and B° decays into ¢K’s. In the Standard Model the decay
amplitude is dominated by a loop with the virtual top quark, so the phase is given by 1},,
and the CP violation signature is:

sin(28 + ¢hp — 20 + ¢kp) sin (Amgt) | (11)

where ¢&p is the additional phase introduced in the b — s penguin process by new physics.
By comparing Equations (9) and (11), it is possible to determine whether new physics
contributes significantly to penguin processes.
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New physics contributions to the & — d penguin processes can be studied from CP
violation in B® and B° decaying into K*°K*® or ¢n° where only the b — d penguin
process contributes in the Standard Model. Independent studies of b — s and b — d
penguins can be made with the B; system.

In conclusion, a theoretically clean and model-independent determination of the pa-
rameters of the CKM matrix is possible, even if there are new physics contributions to CP
violation observables. Once the CKM parameters are determined in a model independent
way, the possible existence of new physics can be cleanly established.

5 B experiments at the LHC

5.1 General considerations

The goal of B physics in the LHC era (Ahmadov et al, 2000) is to determine the CKM
parameters in a model-independent way and to isolate the effect of new physics so that
its characteristics can be identified. This calls for an high statistics experiinent capable of
studying CP violation with both BS and B? systems decaying into various hadronic final
states.

The production cross section for bb quark pairs at the LHC energy is estimated to
be approximately 500ub, which is far larger than at existing machines. The fraction of
events with b quarks, o,5/Ginelastic, 1S about 6 x 1073, which is similar to the fraction of
charm events in present fixed-target charm experiments. Thus, the LHC appears to be a
very promising place to perform high precision CP violation measurements in B meson
decays. At the LHC, B, B,, B and b-baryons are abundantly produced, in addition to
B*, B® and B°.

In order to exploit the full potential of the LHC, the following capabilities are nceded.

1. A trigger sensitive to both leptonic and hadronic final states.

2. A particle identification system capable of identifying p, K, 7, ¢t and ¢ within the
required momentum range.

3. A vertex detector able to reconstruct primary and B vertices very precisely.
4. A tracking system with good momentum resolution.

5. An electromagnetic calorimeter capable of reconstructing n° decays.

5.2 The ATLAS and CMS experiments

ATLAS (Armstrong 1994) and CMS (Bayatian 1994) are two general purpose collider
detectors designed to perform high py physics at the LHC, including studies of the top
quark, detection of the Higgs boson, and searches for supersymmetric particles. They
detect bb quark pairs in the central region of the pp interactions. As already demonstrated
by CDF, such general purpose collider experiments can cleanly reconstruct B meson final
states containing lepton pairs, such as J/¢ Kg, J/¥¢ and £*¢~. Both ATLAS and CMS
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have excellent muon and electron detection capabilities, and a good vertex resolution,
allowing them to collect a high statistics sample of such decays. However, their first level
trigger on a high pr lepton is not sensitive to purely hadronic final states. Hadronic decay
modes can only be triggered by a semileptonic decay of the other b quark, which has a low
efficiency due to the relatively small branching fraction for the semileptonic decay. The
two experiments also have no p/K/n separation capability in the relevant momentum
range, although the energy loss, dE/dz, can be used for particle identification at low
momenta. In particular they cannot separate kaons from pions in the high momentum
region relevant for two-body decay modes of B mesons such as #*#~ and D K.

For these reasons, ATLAS and CMS will not be able to study CP violation with all
the final states necessary to perform model-independent analysis.

5.3 The LHCDb experiment

The LHCb experiment is a single arm forward spectrometer, which covers the region of pp
collisions which is not looked at by the two general purpose detectors. The LHCD detector
(Amato 1998) is designed to have a trigger that is equally efficient for leptons and hadrons.
It will be able to exploit the full b physics potential of the LHC at a much lower luminosity
(2 x 10%2cm~2%s7!) than the nominal luminosity (10**em=2s7!), and will therefore be able
to perform its full physics programme from the beginning of LHC operation.

e ‘ 4
- . =

Figure 10. The LHCb spectrometer placed in the LHC Intersection-8 experimental area.
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3
By \;a(.“

Figure 11. Polar angles of the b- and b-hadrons

The detector layout is shown in Figure 10. It resembles a typical fixed target spec-
trometer. A vertex detector is placed in “Roman pots” around the interaction region.
It is followed by a tracking system, RICH counters with aerogel and gas radiators, a
large-gap dipole magnet, a calorimeter system, and a muon system. An existing LEP
experimental area will be reused to install the detector. The interaction point is shifted
by 11m from the centre of the experimental hall, in order to accommodate the detector
elements without extra excavation.

The choice of a single arm detector geometry is based on the fact that both the b and
b-hadrons are predominantly produced in the same forward (or backward) cone at high
energies. This is demonstrated in Figure 11 where the polar angles of the 6- and b-hadrons
are shown in events generated with the PYTHIA simulation programme. The polar angle
is defined with respect to the beam axis in the pp center-of-mass system. Detecting both
b- and b-hadron at the same time is essential for the flavour tag.

Further advantages of the forward geometry are:

» The b-hadrons produced are faster than those in the central region. Their average
momentum is about 80GeV /e, corresponding to a mean decay length of ~ 7mm.
Therefore, a good decay time resolution can be obtained for reconstructed B-mesons.

« The spectrometer can be built in an open geometry with an interaction region which
is not surrounded by all the detector elements. This allows the vertex detector
system to be built with sensors which can be extracted away from the beam during
the injection. During data taking, the sensors are positioned closer to the beam in
order to achieve a good vertex resolution.

« In the forward region, momenta are mainly carried by the longitudinal components.
Therefore, the threshold value for the p, trigger can be set low for electrons, muons
and hadrons without being constrained by the detector requirements. This makes
the p; trigger more efficient than in the central region.

« The momentum range required for particle identification is well matched to the
Ring Imaging Cherenkov Counters, and the required size for the counters remains
affordable.

+ The open geometry allows easy installation, maintenance and possible upgrades.
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5.4 The LHCDb detector

Beam pipe

A large vacuum tank with a length of 1.7m and a diameter of 1m is placed around the
interaction point to accommodate the vertex detector system with its retraction mechan-
ics. It has a 2mm Al forward exit window over the full detector acceptance. This part
is followed by two conical beam pipe sections; the first part is 1.4m long with a 25mrad
opening angle, and the second part is 16m long with a 10mrad opening angle. Except for
bellows, flanges and the last 6.3m of the 10mrad cone, the beam pipe is made from Al-Be
alloy in order to reduce the radiation length. This is essential to minimize the occupancies
of the tracking and RICH systems, and to improve the detection efficiency for photons
and electrons.

Magnet

A dipole magnet with an Al conductor provides a field integral of 4 Tm. The polarity of
the field can be changed to reduce systematic errors in the CP-violation measurements that
could result from a left-right asymmetry of the detector. The two pole faces form a wedge
shape following the spectrometer acceptance, in order to reduce the power consumption.

Vertex locator (VELO)

A total of 27 stations of silicon microstrip detectors are placed perpendicular to the
beam of which 25 stations are used as a vertex detector system. The remaining two
stations are used for detecting bunch crossings with more than one pp interaction as a
part of the Level-0 trigger (pile-up veto counters). All the stations are split into two
halves, covering left and right 180° sections. Each vertex detector station consists of two
sensor planes with different strip layouts, one for r and the other for ¢ measurements.
The pile-up veto counters have only r measurement sensors.

The closest distance between the active silicon area and the beam is 8mm. In order
to cope with the high radiation dose expected so close to the beam, it is planned to
use n-on-n silicon sensors. The silicon detectors are placed in Roman pots surrounded by
250pm thick aluminium foil, which acts as a shield against RF pickup from the circulating
beam bunches. To avoid mechanical collapse, a secondary vacuum is maintained inside
the Roman pots. During injection and acceleration, the Roman pot system will be moved
away from the beam to avoid interference with the machine operation and accidental
irradiation of the detectors.

For each bunch crossing, i.e. every 25ns, the signals are read-out and stored in analogue
pipeline buffers.
Tracking system

Because of the high particle density close to the beam pipe, the LHCb tracking detector
is split into inner and outer systems. The boundary between the two is chosen so that
the occupancy of the outer tracker does not exceed 15%.

The outer tracking system uses drift chambers based on a straw cell structure. The
straws are made by winding 5mm diameter carbon-loaded Kapton foil around a central
anode wire. The drift-time is sampled over 50ns, 1.e.every two bunch crossings.

The inner tracking system is made from single sided p-on-n Si strip detectors with a
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strip pitch of ~200pum. Since the sensitive regions of the Si sensor are several centimetres
away from the beam the problem of radiation damage is less severe than for the VELO
detectors.

The RICH detectors

The LHCb detector has two Ring Imaging Cerenkov (RICH) systems, with three
different radiators, in order to cover the required momentum range, 1-100GeV/c. The
first RICH uses aerogel and C4F1¢ gas as radiators. The second RICH, uses CF, gas as a
radiator. It is placed after the magnet, and is responsible for identifying bhigh momentum
particles. In both RICHs the Cherenkov light is reflected by mirrors and detected with
planes of Hybrid Photon Detectors (HPD’s) placed outside the spectrometer acceptance.

Calorimeters

The calorimeter system consists of a preshower detector followed by electromagnetic
and hadronic calorimeters. It also serves as the initial part of the muon filter system. The
cells of the preshower detector are made from two scintillator plates sandwiching 14mm-
thick lead plates. The cell size of the preshower detector is matched to the module size
of the electromagnetic calorimeter. For the electromagnetic part a Shashlik calorimeter
is used since a modest energy resolution is required. The hadron calorimeter is based on
a scintillating tile design similar to that used in the ATLAS experiment.

Muon detectors

For the muon stations Resistive Plate Chambers are used in the region where the
charged particle rate is below 1kHz/cm?. For the region with a charged particle rate from
1kHz/cm? to 100kHz/cm?, Multi Wire Proportional Chambers (MWPC'’s) are used. For
the small region of the first muon station closed to the beam pipe, where the charged
particle rate exceeds 100kHz/cm?, triple-GEM chambers or MWPC’s with asymmetric
gas gaps are being considered.

Trigger

The LHCb trigger is divided into four decision levels. The Level-0 decision is based on
high-pr hadrons, electrons or photons found in the calorimeter system, or muons found
in the muon system. Information on these candidates are sent to the Level-0 Decision
Unit. The number of primary vertex candidates is determined using the pile-up veto
counters in the Vertex Locator and also sent to the Level-0 Decision Unit. Based on all
the information, the Level-0 Decision Unit makes an overall Level-0 decision. Events with
multiple pp interactions are discarded, since rejection of background is more difficult in
those events. The Level-0 trigger provides a modest reduction of minimum bias events by
a factor of ~10.

In the Level-1 trigger, data from the vertex detector is used to select events with
multiple vertices. In addition, the high-pr candidates used in Level-0 can be combined
with the tracks having large impact parameter in the Vertex Locator. This provides a
further reduction of ~25 for minimum bias events. After a positive decision of the Level-1
trigger, all the data is read out into an event buffer.

At Level-2, a further enhancement of events with b-hadrons can be achieved by com-
bining different detector components, e.g. by adding momentum information from the
main tracking system to the impact parameter calculation with the Vertex Locator. At
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Level-3, a further decision is made after fully reconstructing the b decays.

The LHCb trigger system is designed to cope with the rather small o,5/0ieas0c Of
~6 x 1073 at the LHC energies, while still maintaining a high efficiency for events with
b hadrons. The strategy is to spread the suppression factors evenly and not to rely on
any single trigger selection, in particular at early levels where available information from
the detector is limited. This is reflected in the modest suppression factors of 10 and 25
for the ordinary pp interaction events at Level-0 and Level-1, respectively. Simulations
of the trigger performance can be relied upon for such a modest suppression. By not
heavily relaying on a particular selection criterion, the trigger system is flexible and can
be readjusted to the actual running conditions of the experiment.

5.5 Performance of the LHCDb detector

The benefit of having particle identification and good invariant mass resolution can be
demonstrated by reconstructing B, — D} K~ decays. The main background to this decay
mode comes from the B, — D} n™ decays which are used to study B,-B, oscillations.
Compared to this decay mode, the branching fraction of B, — D K~ is suppressed by a
factor of 1/A% = 20. The two decay modes have an identical decay topology, and can only
be distinguished by invariant mass and particle identification. It should be noted that the
momenta of the K~ and 7~ from these decay modes are large since they are two-body
decays.

= DK signal

s D background

wnf  Without RICH o With RICH

Figure 12. The LHCb simulation results for the reconstructed invariant mass distribu-
tions for DF K~ combinations without and with particle identification using RICH.

Figure 12 shows the reconstructed invariant mass distributions expected with the
LHCb detector for DY K~ combinations without and with particle identification nsing
RICH. The combination of the good mass resolution, ¢ = 11MeV/¢?, and RICH par-
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ticle identification, mean that the background from B, — D}x~ decays can be almost
completely removed in the reconstructed DF K~ sample. It should be noted that no CP
violation effect is expected in the background decay mode. The decay time resolution for
these decays is found to be 40fs.

With the particle identification capability, an efficient flavour tag can be obtained nsing
the charged kaons from the b hadron decays. No lepton is required in the analysis for
flavour tagging. Therefore, the Level-0 high pr hadron trigger increases significantly the
statistics of the flavour-tagged sample of pure hadronic B decay final states, compared to
using the high pr lepton trigger alone. Table 1 summarises the Level-0 trigger cfficiencies
for various decay modes. Efficiencies are calculated for those events where the initial

Decay Maode Level-0 high-pr Level-0
muon  electron  hadron | all combined

BY — Jiplete ) Ks | 017 0.63 0.17 0.72

BY — Jip(utuT)Ks | 0.87 0.06 0.16 0.88

B, = DK~ 0.15 0.09 0.45 0.54

B & qtg- 0.14 0.08 0.70 0.76

Table 1. Level-@ trigger efficiencies for reconstructed and flavour tagged final stafes.

flavour is identified and the final state is fully reconstructed with all the cuts applied to
remove background. While J/¥ Ky final states are mainly triggered by the muon and
electron high-pr triggers, the hadron high-pr trigger is essential for the other final states.

The table also indicates that the Level-0 trigger efficiencies are very high for the
events that are useful in the analysis. As a result, the LHCbh experiment will run with
a luminosity of 2 x 102em 257! and still collect 2.4k reconstructed and flavour-tagged
B, and B, decays into D} K~ and D7 K" in one year. With these statistics, v can be
measured with an accuracy of ~10°. By combining the result from the decays of B® and
B into D**x~ and D*~xn*, 4 will be measured with a precision of better than 7° with
one year of data taking.

At a low luminasity, the bunch interactions are dominated by events with only one pp
collision. The running luminosity will be iocally tuned at the LHCD intersection such that
the experiment can run with this optimal luminosity while the other LHC experiments
run at the design luminosity. It must be noted that running at lower luminosities has the
additional benefit that the radiation damage to the detector is reduced.

6 Conclusions

CP violation outside the neutral kaon system has been observed for the first time by
BABAR and BELLE experiments, in the decays of B® and B into the J/3 K's final state.
Current analysis shows that all the measurements related to b hadron decays are consistent
with the CKM picture, including CP violation. Although BABAR, BELLE, CDF and D0
will further enhance these studies in the near future, a new generation of experiments at
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the LHC is needed in order to examine the CKM picture in a model-independent way. It
should be noted that a dedicated experiment at the Tevatron (Kulyavtsev 2000) would
have a similar performance. LHCb is a dedicated detector for B physics at the LHC with
particle identification capability and a trigger sensitive to both leptonic and hadronic final
states, which should be able to study CP violation in both B® and B? meson systems
in many decay modes. Some of those decay modes are essential to determine the CKM
parameter in a theoretically clean and model-independent way. This will allow the effect
of possible new physics to be identified unambiguousty.
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