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Abstract

In this thesis we address various issues of hadronic B decays, in the Standard Model and
beyond. Concerning the first aspect, we focus on the problem of understanding better
low energy strong interactions in these decays. We consider in particular B decays into
a charmonium state and a light meson. We develop a complete treatment of low energy
QCD interaction in the context of QCD factorization, treating the charmonia as non-
relativistic bound states. This allows us to demonstrate that, in the heavy-quark limit,
a perturbative treatment of these decays is possible, even in case of decays into P-waves,
which were found to be non-factorizing in previous studies. We achieve this, including
in the analysis the bound state scales of charmonium, which in turn requires to consider
charmonium production through colour-octet operators. Although there are very large
uncertainties, we find reasonable parameter choices, where the main features of the data
— large corrections to (naive) factorization and suppression of the y.o and h. final states
— are reproduced though the suppression of x.o is not as strong as seen in the data. Our
results also provide an example, where an endpoint divergence in hard spectator-scattering
factorizes and is absorbed into colour-octet operator matrix elements.

The second part of the thesis is devoted to a series of analyses of non-leptonic B decays
in extensions of the Standard Model. The aim of these studies is twofold: on one hand
we are interested in testing the sensitivity of these decays to new physics; on the other
hand, we look for actual discrepancies between theory predictions and experimental results,
trying to explain them in the context of a new physics model. Concerning the first aspect,
we consider two well-motivated new physics scenarios, in which large deviations from the
Standard Model are expected, i.e. the MSSM with large tan 3, and a supersymmetric
GUT in which the large neutrino mixing angles give rise to a large mixing between the
right-handed quarks. We find that, in both cases, effects in non-leptonic B decays are
small, when constraints from other flavour observables, like leptonic B decays, are taken
into account. Concerning the second issue, we focus on the discrepancies between theory
and experiment, which point to new physics in the electroweak penguin sector of the
theory. We consider a modified Z° penguin scenario, where this possibility is realized, and
we fit the couplings of the model from the B — wK decays. We show that, in this class
of models, a sizeable enhancement of the B — ¢, ¢p decays is expected, even if this is
reduced, when constraints from semi-leptonic B decays are considered.
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Chapter 1

Introduction

1.1 Non-leptonic B decays: overview

The study of “non-leptonic”, or “hadronic” B decays usually refers to the analysis of B
decays into lighter mesons, such as pions, kaons, 7 mesons, D mesons, etc.. At the quark
level, these decays are driven by the transitions of the b quark inside the B meson into
lighter quarks, which subsequently are rearranged into mesons by the strong interaction.
In the Standard Model, these transitions occur by means of the electroweak interaction
and they are regulated by the Cabibbo-Kobayashi-Maskawa (CKM) [1,2] quark mixing
matrix.

These decays represent one of the most interesting phenomena in particle physics,
since they allow us to test nearly all the aspects of the Standard Model, and beyond.
Firstly, they can be used to study the flavour structure of the theory, which is the aspect
of the Standard Model still known with least precision', and which contains the largest
number of free parameters. The flavour structure of the Standard Model is encoded in the
CKM matrix, and one of the most interesting aspects of this sector is the phenomenon of
CP violation, i.e. the non-invariance of the weak interaction with respect to a combined
charge-conjugation (C) and parity (P) transformation, which is made possible by the
existence of three different quark families with different masses and which has cosmological
implications, since it is a key ingredient for baryogenesis [3]. The actual observation of CP
violation is nontrivial, since it manifests only in processes made up from the interference
of several competing amplitudes, in which weak and strong-interaction phases appear.
This is exactly what happens in case of non-leptonic B decays. Indeed, one of the biggest
achievement of the B factories was the observation of CP violation in the By — J/¢Kg
decay mode in 2001, [4,5], which represented the first observation of CP violation outside
the kaon system. This particular kind of CP violation originates from the interference
between the B-BY mixing and the B} — J/¢Kg, B — J/¢Kg decays, and it is referred

'For comparison, the experimental value of the muon anomalous magnetic moment is known with a
precision of ~ one part over 107°%, a® = 11659208.0(5.4)(3.3) - 107! [8-11], and compared with the
theoretical prediction, ;" = 11659178.8(0.2)(4.6)(3.5) - 107*° [8], the difference between theory and
experiment is Aa, = a5® —aiM = 292(63)(58)-10™'"; on the other hand, the CKM matrix element known
with best precision is known up to ~ one part over 10™%, |Vi4| = 0.97418 4 0.00027, [8,12].
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Figure 1.1: Global fit of the unitarity triangle, as obtained by the CKMfitter (left) and the UTfit
(right) collaborations.

to as “mixing induced” CP violation; later in 2004, also “direct” CP violation was observed
in the By — nT KT decays [6,7], complementing the picture.

In the Standard Model, field redefinitions can be used to reduce the number of phases in
the quark mixing matrix to only one. The unitarity of the CKM matrix is used to construct
“unitarity triangles”, encoded for instance in the relation V4V + VgV + VigVy, = 0.
The angles involved in these unitarity triangles measure the CP violation in the Standard
Model, and they can be extracted from various non-leptonic B decays. With the standard
choice of phase conventions, one defines the weak phases § = — arg(V;4) and v = arg(V,};),
as well as a = 180° — 8 — . For instance, the angle § can be extracted in a theoretical
clean way by measuring the time-dependent rates for the Bg, Bg — J/¢Kg decays. There
are then various methods of extracting the angles v and a from non-leptonic decays, even
if these measurements are more difficult because of the hadronic dynamics involved in
these decays, so that specific methods have to be developed in order to gain control over
it and reduce hadronic uncertainties as much as possible. As an example, the angle v can
be extracted from the charged decay modes B¥ — (7K)* and B* — 770 [13-20], as
well as from the time-dependent B}, BY — nt7~, BY, BY — K*K~ modes [21], or from
B — Dm, B — DK decays [22-33]; the angle a can instead be measured e.g. from the
time dependent CP asymmetry in the decays Bg, Bg — 7t ~, and in a similar way from
the related B — pm, B — pp decays [34-41]. Thanks to these results and together with
the measurement obtained from semi-leptonic and leptonic B decays, as well as radiative
decays, meson mixing, kaon and D physics, we have today a good understanding of the
flavour structure of the Standard Model, which can be summarized with the unitarity
triangle fits obtained by the CKMfitter [42] and UTfit [43] collaborations, shown in picture
1.1. More extensive reviews of the experimental status of non-leptonic B decays, and more
in general of flavour physics can be found in [44-49].
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Figure 1.2: Running of the strong coupling constant, taken from [52].

Since quarks take also part in the strong interactions, non-leptonic B decays are dom-
inated by the effects of this force, which is the largest source of uncertainties and prevents
us from reaching the same level of precision obtained in other sectors of the Standard
Model. The reason for this is the phenomenon of confinement [50, 51]: while at high
energy the strong interaction becomes weaker, allowing for a perturbative treatment of
high-energy processes, at the hadronic scale ~ Aqcp involved in the B meson decays the
strong coupling constant ag becomes large enough that the perturbative expansion is no
more reliable (see figure 1.2). On one hand, this is an obstacle on the route of extract-
ing the relevant flavour information of the weak transition; on the other hand, it can be
regarded as a good framework in which we can improve our knowledge about the strong
interaction as well.

The effects of the strong interaction have to be taken into account from the high scale
uew =~ My = 80.4 GeV, which is the typical energy scale at which the electroweak
transition takes place, down to the scale at which the strong interaction cannot be treated
perturbatively any more, Agcp ~ 500 MeV. The decays of the B meson in this respect
are special, because the large mass of the decaying meson, mp ~ 5 GeV, introduces an
intermediate scale, at which the strong interaction is still perturbative. QCD interactions
above this scale can be treated perturbatively, and their effects are now well understood.
At the scale my, the electroweak transitions with exchange of W and Z bosons (as well as
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photons with a comparable energy) are almost point-like interactions, and the decaying
meson is described more realistically by a series of effective four-quark operators, in which
the heavy bosons have been integrated out. These operators are multiplied by “effective
coupling constants”, which include the effects of the strong interaction above my as a
perturbative expansion in ag. The problem of the appearance of large logarithms in the
“fixed order” perturbation theory, related to the presence of the two scales upw =~ My
and my, has been solved by the development of the “renormalization group”-improved
perturbative expansion, which is now a standard textbook topic. Good reviews of this
subject in the context of flavour physics are e.g. [53,54], to which we refer the reader for
further details.

The main problem one has to face in calculating the decay amplitudes is therefore
the evaluation of the operator matrix elements, which include strong interaction effects
below the scale m;. Various strategies have been developed in the past for this purpose.
For instance, the isospin and flavour symmetries of QCD were considered in order to
relate matrix elements of different decay amplitudes [13, 16, 20, 21, 34, 55, 56, 300]. In
this way it is possible to derive the matrix elements from decays which are easier to
measure experimentally, and then the information can be used to estimate other decay
modes. Even if good precision can be reached, depending on the experimental results and
the accuracy of the flavour symmetries, this method does not allow one to calculate the
matrix elements from first principles, and it is in practice limited to a handful of decays. A
true resolutive approach should therefore address the issue of understanding the structure
of QCD interaction below the scale my. Given the ultimate non-perturbative nature
of the strong interaction, this means in practice to understand what can be calculated
perturbatively and what cannot. In this respect, properties of the QCD interaction such as
the “colour transparency” [57,58], the presence of different colours (“large N, hypothesis”
[59]), and the large mass of the decaying meson, which reflects into the production of
light energetic partons, suggest that it should be possible to describe these interactions by
means of a few “universal” non-perturbative objects, while the largest effects of the strong
interaction should occur at the scale my, and therefore it should be possible to treat them
in a perturbative framework.

The attempts of evaluating the operator matrix elements exploiting these ideas go
under the name of “factorization”, since one tries to factorize the perturbative part of the
interaction from the soft physics. Historically, the first approach was to assume simply
that strong interactions below my could be neglected. This assumption, which is referred
to as “naive factorization”, [60-62], has now been overtaken by more elaborate theories,
which implement systematically the ideas mentioned above. These theories are named the
“QCD factorization” approach, [63-68], and the “perturbative QCD” approach, [71-75].
While the underlying goal is in both cases the separation of the soft and hard physics, the
two approaches differ in the implementation of this idea. According to the perturbative
QCD approach, the leading contribution to the amplitude is expected to come solely from
the exchange of hard gluons between the spectator and the quarks of the emission meson?,
(“perturbative hard-scattering”, [69,70]), while soft gluon exchanges are expected to be

2The meson that does not pick up the spectator quark.
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suppressed by “Sudakov effects”. As a consequence, the operator matrix elements start
at order ag, and no form factors are involved in the amplitude. In the QCD factorization
approach, however, the “Sudakov suppression” is not expected to be relevant for realistic
B meson masses, so there are soft gluon exchanges which are of the same order as the
hard ones, and they are parameterized by means of form factors. At the technical level
factorization is achieved performing a systematic expansion of the amplitude in the small
ratio Aqcp/myp, and proving that strong interaction effects are either perturbative, or
they can be included in the definition of non-perturbative parameters, which correspond
to form factors, meson decay constants and light-cone distribution amplitudes. QCD
factorization has been proved at leading order in the Aqcp/myp expansion, but so far it
fails at the subleading order. Since there are a number of subleading amplitudes which
are numerically important, this constitutes the main limitation of the approach.

Besides this still-ongoing problem, the attempts to explain the strong interaction dy-
namics in non-leptonic (and semi-leptonic) B decays have also pushed significantly the
development of effective field theories [78], in order to put on solid theoretical grounds the
expansion of the amplitudes in the relevant momentum regions [76,77]. Thanks to this ef-
fort, QCD factorization has now its basis in effective field theories such as the heavy quark
effective field theory [79,80] and the soft collinear effective field theory [81-88]; analysis
of non-leptonic B decays within this theory were performed in [89-95]. In recent years it
was realized that the field of application of these theories can be much larger and they are
now being applied to the physics of colliders [96-116], a development that can be seen as
a byproduct of the studies in flavour physics.

Needless to say, non-leptonic B decays can be useful also for searches for new physics.
Many hints, nowadays, suggest that there should be new physics beyond the Standard
Model, since the latter cannot explain, for instance, the existence of dark matter and
neutrino masses. On the theoretical side, the Higgs boson mass is sensitive to quadratic
corrections, so that it is very unlikely to obtain the predicted small mass of O(100 GeV)
for it without invoking some new symmetry, which should protect it from acquiring a large
mass. All these phenomena suggest that the Standard Model is probably only the low en-
ergy approximation of a more fundamental theory. Both the existence of dark matter and
the naturalness problem of the Higgs boson mass suggest that new physics should appear
in the TeV range, and the Large Hadron Collider (LHC) at CERN has been constructed
to test this expectation. Many theories have in the meantime been elaborated, which
are able to accomodate the problems mentioned above. Among these, supersymmetry is
probably the most studied, but many possible extensions of the Standard Model have been
considered, like (supersymmetric) grand unified theories, Higgsless models and models of
extra dimensions, all predicting new particles in the TeV range.

While the direct production of new particles will have to wait until the start of this
machine, we already know many features that the new theory should possess, and in
particular we can constrain its flavour structure, thanks to low energy processes like the
non-leptonic B decays. The new heavy particles in fact are expected to appear as virtual
intermediate states and they should therefore modify the amplitudes of the processes,
which, in the Standard Model, receive contributions from the exchange of virtual elec-
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troweak gauge bosons only. Thanks to this effect, low energy processes are sensitive to
energies much higher than those reached in collider experiments, so that they allow us to
shed light on energies at which many fundamental phenomena, like the generations of the
hierarchy between fermion masses, or the unification of the known forces, are expected to
have their origin.

The flavour sector of the theories quoted above has been studied intensively in the last
ten years, and the literature in this field is probably O(104) papers. Non-leptonic B decays
were considered too, even if the strong interaction uncertainties limit considerably these
analyses. If, on one hand, this claims for further improvements in the comprehension of
the low-energy QCD interaction involved in these processes, on the other hand, tensions
between the Standard Model prediction and the experimental results were found, raising
our expectations for the next generation of flavour experiments [45,117-120].

1.2 Outline

In this thesis we study aspects of non-leptonic B decays, both in the Standard Model and
beyond. Concerning the first issue, we focus on the problem of understanding better the
strong interaction dynamics involved in these decays, considering some specific interesting
decay modes, where it was possible to develop a perturbative analysis. Regarding the sec-
ond topic, we study some specific well-motivated scenarios of physics beyond the Standard
Model, looking for possible effects in non-leptonic B decays.

We felt it was necessary to start our discussion with an exhaustive introduction to
the theory of QCD factorization, which is the method used throughout the thesis for the
analysis of non-leptonic B decays. This review is presented in chapter 2 and its purpose is
to render the whole thesis self-contained. The first section of this chapter is devoted to a
qualitative analysis of factorization for all types of non-leptonic B decays, with the aim of
giving a transparent description of the concepts behind the theoretical framework. This
will set the context and the motivation for the study described in chapter 3. In the second
part of chapter 2 we provide a technical introduction to the actual calculation of the decay
amplitudes, in the case of B decays into two light mesons. On one hand, this is done in
order to illustrate the theoretical methods that will be used in the analysis reported in
chapter 3; on the other hand, it will provide the building blocks of the decay amplitudes
considered in the phenomenological analyses described in chapters 4, 5 and 6.

In chapter 3 we present our work concerning the inspection of the low-energy strong
interaction dynamics of non-leptonic B decays within the Standard Model. This chapter
is an extension of the study performed in [125] and focusses on the decays of the B
meson into a charmonium state and a light meson. These decay modes are interesting
because of the presence of the quarkonium in the final state, which is best described
in the context of potential non-relativistic QCD [121-124]. As a consequence, the usual
QCD factorization framework has to be reconsidered and extended, in order to include the
formalism necessary to treat the non-relativistic bound states. This work was motivated
by the failure of the standard QCD factorization formalism, already at leading order in the
Aqcp/myp expansion, when considering P-wave states [191,192]. We find that the proper
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treatment of the non-relativistic bound states requires the introduction of two additional
scales in the evaluation of the matrix element, namely the scale of the inverse Bohr radius
of charmonium, and its binding energy, which are perturbative in the heavy-quark limit.
This, in turn, implies that one has to consider the contribution of colour-octet operators;
the inclusion of their matrix elements to the total amplitude makes the computation of
the latter consistent and restores its finiteness at leading order in the Aqcp/my, expansion.

In chapter 4, 5 and 6 we present results of our analyses of non-leptonic B decays in
various extension of the Standard Model. The aim of these studies was twofold: on one
hand, we wanted to test the sensitivity of these decays to new physics; on the other, we
were interested in analysing if it was already possible to derive hints about the nature of
new physics contributing, studying the current deviations of experimental results from the
predictions of the Standard Model.

As of the first point, the analysis is motivated because one has to take into account that
the large QCD uncertainties limit the predictive power of these decays, so that usually one
gets stronger constraints on new physics from other flavour observables, like leptonic, semi-
leptonic and radiative decays, or from kaon physics [45]. In chapters 4 and 5 we considered
therefore two well motivated models, in which large deviations from the Standard Model
are expected, and we looked for possible effects in non-leptonic decays. Because of the
motivation above, an important point of the analysis was the correlation with the decay
amplitudes of other processes, in order to check if one gets more insight from the non-
leptonic decays. In chapter 4 we study the minimal supersymmetric Standard Model [129—-
131] with large tan /3, a minimal flavour violating scenario [132,133] which nevertheless can
exhibit large deviations from the Standard Model [240,248,251], thanks to flavour-changing
neutral-currents mediated by the neutral and charged Higgs bosons, which are enhanced
by powers of tan 8. This analysis is a result of the work presented in [126], of which
chapter 4 represents a more detailed presentation. In chapter 5 we report an analysis,
still in progress [127], of non-leptonic decays in a grand unified theory [134,135], namely
the Chang-Masiero-Murayama model [278]. This scenario has the interesting feature of
relating in a realistic way the observed large neutrino mixing angles with the right-handed
quark sector of the theory. Despite the intrinsic interest of the models considered, we
find that in both cases the predicted effects in non-leptonic B decays are small. In the
large tan 8 scenario this happens because of the strong constraints one obtains from the
leptonic B decays, while in case of the Chang-Masiero-Murayama model the constraints
arise mainly from the predicted particle spectrum. Other observables, including flavour
physics in the leptonic sector, give weaker constraints once the bounds from the sparticle
masses are taken into account.

The second type of analysis [128] was motivated by actual discrepancies between theory
and experiment, which were found in recent years. Needless to say, these studies are also
limited by theoretical uncertainties, and the discrepancies found could be accommodated
as well within the Standard Model. Nevertheless, in chapter 6 we pursue the route of
considering these discrepancies effective, according to recent works [300], which found that
these discrepancies point to new physics in the electroweak penguin sector of the theory.
Chapter 6 is an exposition of this still-ongoing work, where we focus more specifically on
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effects in non-leptonic By decays.

The thesis is completed by a number of appendices, which collect some background
material that we felt necessary to include, in order to make the work self contained.
In appendix A we give a short introduction to the effective field theories involved in
the analysis of non-leptonic decays, i.e. the heavy-quark effective field theory, the soft
collinear effective field theory and the non-relativistic QCD. The study of these theories
was necessary to perform the analysis presented in chapter 3. In appendix B we provide
some more details about the minimal supersymmetric Standard Model with large tan S.
We describe briefly how the mechanism of tan 8 enhancement arises, and we provide
the flavour-changing couplings originating through the exchange of Higgs bosons, which
are the starting point for the analysis of chapter 4. Similarly, a brief description of the
grand-unified Chang-Masiero-Murayama model is given in appendix C, where, in light of
the study reported in chapter 5, we provide again expressions for the flavour changing
couplings arising in the model.



Chapter 2

QCD Factorization for
Non-leptonic B Decays

2.1 Introduction

The idea of factorization concerns the separation of physics occurring at different lengths,
or momentum scales, and is a widely applied concept in particle physics. The reduction
of a calculation into a series of single-scale problems simplifies a lot the understanding of
a process, and this is particulary useful when the strong interaction is involved, since it
allows to separate short- from long-distance physics, determining what can be calculated
in perturbation theory and the basic “universal” quantities that need a non-perturbative
treatment.

Here we focus on the factorization of QCD interactions in non-leptonic B decays,
below the scale my. QCD effects which involve virtualities above this scale are in fact well
understood and included in the renormalization of the coefficients multiplying the local
operators @; in the weak effective Hamiltonian [53]. As a consequence, the amplitude for
the decay B — MM, is given by

A(B — MyMy) = % 3N Cil) (MM B) ), (2.1)

where G is the Fermi constant. Each term in the sum is the product of a Cabibbo-
Kobayashi-Maskawa (CKM) factor \; times the short-distance coefficient function C;(u)
and the matrix elements of the four-fermion operators ;. The most difficult theoretical
problem is the calculation of these matrix elements, or their reduction to simpler non-
perturbative objects.

The “naive factorization” approach recalled in chapter 1 replaces the matrix element
of the four-quark operators by the product of two currents [60-62], for example

(™ |(@b)y—a(du)y—alBa) — (7~ |(du)v—a|0) {7 |(@b)y—a| Ba); (2.2)

this is is the simplest approach, which assumes that the exchange of “non-factorizable”
gluons, i.e. gluons with virtuality equal to or below my, can be neglected. This however

9
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Figure 2.1: Graphical representation of the factorization formula, taken from [64]. Only one of
the two form-factor terms is shown for simplicity.

is in general not justified: it does not take into account any physical mechanism for
rescattering in the final state and for the generation of a strong phase shift between
different amplitudes. Moreover, “non-factorizable” corrections must exist, because the
scale dependence of the two sides of (2.2) is different: since “non-factorizable” corrections
at scales larger than p are taken into account in the short distance coefficients of the weak
effective Hamiltonian, it appears arbitrary to leave them out below pu.

The QCD factorization approach (QCDF) developed by Beneke, Buchalla, Neubert
and Sachrajda in a series of papers starting from the end of the 90s, [63-68], provides
a framework where such effects can be computed systematically. The method relies on
the existence of the intermediate scale my, and on the concept of “colour transparency”
[57,58]. The first feature assures that, in the heavy-quark limit, i.e. my > Aqcp, QCD
interactions at the scales my can be computed perturbatively; the second idea is essential
in understanding how short- and long-distance effects can be disentangled. The concept
of colour transparency in fact guarantees that the light, energetic meson Ms, that does
not pick up the spectator quark from the B meson, escapes the interaction region as a
compact object of small transverse size, which remains invisible to soft-gluon interactions.
Non-perturbative soft effects (i.e., of order Aqcp) are therefore confined to the B — M,
and the M, subsystems, while interactions between the two occur only at the hard scale
my and can be computed perturbatively.

This qualitative picture can be translated into a factorization formula, whose pictorial
representation is given in Fig. 2.1, according to which to leading power in Aqcp/myp, but
to all order in ag, the matrix elements of the local operators @); in the effective Hamiltonian
read

(MiM5|Qs|B) = (FPMUTH s far @, + [My 5 M)

+ T % f5Pp * far,®ar * fan®s, (2:3)

where ®; are leading twist light-cone distribution amplitudes (LCDA), and FB—=Mi

are
form factors; the star products imply an integration over the light-cone momentum frac-
tions of the constituent quarks inside the mesons. TZ-I’H are hard scattering kernels, calcu-

lable in perturbation theory. TZ-I starts at tree level and, at higher order in ag, contains
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“non-factorizable” corrections from hard-gluon exchange or quark loops. Hard, “non-
factorizable” interactions involving the spectator quark are part of TiH, which start at
order agx. The hard-scattering kernels and the light-cone distribution amplitudes depend
on a factorization scale and scheme, that is not shown explicitly in the notation of (2.3).

It is important to note that the factorization formula does not imply that hadronic B
decays are perturbative in nature. Dominant soft contributions to the decay amplitudes
exist, which cannot be controlled in a hard-scattering approach. However, at leading
power in Aqcp/my all these effects are contained in the semileptonic form factors and the
light-cone distribution amplitudes; the advantage of the QCD factorization approach is
that these non-perturbative parameters are simpler in structure than the original matrix
elements, or they are process independent and can be either extracted from experiment,
or calculated with other theoretical methods, like lattice QCD or QCD sum rules.

While at leading order in oy the result of naive factorization is recovered, at higher order
in ag the kernels Til’H contain imaginary parts, which determine the strong rescattering
phases of the decay amplitudes. The rescattering phases are therefore either perturbative,
or power suppressed. Currently, both kernels TZ-I’H are known at order a2, which means at
two-loops in case of T} [141-145], and at one-loop in case of T} [136-140].

The factorization formula is derived rigorously in the framework of effective field theo-
ries (EFTSs), in particular in soft-collinear effective field theory (SCET) in case of B decays
into two light mesons. EFTs are a powerful method to deal with problems involving mul-
tiple scales. The short-distance kernels Til’H can be determined by extracting the hard and
hard-collinear momentum regions from quark decay amplitudes, according to the strategy
of expanding Feynman diagrams by regions [76,77]. The calculation is more transparent,
when it is organized as an operator matching calculation in SCET [91,94,136,137]. In par-
ticular, because of the presence of an additional scale \/mbTQCD , the kernel TZ-H factorizes
further according to [91,92]

T =H % J, (2.4)

which involves a convolution of the hard scattering kernels HZ-H with a universal jet function
J. In the context of SCET it is possible to give a rigourous operatorial definition of these
quantities, including the form factors and the light-cone distributions amplitudes.

One should note that the factorization formula (2.3) is valid at leading order in
Aqcp/mp. Reliable phenomenological analyses in fact require the inclusion of some sub-
leading terms, which have large normalization factors; e.g., in case of the pion

2m72r N AQCD )

mp(p) (M, + ma) (1) mp

(2.5)

for realistic b quark masses these “chirally enhanced” terms are not much suppressed
numerically, and have to be included in phenomenological analyses [63,65,67]. This is
important, e.g., to obtain the large branching fractions of penguin-dominated decays like
B — wK, but it causes some conceptual problems. Factorization in fact is not expected
to hold beyond leading power in Aqcp/my, and indeed some of these chirally enhanced
terms violate it. The violation appears explicitly as an endpoint divergence in the con-
volution integrals of twist-3 distribution amplitudes with the kernels TZ-H; this implies a
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non-factorizable soft interaction with the spectator quark, while M; is formed in a highly
asymmetric configuration, in which one of the quarks carries almost all the momentum of
the meson. Similar factorization-breaking effects occur in weak annihilation contributions,
which correspond to configurations in which the b quark annihilates with the spectator an-
tiquark of the B meson, and which are also suppressed by at least one power of Aqcp /M.
These corrections are usually parameterized in an ad hoc way, and the variation of the cor-
responding parameters introduces a considerable uncertainty in the estimates of branching
ratios and other phenomenological observables. Nevertheless, it has been proven that these
factorization-breaking terms do not render the framework unpredictive; in particular, so
far no indication that these corrections should be outside the range specified by the error
estimate has come from experimental data [67].

Non-leptonic B decays have a rich phenomenology, because of the large number of final
states and observables. Having an overall understanding of them in the context of QCD
factorization increases our confidence in the reliability of the approach, and sets limits for
it. The colour transparency argument in fact does not apply to all types of non-leptonic
decays, e.g. in case of a heavy meson Ms, so that there is no factorization for these classes
of decays; similarly, endpoint divergences appear already at leading order in case of the
transverse amplitudes of B decays into two vector mesons, rendering the calculations of
these decays amplitudes more uncertain. Further developments in the application of QCD
factorization to the phenomenology of non-leptonic B decays, including decays into final
states containing scalar and axial-vector mesons can be found in [146,147,182-187]

2.2 Aspects of QCD Factorization

In this section we provide a qualitative description of factorization in non-leptonic B
decays, analysing the relevant diagrams contributing to the decays with the method of
expansion by regions [76,77], according to which the various contributions are separated
into their hard, soft, and collinear part. The qualitative evaluation of these contribu-
tions leads to the power-counting arguments that justify the factorized structure of (2.3),
and motivates the description of the amplitudes in terms of the non-perturbative objects
entering in the factorization formula.

2.2.1 Non-perturbative parameters

We start our discussion with a short description of the non-perturbative parameters en-
tering in the factorization formula, motivating their use in non-leptonic B decays. In
the following pictures the two lines directed above represent the meson Ms, that will be
assumed to be a 77, for definiteness. The two lines on the left represent the B; meson,
the lower line being the spectator (d) quark. The two lines on the right represent the
meson M7, that will be be assumed to be a D or a 7 in case of a heavy or light meson,
respectively. The black square represents the weak decay vertex for b — qud transitions,
with ¢ = u,c. In order to set notation, we assign momenta pg to the B meson, p to the
meson M7 and g to the meson My, according to Fig. 2.2. One has ¢ = g-n_ ~ my, where

ny = (1,0,0,%1) are light-like vectors defining the directions of the decaying mesons, so
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s e

B M,

Figure 2.2: Kinematics and notation.

that p = mpn_/2, ¢ = mpn, /2 when meson masses are neglected (in which case M is
light). Moreover, we define the quark and antiquark momenta in the meson M as

2 ) 2
lq—uq+lL—2umBn,, lq—uq—ll—QamBn,, (2.6)

where the notation @ = 1—u is adopted; note that ¢ # [, +1g, but the off-shellness (lq—i—lq)2
is of the same order as the light meson mass, which can be neglected at leading power in
1/mp. A similar decomposition is used for M; in terms of v, p and I, . I; will denote the
momentum of the spectator quark.

The B — M; form factor

We follow here the description given in [64] and the analyses performed in [148, 150].
Further details and references can be found in [149,151-156]. The form factors FJBHM (¢?)
arise in the decomposition of matrix elements of the form

(M(p)|qT'd| B(pg)), (2.7)

where ' represents any irreducible Dirac matrix. As an example we show here the de-
composition of the matrix element of the vector current in case of a pseudoscalar meson
M = P, that is conventionally parameterized in terms of two scalar form factors:

~ _ m% —m?2
(PO HEw) = 27 (1 -+~ TR )

2 2
T R L (2.8)
q
with ¢ = pgp — p; mp and mp are the masses of the pseudoscalar meson P and the B
meson respectively. For ¢ = 0 the two form factors coincide, Ffﬁp (0) = F({BHP (0).
The evaluation of matrix elements (2.7) requires (at order as) the calculation of the
diagrams appearing in Fig 2.3. The diagrams (a) and (b) represent a soft contribution,

while (c) and (d) can give an hard or a soft contribution, depending on the energy of the
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(c) (d)

Figure 2.3: Various contributions to the B — My form factor, taken from [148]. The dashed
line represents the weak current. The two lines to the left belong to the B meson, the ones to the
right to the recoil meson My. (a) Soft contribution; (b) hard vertex renormalization; (c,d) hard
spectator interaction.

exchanged gluon. In order to understand the relevance of the form factor in the factoriza-
tion formula, one has to determine the scaling behaviour of the two types of contributions.
A leading contribution coming solely from the hard gluon exchange would imply that
non-leptonic B decays could be treated completely in the hard-scattering approach, i.e.
only the second term in the factorization formula would appear. It is possible to show,
however, that this is not the case, i.e. the form factor receives a leading contribution from
the soft gluon exchange too, which does not admit a perturbative treatment. In the case
of a B — M transition where M is heavy, as if M = D, this is actually the only leading
contribution. The exchange of a hard gluon in fact makes the final spectator quark to have
momentum of order m; and this has no overlap with a heavy meson (where the spectator
quark is expected to move “softly” around the heavy quark). As a consequence, in the
case of a heavy meson M, like in the By — DTn~ decay, only the first term appears
in the factorization formula. In case of M light, e.g. M7 = m, the form factor receives
leading contributions from both the exchange of a hard and a soft gluon; a simple power
counting argument [148] shows that the two contributions are of order!

T Aqep 8/2
F{ ara(0) ~ ag (\/ mp AQCD) ( slb > (2.9)

for the hard region, and of order

B Agep \*?
+,0;soft(0) ~ my : (2'10)

'"We will not deal here with the argument according to which the soft contribution could be suppressed
by a Sudakov form factor, if logarithmic effects in m; were taken into account. We remind only that this
suppression should be negligible for realistic a b quark mass, my ~ 5GeV.



2.2 Aspects of QCD Factorization 15

for the soft region. Strictly speaking, the first contribution should appear as part of TiH;
however, an unambiguous separation of the two terms above cannot be achieved, because
of the appearance of endpoint divergences in the hard region, in the limit in which the
gluon becomes soft?. The solution adopted here is to bypass the problem, considering
the FJ.BHM (¢?) appearing in the parametrization of (2.8) and (2.3) as the physical form
factor [64,148,150]. One has therefore to omit the hard contribution to the form factor in
the hard scattering kernels TZ-H. A direct advantage of using a physical form factor is that
they are directly related to measurable quantities, or to the form factors obtained from
lattice QCD or QCD sum rules.

Light-cone distribution amplitudes

We follow the discussion given in [64]; further details on the precise definition of the meson
distribution amplitudes can be found in [148, 150]. Light-cone distribution amplitudes
(LCDAS) play the same role for hard exclusive processes that parton distributions plays
for inclusive ones. The leading-twist distribution amplitudes that appear at leading order
in the Aqcp/mp expansion are given by two-particle operators with a certain helicity
structure, which is determined by the angular momentum of the meson and the fact that
the spinor of an energetic quark has only two large components [161,162]. As an example,
the leading-twist LCDA of a pseudoscalar and a longitudinally polarized vector mesons
with flavour content gq’ read

ifp

1
(P@I(0)a (@)510) oo = LEra)s [ duc =m0 (0 )

) 1 L
<V||(q)’(Y(y)aq,(x)ﬁ‘0>’(x_y)2:0 = — ’LfTVgﬁa/(; du ez(uqz-i-uqy)(I)”(u,M), (211)

where the equality sign is understood as “equal up to higher-twist terms”. The operator on
the left is a colour singlet. The distribution amplitudes are normalized as fol du®p(u,p) =
1. fp, fv are decay constants, and they refer to the normalization in which f, = 131MeV.
In (2.11) a path-ordered exponential is implicitly understood, in order to connect the two
quark fields at different positions and to render the light-cone operators gauge invariant.
The LCDAs are scale dependent. While an exact definition will be given later, their basic
properties can be derived from their asymptotic form, that is defined as the limit in which
the renormalization scale is sent to infinity. In this case one has e.g.

Dy (u, 1) "= 6u, (2.12)
for both X = P, V|;. The representation of a meson in terms of LCDA assumes that it can
be described entirely by its longitudinal momentum components and that its preferred
configuration corresponds to a state, in which the total momentum of the meson is shared
equally between the valence quarks. As a consequence, the use of LCDAs in non-leptonic
B decays is justified if one can prove that there is no leading contribution in 1/m; from

2Endpoint divergences arise when one calculates the form factor in a light-cone distribution amplitudes
model.
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the endpoint regions u ~ Aqcp/my and @ ~ Aqep/myp, and that one can set [} = 0 in
the amplitude. These points have to be investigated in each diagram contributing to the
decay amplitude. It is useful to note here that neglecting transverse momenta requires to
consider them to be of order Aqcp when comparing terms of different magnitude in the
scattering amplitude. In QCD this is only an approximation, since transverse momenta are
distributed logarithmically up to the hard scale. One can prove however that contributions
that violate the assumption of limited transverse momenta can be absorbed into the meson
LCDAs; the statement that transverse momenta count as Aqcp is to be understood after
these subtractions have been performed.

The proof of these points requires the knowledge of the power-counting rules for the
LCDAs, which can be derived from their asymptotic form. From (2.12) one derives

1, eneric u,
O (u) ~ e (2.13)
Aqep/mp u,w ~ Aqgep /my,.

Endpoint regions are defined as the regions where u(a) is of order Agcp/mp, such that
the quark(antiquark) momentum is of order Agcp. The endpoint region has size of order
Aqcp/my, so that the endpoint suppression is of order (Aqep/myp)?; this suppression
has to be weighted against the potential enhancement of the partonic amplitude when
one of the propagator approaches the mass-shell. In case of the B meson LCDA?, see
e.g. [164-167], the scaling is different, and it is given by

(2.14)

A ~ A
Dp(€) ~ {mb/ Qcp; & ~ Aqep/mw,
0 £~ 1.

2.2.2 Non-leptonic decay amplitudes

To complete the proof of the factorization formula, one has to evaluate diagram by dia-
gram, checking if the QCD interaction can be separated into the convolution of the hard
scattering kernels with LCDA. According to the illustrative purposes of this section, we
give a qualitative discussion of the lowest order and one-gluon exchange diagrams, follow-
ing [64].

Lowest order

There is a single diagram contributing at lowest order, shown in figure 2.4. The spectator
quark in the B meson is soft and it is absorbed as soft in the meson M;. Such a contribution
belongs to the first term in the factorization formula, and involves the form factor. The
hard subprocess is just given by the insertion of a four-quark operator and it does not
depend on the longitudinal momentum fraction u of the two quarks that form the meson
Ms. At lowest order therefore TiI is independent of u and the convolution integral reduces
to the normalization condition for the wave-function of the meson Ms. The power counting
for the lowest order diagram gives

A(By — D7) ~ GrmiFPP(0) fr ~ GrmiAqep (2.15)

3the precise definition in terms of matrix element of SCET operators will be given in section 2.3.3
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\/

Figure 2.4: Leading-order contribution to the hard scattering kernel TiI(u). Figures 2.4-2.9 are
taken from [64].
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Figure 2.5: Diagrams at order ag that need not to be calculated.

in case of a heavy meson M; = D, and
A(By = 7717) ~ GpmE FE7™(0) fr ~ Grmy A, (2.16)

in case of a light meson M; = 7. Higher-order contribution (in as or Aqcp/mp) must be
compared with these scaling rules.

One-gluon exchange

The lowest order contribution discussed above corresponds to the naive factorization ap-
proximation. Its accuracy can be proven in QCD factorization, if we are able to show
that higher order terms in the as and Agcp/my expansions are either suppressed in one
of these two parameters, or already contained in the definition of the form factor and the
decay constant of Ms.

Diagrams with one-gluon exchange are shown in figures 2.5 - 2.9. Fig. 2.5 involves only
“factorizable” gluons, since no exchange occurs between the B — M; and the My subsys-
tem. It is easy to show that these diagrams need not to be calculated: they renormalize
the form factor (first three), which however is the physical form factor in our conventions,
and the (ud) light-quark V' — A current (last diagram), which is conserved. In order to
analyse the factorization properties of the decay amplitude we have to focus on the di-
agrams appearing in the successive figures, which contain “non-factorizable” gluons that
connect the B — M; and My system. These gluons violate the naive factorization ansatz;
the purpose of the factorization formula in (2.3) is precisely to show that their contribu-
tion can be calculated and included as an ag correction into the hard scattering kernels
TiI,H(u).

The diagrams in figure 2.6 represent a “vertex correction”, and should be included
into the scattering kernel Til. This is proven if (a) the transverse momentum of the quarks
that form M, can be neglected at leading power, i.e. the two momenta in (2.6) can be
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Figure 2.6: “Non-factorizable” vertex correction.

TN

Figure 2.7: Diagram with a “penguin” contraction. The second diagram represents a contribution

from the chromomagnetic dipole operator in the weak Hamiltonian.

approximated by ug and ug, respectively, and if (b) the contribution from the soft and
collinear gluons is power suppressed. The first condition guarantees that only a convolution
in the longitudinal momentum fraction u appears in the factorization formula (i.e., that
LCDASs can be used), while the second implies that no infrared (collinear) divergences
should appear in the sum of the four diagrams, i.e., that one can treat the contribution
perturbatively.

Neither of the two conditions is satisfied by the diagrams individually, which exhibit
infrared and collinear divergences. However, an explicit calculation shows that all the
divergences cancel in the sum of the four diagrams. This is a technical manifestation of
colour transparency, according to which soft-gluon interactions with the emitted colour-
singlet ud pair are suppressed, because they interact only with the colour dipole moment
of the compact light-quark pair. The argument however applies only if the ud pair is
compact. Factorization would fail if the emitted pion was formed in an highly asymmetric
configuration, in which one of the quark would carry almost all of the pion’s momentum.
Such asymmetric configurations however are suppressed by a probability of (Aqcp/me)?,
and would be important only if the hard-scattering amplitude favoured the production of
asymmetric pairs, i.e. if T} ~ 1/u? for u — 0, (T} ~ 1/u? for u — 1); this is not the case
for the vertex correction.

Since the hard gluons transfer large momentum to the quarks that form the emission
pair, the hard-scattering amplitude results in a nontrivial convolution with the pion dis-
tribution amplitude, implying that “non-factorizable” contributions are not universal, i.e.
they depend on the type of meson M, considered.

The “penguin contraction” diagrams in Fig. 2.7 exist for By — 7F7~ but not for
By — D*7~. In order to show that these contributions are part of T/(u) too, one has to
verify that all the internal lines are hard. This is proven, noting that the quark that goes
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Figure 2.8: “Non-factorizable” spectator interaction.

into the recoil meson 7+ must be energetic, in order to form an energetic pion, since the
spectator quark is soft; on the other hand, configurations in which the other quark is soft
are power suppressed by the endpoint behaviour of the pion distribution amplitude. This
means that the gluon in Fig. 2.7 must have a large virtuality ~ umy. This argument alone
does not guarantee that both the quarks in the loop are hard, but a comparison with
the structure of the vacuum polarization diagram shows that a configuration in which
one quark carries a large momentum, while the other is soft, is power suppressed by
(Aqep/myp)? with respect to the one in which both quarks are hard.

Contributions to the second term in the factorization formula arise because of the
“hard spectator interaction” diagrams in Fig. 2.8. As in case of the vertex correction, a
leading contribution from soft gluon exchange would prevent factorization. The mecha-
nism of colour transparency however guarantees also in this case the cancellation of soft
contributions in the sum of the two diagrams in Fig. 2.8.

More in detail, in case of the B — D% 7~ decay, the sum of the two diagrams when
the gluon is soft reads

1 1 1
A(B = D7 s ~ Grfrfofsos [ 05 [ Do) [ o

~ GpasmbAéCD, (2.17)

that is power suppressed with respect to (2.15). Strictly speaking, since the gluon has
virtuality of order fnmz ~ A(QQCD, the analysis in terms of LCDA is not justified, but it
can be used to estimate the size of the soft contribution. Considering now a hard gluon
exchange, this makes the spectator quark energetic. As already discussed for the form
factor, this configuration has no overlap with M; = D, so that in case of an heavy meson
M the second term in the factorization formula is absent. In case of a decay into two
light mesons, such as B — 717, one obtains

1 1 1
AB = 757 et ~ Grf2 o, /0 Lo () /0 L. (0) /0 W ()

13 U
GFaSm;/QA%/éD, hard gluon, (2.18)
Gpasmb_lﬂAgéD, soft gluon. .

The soft contribution is suppressed; the hard contribution has the same power counting
as the leading order (2.16), times an additional factor of ag, and therefore it has to be
included in T}
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Figure 2.9: Annihilation diagrams.

So far we have proven factorization for the vertex, the penguin and the hard specta-
tor interaction corrections, which in the heavy-quark limit are all of the same order in
Aqcp/my as the leading contribution, but are suppressed by one power of ag. It remains
to analyse the annihilation diagrams in Fig. 2.9, whose hard contribution, if leading,
should contribute to TiH, while a soft one would violate factorization. One finds however
that the annihilation diagrams are always suppressed by at least one power of Aqcp/my.

In case of the B — 7ntn~ decay, this happens because there is only one leading
configuration, in which the gluon has virtuality of order mg and all the quarks are energetic.
This configuration scales as

Grfifpos ~ GFOésmb_l/QAgéD, (2.19)

which is one power of Aqcp/myp smaller than (2.16). Other configurations, in which the
gluon has virtuality of order myAqcp, and one of the quarks is soft, give an amplitude that
is enhanced by one power of my/Aqcp, but this is overcompensated by a suppression of
order (Aqcp/me)? from the endpoint behaviour of the LCDA, and from the small region
of phase space considered. Configurations with two final-state soft quarks are even more
suppressed.

In case of B — D% 71~ decay the power counting is different because the light quark
that goes into the D meson must be soft. Hence, the virtuality of the gluon cannot be
larger than myAqcp. It can be shown that the contribution to the amplitude is still
suppressed, noting that it scales like

1
A(B = D 1 )ann ~ GrfrfDfB0s /0 dédndu®p (&)@ p(n)®r () Tann (&1, u),  (2.20)

where the dimensionless function 7%" (¢, n,u) is a product of propagators and vertices.
The product of decay constants scales like AaCD /mp; since déPp (&) and dn®p(n) scale
like 1, while du®,(u) is never larger than one, 7% (&, n,u) should be of order larger than
(mp/Aqep)? to give a contribution scaling like (2.15). Since T*™%(&,n,u) contains only
two propagators, this can be achieved only if both quarks in which the gluon split are
soft, in which case T (&, m,u) ~ (mp/Aqep)?. But then du®,(u) ~ (Aqep/mp)? and
the whole contribution is power suppressed.
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Non-leptonic decays when M5 is not light

So far we have analysed the diagrams contributing to non-leptonic B decays in case of
two light mesons, or a heavy M; and a light My mesons. It is interesting to consider
also the case in which My is a quarkonium (“onium”), like a J/1, or a heavy meson
like a D. While we are going to explain why factorization does not hold for the latter,
the decay into an onium My and a light meson M is particularly interesting. In fact,
even if a qualitative power counting analysis confirms factorization for these decays, the
presence of an additional scale makes factorization to work differently, depending on the
onium angular momentum state considered. This point constitutes the motivation for the
analysis performed in chapter 3.

We start considering a decay into a heavy My, like in case of By — 7°D% By — Dt D~
decays. Factorization is problematic in this case, because the heavy D meson has large
overlap with the B — 7 or B — D transitions. The “technical” reason is that, in this
case, the cancellation of infrared and collinear divergencies in the diagrams of figures 2.6
and 2.8 does not happen. Explicitly, the coupling of the gluon to the quark-antiquark pair
in the meson My = D reads

g = Wllg +E+me)T Tl + F)va
A 2, - k+ k2 2,k + k2’

(2.21)

from which one can see that the cancellation of this contribution, for k soft, occurs in case
of a light meson (in which case the m, term is absent) due to the symmetry between [,
and [z, which are dominated by their longitudinal components. In case of a heavy M>
however this cancellation cannot happen, because [, and /; are now asymmetric, since all
the components of the light antiquark momentum [; are soft, i.e. of order Aqcp/mp, while
the zero component of the heavy-quark momentum [, is of order of m. ~ my,. One obtains

- (5>\0F _ F(/lq-i- %)’Y,\ - 1
ko 205 -k + k2 AQCD7

I (2.22)
and the soft cancellation does not occur. The emitted D meson does not factorize from
the rest of the process, and no factorization formula applies in this case. In particular,
this implies that naive factorization itself is not expected to work. There are decays into a
heavy meson that receive contributions from both the configurations in which the D meson
is either My, or My, as in case of the B~ — D1~ decay. It is possible to show that,
for this type of decay, the non-factorizing part of the amplitude is power-suppressed with
respect to the factorizing one, and in this sense these decays can be considered factorizable,
since the non-factorizing part constitutes a subleading correction.

The case where M, is a heavy quarkonium (H) is special, because of the appearance of
additional scales beyond my, i.e. m. ~ mp — 00, the binding energy m.v? and the typical
momentum scale of a ¢ quark inside the meson, m.v, where v < 1 is the velocity of the
quark.

In case of an onium state the coupling to the gluon analogous to (2.21) is

J :'Y/\(/lq""k"'mC)F_F(/l(j"i‘k_mC)'Y/\
Ut FP =2 gt KPP -2

(2.23)
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where [, = q/2+p, l; = q/2—p in the heavy quark limit, with p = m.v ~ m.ag representing
the momenta of the charm-anticharm pair inside the onium, of order of the inverse size
of the meson. In this case the quark-antiquark pair is off-shell by an amount of order
§ ~ (meag)?. When k is soft, k ~ Aqcp, the denominators in (2.23) are dominated by the
off-shellness d, and the current simplifies to

1 dp\I’ 1
x5 UpaT + (g + mo T =D (g +me)) ~ == ~

p— (2.24)
This result is obtained noting that the two terms —l, +m., —3+m. give a contribution of
order m.a?. (2.24) shows that factorization holds, since the soft contribution is suppressed
with respect to the leading contribution. The naive argument above however does not allow
one to discuss decays into different charmonium angular momentum states. Indeed, it was
found that the estimation above works for S-wave states (e.g., a J/¢) [188-190], but not
for P-wave states (e.g., a x¢0) [191-194,196,197], motivating for further analysis, which has
been developed in our work [125], reported in chapter 3. The key point is to fully exploit
the presence of the charmonium scales m.v, m.v?. This is realized constructing an effective
field theory in which one scale is integrated out at each step. In this framework, one finds
that gluons decouple at a scale my, in case of S-waves, being soft gluon exchange suppressed
by a factor of a v?, while in case of P-waves gluons decouple only at a scale m.v?, being
contributions from soft gluon of this energy of the same order as the contributions from
gluons of energy my,.

Non-leptonic decays into two vector mesons

QCD factorization for the decays into two vector meson has been discussed in [176-181].
These decays obey the factorization formula (2.3), but they have a much richer structure
due to their polarization states, so that the decay amplitude can be decomposed into
three helicity amplitudes. A QCD factorization analysis shows that the different helicity
amplitudes have quite different patterns, already at the naive factorization level. At
leading order one finds a hierarchy of helicity amplitudes, given by

2

Ag: At AL =1: Aqop : <AQCD) , (2.25)
my
that is a consequence of the left-handedness of the weak interactions and the fact that
QCD interactions conserve helicity. This is particularly interesting in view of the search for
new physics, because different helicity structures of the primary transition could result in
a different helicity hierarchy in the decay amplitudes. Despite this possibility, one should
note that the calculation of the transverse helicity amplitudes in QCD factorization is
more involved than the longitudinal one, the intuitive reason being the fact that they are
already subleading effects.

As a short survey, we point out the main qualitative differences that one finds in
the calculation of the transverse helicity amplitudes with respect to the longitudinal one,
which follows the same pattern as the decay amplitudes into a pseudoscalar and a vector
meson [179]:
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e The spectator scattering is divergent even at leading order (in case of a decay into
two pseudoscalar mesons, divergences arise only at subleading order.). Because of
the uncertainties related to the estimate of the divergent contribution, in some cases
one can only estimate the order of magnitude of the transverse amplitudes (e.g. in
case of colour-suppressed tree amplitudes).

e The positive helicity amplitude in the Standard Model is even power suppressed
with respect to the negative one. A reliable calculation therefore requires to keep
the transverse momenta of the quarks that are collinear to both mesons non-zero,
and such a calculation has not yet been performed. In general, because of its double
power-suppression, it is consistent to set it to zero in the Standard Model.

e The helicity hierarchy in (2.25) is violated at subleading order by electromagnetic
effects [178]. A transverse polarization amplitude in fact can be generated by a
short-distance transition to a vector meson and a photon with small virtuality, which
subsequently converts into a vector meson. This transition is enhanced by a factor
(my/ AQCD)2 due to the large photon propagator, resulting in the parametric relation

- OemMp

A():A_:A_i_:ll

: 2.26
AQCD Qem, ( )
so that formally the negative helicity amplitude is leading in the heavy-quark limit.
As a consequence, the colour-allowed electroweak penguin amplitude is completely
different from its naive-factorization value.

e The weak annihilation contribution to the QCD penguin amplitude in the negative
helicity amplitude is numerically larger than in case of B — PP, PV decays. This is
another additional source of uncertainties in the calculation of the transverse decay
amplitudes.

Non-leading Fock states

A complete proof of the factorization formula requires to analyse the possibility of having
leading contributions from non-leading Fock states, i.e. final states formed by more par-
ticles than the valence quark-antiquark pair described by the LCDAs in (2.3), such as a
quark-antiquark-gluon (ggg) state.

It is easy to show that none of these contributions can be of the same order as the
leading term in (2.15), (2.16). Additional valence gluons in the meson Mjy, in fact, must
be collinear and carry a finite fraction of the meson momenta, or they must be soft in case
of the B meson. In both cases this increases the number of off-shell propagators in a given
diagram, even for the additional soft gluons in the B meson, because when connected to
the hard scattering amplitudes, the virtuality of the internal propagators is in any case of
order myAqcp.

One is left with the possibility of having a B meson state formed by additional gluons,
which are absorbed as additional gluons in the meson Mj. There is no suppression for such
contributions, but once more these contributions are adsorbed in the physical form factor.
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One has instead to show the power suppression of diagrams where one of these (soft)
gluons from the soft-overlap goes into the meson Ms, that would violate factorization.
Such a configuration would be formed by a hard quark-antiquark pair in an octet state,
together with a soft gluon. One can show by means of a non-local “operator product
expansion” that the same cancellation as in case of the vertex correction arises, so that
this contribution is power suppressed too. This covers all possible non-leading Fock state
contributions to the decay amplitude.

2.2.3 Limitations of the factorization formula

So far we have discussed the factorization properties of non-leptonic B decays, showing
the cases in which the factorization formula in (2.3) is valid or not. An important point
to keep in mind is that the overall description is valid in the heavy-quark limit m; — oo.
In the real world my, is fixed to my ~ 5GeV, and “non-factorizable” corrections to (2.3)
are expected to be of order Aqcp/myp. This has to be taken into account, especially if one
wants to perform e.g. new physics analyses, as we will do in chapters 4, 5 and 6. Therefore,
we collect here the relevant cases in which large uncertainties can arise. This is usually
the case when the leading factorizable contribution becomes somehow suppressed, due to
the presence of small parameters.

e One of the achievement of QCD factorization is that strong phases are either pertur-
bative, or power suppressed. They are important phenomenologically, because they
correspond to rescattering processes in the final state, and their knowledge allows
the calculation of CP asymmetries. One should note, however, that the perturbative
strong phases arise at order ay. In realistic B mesons, ay is not much larger than
Aqcp/my, so that non-perturbative strong phases could play an important role, too.
As a result, the calculation of strong phases has to be thought more as an order-
of-magnitude estimate than a precise evaluation; the important point is that strong
phases are predicted to be small, since they are of order .

e Depending on the topology of the transition, the leading-order contribution can
be colour suppressed with respect to the order-ag one, or viceversa. In the latter
case, that occurs e.g. for By — DTn~ and B; — nTn—, first-order corrections to
naive factorization are small, and often QCD predictions are in good agreement with
experimental results; eventually, second-order corrections may become as important
as the first-order one, even if both are small. However, in the first case, that occurs
e.g. in case of By — J/YK and By — 7’7", perturbative corrections are large,
and the strong phases become more important. Because of the discussion in the
item above, however, also power-suppressed contributions become more important,
so that larger uncertainties are expected in these decays.

e The weak Hamiltonian contains only one large Wilson coefficient, C; ~ 1, while all
the other short-distance coefficients, especially the QCD and electroweak penguin,
are considerably smaller. This pattern has to be kept in mind, because there are
decays where power-suppressed contributions come with the larger Wilson coefficient
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C1. These decays are annihilation dominated, and in this case factorization is not
expected to be reliable.

e Some amplitudes can be suppressed by a small combination of CKM matrix elements.
This is the case e.g. for the B — wK decays, that receive a large contribution from
the QCD penguin operators, despite the small Wilson coefficients, because this part
of the amplitude is enhanced by a large CKM factor, while the “tree amplitude”
that contains the larger € is CKM suppressed.

e There are a few cases in which power-suppressed contributions are numerically
enhanced. This is the case, e.g. for contribution of the penguin operator Qg =
(Jibj)V,A(ﬂjui)erA to the decay amplitude of B; — 77—, whose leading contri-
bution, corresponding to Fig. 2.4 is

2r

<7r+777|(Jibj)V,A(ﬂjui)v+A|Bd> = im%Ff%’T(O)f7T X -

(2.27)

which is formally a Aqcp/my, power correction compared to (2.16), but it is numer-
ically large, due to the factor

2m; 4(qq)
2 = T = — ~ 3GeV, 2.28
H My + My f7% ( )

which is much larger than the naive scaling Aqcp. ((gg) = (0|au|0) = (0|dd|0) is the
quark condensate.) There would be no problem if those terms could be included in
the factorization formula. However, such terms arise when considering two-particle
twist-3 distribution amplitudes, to which the factor p, is related. Twist-3 distri-
bution amplitudes have a different endpoint behaviour (they approach a constant),
so that when higher ag corrections are considered, the resulting convolution in-
tegrals are divergent. This implies that ag corrections to (2.27) are of the type
ag xlogarithmic divergence, and therefore they should be considered as leading. The
non-factorization of these “chirally-enhanced” terms may introduce a substantial
uncertainties in some decay modes.

This concludes our survey of the factorization approach to non-leptonic B decays. Having
in mind an overall picture about the arguments in favour of factorization and its limitation,
we focus in the rest of the chapter to non-leptonic B decays into two light mesons.

2.3 Non-leptonic B decays into two light mesons

Non-leptonic B decays into two light mesons involve 130 different decay channels. Due to
the large number of final states, it is beyond the scope of this introductory chapter to give
a complete derivation of all the decay amplitudes in QCD factorization. Rather, the aim
of this section is to introduce the quantities in terms of which the decay amplitudes are
expressed, and to explain, in some cases, how they are calculated in QCD factorization.
We will provide the NLO expression for them, including the relevant power-suppressed
contributions. The results described have been derived in the literature in [65-67, 179];
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q q q q
(c) (d)

Figure 2.10: FElectroweak transitions at the basis of the four-quark operators in the effective
Hamiltonian.

the explanation on how these quantities are derived will be given following the more
modern approach developed in [136,137], according to which the evaluation is organized
as a series of matching calculations in the framework of the effective field theories (EFT).

2.3.1 Decay amplitudes
Effective weak Hamiltonian

In Fig. 2.10 we show the electroweak transitions responsible for the b-quark decay into
lighter quarks. These involve the electroweak bosons W, Z and photons, so that the
typical scale of the momenta exchanged is of order Myy. This is much larger than the
typical hadronic scale, that is of order of the mass of the decaying hadron, i.e. ~ mp. The
true picture of a decaying hadron is therefore described by effective point-like vertices,
which are represented by local four-fermion operators ); multiplied by short-distance
coefficients C;, that have to be regarded as effective coupling constants. The derivation
of these effective operators is known as operator product expansion, (OPE); the series of
operators is collected into an effective weak Hamiltonian, which in case of non-leptonic
decays reads

10

G

HSM = 7’; > AP (leI; + Q5+ D CiQi + CryQry + ngQgg> +he., (2.29)
=3

where AI(,D) = ViV, p represents a product of elements of the quark mixing (CKM) matrix,

p=u,c

and p = u, ¢, while D = d, s depending on the transition. One obtains the effective Weak
Hamiltonian above using the unitarity relation A, + A. + A = 0 to eliminate the A; term
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in favour of A\, and A.. Qll),2 are the left-handed current-current operators arising from W
exchange, fig 2.10 (a), @3 ¢, fig 2.10 (b) and Q7. 10, fig 2.10 (c) are QCD and electroweak
penguin operators respectively. @7, and Qg4, fig 2.10 (d) are the electromagnetic and
chromomagnetic dipole operators. Explicitly, the four-quark operators read

Qf = (pb)v-a(Dp)v-a Qb = (pibj)v—a(Djpi)v—a

Q3= (Db)v-a > ,(qq)v-a Qa = (Dibj)v—-a > (%) v—a

Qs = (Db)y -4, (q9)v+a Qs = (Dibj)v-a >, (Gjgi)v+a

Q7= (Db)v-a >, 3eq(@@)v+a Qs = (Dibj)v-a Y, 5¢4(qjqi)v1a (230)
Qo = (Db)y-a >, 5¢q(q9)v-a Q10 = (Dibj)v-a Y, 5e4(qjqi)v—a

Qry = —g=mpDoy, (14 45) F*b Qsg = —g2zmp Doy (1 4 75)GHD,

where (q1¢g2)v+a = q17u(1 £ ¥5)q2, i,j are colour indices, e, are electric charges of the
quarks in unit of |e|, and the summation is over ¢ = u, d, s, ¢, b. The definition of the dipole
operators corresponds to the sign convention iDH = i0* + g4 ALt, for the gauge covariant
derivative. The short-distance coefficients contain effects associated with the electroweak
scale, or above (see section 2.3.2); they are therefore the elements where possible new
physics effects enter. The decay amplitude is obtained taking the matrix element of the
effective Hamiltonian between the initial and final states:

A ~ (M| M| Heg| B). (2.31)

Transition Operators

Depending on the decay considered, different operators appear in the matrix element of
(2.31). According to the QCD factorization formula, their calculation can be organized
by matching the effective Hamiltonian onto two transition operators, such that its matrix
element is given by
(M{Ms|He|B) = > NP (MIM| TR + TEI|B); (2.32)
p=u,c
the two operators reflect the two terms appearing in the factorization formula, the form

factor and the hard-scattering terms. In the literature [65], the transition operators are
organized in terms of their Dirac and flavour structure. Focusing first on 7}, one has

Th = ar(MiM3)6pu(pb)v—a ® (Dp)v—a + az(M1M3)0p,(Db)y -4 @ (pp)v—a

+az (M My) Z(Db)V—A ® (Gq)v—a + as(M; Ms) Z(Qb)V—A @ (Dq)v-a

+as(MiMy) Y (Db)y—a ® (qq)v+a + as(MiMa) Y (=2)(qb)s—p ® (Dg)sp

_ 3 3
+az(My M) Y (Db)y 4 @ 2¢a(@9)v+a
q
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+ag (M Ms) Zq:(—?)(qb)s-P ® ;eq(DQ)S—f—P

_ 3
+ag(My Ms) Y (Db)y 4 © 2¢a(@9)v-a
q

_ 3
+a10(M1M2) Z(qb)V_A & ieq(Dq)V_A, (2.33)
q
where (G192)s+p = @1(1 = 75)q2, and a summation over ¢ = u,d is implied. The symbol
® indicates that the matrix elements of the operators in 7;11) must be evaluated in the
factorized form (M{M,|TY|B) = (M| M}|j1 @ j2| B) = (M{|j1|B)(Mj]|j2]0), as appropriate.
“Non-factorizable” corrections are therefore included in the coefficients a;.

Flavour amplitudes

With the notation employed in (2.33) the terms in the transition operator are in direct
correspondence with the operators appearing in the effective weak Hamiltonian. In order
to treat in a unified way decays into PP, PV and V'V final states, however, it is more
suitable to introduce another notation, whose purpose is to keep track only of the flavour
structure of an operator [67]; the reason for this is that operators with different Dirac-,
but identical flavour-structure, always contribute in the same combination to a particular
set of final states.

Fixing the flavour convention for the meson flavour wave-function as

B~ ~ b, By ~ db, B, ~ 5b (2.34)
for the B meson states;
1 - _
0 - - o -
m ~ —(uu — dd), T o~ ud, T~ du,
7z dd)
K° ~ ds, K° ~ 35d, K~ ~ s, Kt ~ su, (2.35)

for the non-singlet members of the light nonet of pseudoscalar mesons, with analogous
expressions for the corresponding vector mesons, and assuming

1 _
Mg ~ %(ﬁu +dd), s~ Ss; (2.36)

in case of flavour-singlet mesons?, the transition operator T% can be rewritten in terms of
six flavour topologies, i.e.

Th = Opuct (M1 M) A([qsp][PD]) + dpucra (M1 Ma) A([Gs D] [pp])

+ aj (M My) Z A([gsD][qq]) + oy (M1 M2) Z A([gsql[gD])

“We follow the convention of treating the n meson (and similarly the 7/, the w and the ¢ mesons) as
a coherent superposition of the flavour component 7q, 7s; moreover, in case of the w and ¢ mesons ideal
mixing is assumed.
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408 (VM) 7 2 g A([a: Dllaa) + 0 gy (M M2) 3 S AllguallaD))

(2.37)

where the sum extends now on ¢ = u,d, s, and g5 denotes the spectator antiquark. The
operators A([Gnr, gn ) [@r, 90, ]) also contain an implicit sum over gs = u,d, s to cover all
possible B-meson final states. The coefficients ! contain the dynamical information, while
the arguments of A encode the flavour composition of the final state. The utility of this
notation is that the coefficients «; introduced in (2.37) are in close correspondence with
the “graphical” or “topological” amplitudes defined in the literature: a; (ag) with the
colour-allowed (colour-suppressed) tree amplitude; of] with the QCD penguin amplitude;
oy with the QCD flavour-singlet penguin amplitude; o gy, (o) gyw) with the colour-
allowed (colour-suppressed) electroweak penguin amplitude. The matrix elements of these
operators are defined as

(M} M| o? (M M) A(L - [ DIB) = el (M] M) Aygyag (2.38)

whenever the quark flavours of the first and the second square brackets match those of
M and M), respectively, and

(M Mol (My Mp) A([... ][ 1) B) = cof (M5M7) Apgg ey

whenever the quark flavours of the first and the second square brackets match those of
M/ and M. The factor ¢ denotes a Clebsh-Gordan coefficient 1, +1/ V2, from the flavour
composition of the mesons. Since the coefficients «; contain the non-factorizable correc-
tions, the operator A([Gas qnr][@nnans,]) are intended to be evaluated in the factorized

form, so that®
Gr _ _ _
Ay = \f<M1|( qsT')| By, ) (M3|(qT'q")[0), (2.39)

1.e. more explicitly,

BMl( )fMQ’ lfMlMQZPP,
. mEZAFM0) far,,  if MiMy = VP,
Ann, = 27; —meBM1 0) far,,  if MyMsy = PV, (2.40)
mB AL 0) fary, i My My = VOV,
mBmVQf:I: 1(0) fMQ’ if M1M2 Vivi-

Here fi, Ag denote pseudoscalar and vector meson form factors, while fjs, are the longi-
tudinal decay constants, normalized according to

(= ()ldypv5ul0) = —ifrqu,  (p~ (q)|dyuul0) = —ifympe,. (2.41)

With this normalization, at leading order the « coefficients are simply given by a combina-
tion of short-distance coefficients. This allows us to recover in (2.40) the helicity hierarchy

Ssince gar, = Gs in (2.39), the flavour structure of the operator A([Gns,qnr,|[Gmsqnr,]) is determined
unambiguously from that of the operator in (2.39).
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that was described in par. 2.2.2, (2.25): the further suppression of the positive helicity
amplitude with respect to the negative one follows from the fact that f f Vi (0) ~ Aqcp/mp
in the heavy-quark limit [179].

In order to explain the notation we consider e.g. the decay By — 7°p°, for which
qs = d, D = d. The spectator quark can go to either one of the two mesons, so M; can be

7% or p¥, and, for instance,

- = 1
(7% (M1 M,) Y~ A([dg)[qd))| Ba) = —5 [ (m°0°) Ao o + 0 (p" ") Agoro] 5 (2.42)
q
on the other side, according to the flavour definitions in 2.35,
(n"p%|ak (M1 M2) Y " A([dd][qq])| Ba) = 0, (2.43)
q

because ¢ = u, d contribute equally but with opposite sign for the mesons 7% and p°.
Since the contributions of the “non-factorizable” corrections is usually given in terms
of the a; coefficients, we provide here the relation between them and the coefficients «;:

Ckl(MlMg) = al(MlMg),
a2(M1M2) = CLQ(MlMQ),

ap(MlMg) - ag(Mle), if MlMQ == PP, VP,

oy (MiMp) = q 7 » :
a3(M1M2) + a5(M1M2), if MiMy =PV, VV,

aZ(MlMg)

alf (M1 My) + r}2ag (M My), if MyMs = PP, PV,
al) (M My) — rM2al (M My), if MyMy =V P, VYV,

ag(MlMg) - GI;(MlMg), if M1M2 = PP, VP,
ag(Mle) + a?(MlMg), if MiMy =PV, VV,

P (M M) + rM2gP (M, Ms), if MMy = PP, PV,
of oy (MiMy) = | CW0MAM) F (M), i MM (2.44)
’ aly (M1 M) — r¥2ag(My My), if MyMy = VP, VV,
where the ratios rfé/[? are defined e.g. as
2m? 2m?
) = () = T (245)
X () 2mq (1) X my () (Mg + ms) (1)
or as L)
2my f
v v JvK
r = , 2.46
X () my(p)  fv ( )
and the scale-dependent transverse decay constant reads
(V(p, €)|doud|0) = fir (pues, — puep)- (2.47)

It remains to analyse the flavour structure of the transition operator 7']5 . Since it
describes hard-scattering interactions where all the six quarks are involved, it has to be of
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the form B([gar, qnr, | [Grn 901, ]]@sb)]), with possible sum over quarks from penguin operators
or flavour-singlet conversion g — gq. We define the matrix elements of the B operators as

(M{MB([..][...][.. DIB) = c By vy, (2.48)
with G
BM1M2 = iiT;foleng (249)

whenever the quark flavours of the three brackets match those of M;, M and B. The
constant c¢ is the same appearing in (2.38). The upper sign in the definition of Bz, as,
applies when both mesons are pseudoscalar or vector, while the lower sign in the remaining
two cases.

The most important case of spectator scattering is when the spectator-quark line goes
from the B meson to the meson M. This transition involves a hard spectator interaction,
in which (at NLO level) a hard gluon is exchanged between the spectator quark and the
quarks of the meson M (Fig. 2.8), and it is the only spectator interaction appearing at
leading order in the heavy-quark limit. In this case gs = gas,, so that there are six possible
different flavour amplitudes, in direct correspondence with the six A-operators, according

to
By v

A
It is therefore usual to absorb the spectator contribution into the coefficients «;. In this

B([QSQMl][(jM2qM2HQSb]) A([QSQMJ[QMQ(]MQ]); (2'50)

way, the operator T} contains all the leading-power contributions in the heavy-quark limit;
T} contains only the power-suppressed weak annihilation contribution, and therefore it
can be parameterized as

Th = Spubi(MiMs) Y B([aq/][q'u)[D0]) + 8puba(Mi M) Y B([uq'][' D] [ab])

M) S B(lad ' Dlfa]) + (M) S Bag') ][ Db)
(M) Y SegB(ad 7 Dlfa)

(VM) 3 e B(ad )] Db)

+ s (M1 M) S B([ma[d DV + 3pubs2(Mi M) 3 BaDlfa'e )
055 (M1Mo) ), B(iaDllallab]) + b5, (Mib) ), Bllaall7'¢ DY)
g (M1 M) S SegBaD)ld )2

8w (M M2) S ey B(ladld o DY), (251)

4,9
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where the sum extends over ¢,¢' = u,d,s. The sum over ¢ arises because a quark-
antiquark pair must be created by g — ¢@’q after the spectator quark is annihilated. The
operators with the flavour structure >°, , B([qq'][¢' D][gb]) are redundant, because they
are equivalent to Zq’q/A([(jsq] [gD]), which includes an implicit sum over g;. The six
coefficients with subscript “S” contribute only to final states containing flavour-singlet
mesons or neutral vector mesons. We will write the amplitudes in terms of

Bl = iMlMZb‘f(MlMﬂv (2.52)
M My
whenever Ay, as, does not vanish; otherwise, we will express them in terms of the original
bF (M Msy).
To conclude the section we give, as an example, the expression of the amplitude of two
decays, written in the notation described: the AD = 1 decay

1 1
ABOHﬂer— = Z )\éd) {Aﬂ'p |:6pua1 + Cli + asEw + 5;13) + ,BZ - §5§,EW - §B§7EW:|
p

+ Apﬂ' [6pu,81 + /85 + BZEW} }’ (253)

and the AS = 1 decay

V2Ap- pop- = Z )\éd) {Aer {51911(041 + B2) + o + aZ,EW + 5§,EW]
p

3
+ Az, [5pu0z2 + §a§,EW} } (2.54)

In the phenomenological application of chapters 4, 5 and 6 we will use NLO expressions
for the coefficients a and 5. In section 2.3.3 we show an example on how they can be
derived using EFTs techniques, while in section 2.3.4 we will provide the NLO result for
them.

2.3.2 Short-distance coefficients

The short-distance coefficients are obtained matching the amplitudes calculated in the
full theory to the amplitudes obtained in the effective theory, described by the weak
Hamiltonian (2.29). The full amplitudes involve the diagrams shown in Fig. 2.10, which
contain the exchange of virtual heavy particles like the W and Z bosons, and the top
quark. In extensions of the Standard Model, one has to consider the possibility of having
flavour-changing currents mediated by new heavy particles. This will be the case, indeed,
in the analyses performed in chapters 4 5, and 6. The short distance coefficients depend
on the masses of the exchanged heavy particles and involve virtualities of order ~ My .
When the QCD interaction is taken into account, the short-distance coefficients acquire
a scale dependence, which match that of the matrix elements of the effective operators.
QCD effects must be evaluated at the hadronic scale ~ my, which is still large enough to
allow for a perturbative treatment. Because of the large hierarchy m; < My, however,
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large logarithms In Myy /my appear, which compensate the smallness of ag(my) and spoil
the reliability of the perturbative expansion. The solution is to consider the renormaliza-
tion group improved perturbative expansion, which allows to resum large logarithms of
the type a2 (In My, /p)"™ and o (In My /u)"~! to all order in as. The procedure consist in
calculating the short-distance coefficients at the scale u ~ My, c (M), where large log-
arithms do not appear. We calculate then the anomalous dimension of the corresponding
operators, and derive a renormalization group equation for the short-distance coefficients,
whose solution allows us to derive an expression for them at the low scale, according to
C(p) = U(p, My )C(Myy), where U(p, Myy) is the “evolution operator”.

Consistency in the perturbative expansion requires all the terms appearing in the decay
amplitude to be homogeneous in the coupling constant ag. At LO one has therefore to
consider both the short distance coefficients and the matrix elements of the operators at
leading order in ag; at NLO the leading order matrix elements of the operators needs to
be multiplied with the NLO expression of the short-distance coefficients, and vice versa.

At NLO we use the evolution operator adopted in [65], which reads

Clp) = |Ug + %:)JUO — %@UOJ + ZL: (ﬁf{o + Rlﬂ C(My), (2.55)
where the matrices Ug, J, Rg, R depend on the ratio as(p)/as(My) and on the anoma-
lous dimension and (8 functions. It corresponds to consider some electroweak effects of
order aey as leading; in fact, in (2.55) the term Ug + (aem/s)Ro represents the leading
order result, being the remaining ones the NLO contribution.

In the Standard Model, only one short-distance coefficient, Cj, is O(1), the other
coefficients being significantly smaller: the QCD penguin short distance coefficients are of
order of some per cent, while the electroweak penguin ones are of order of some per mill.
This hierarchy is important in phenomenological analysis, and it has to be kept in mind
in particular when comparing with possible contributions from new physics. In table 2.1
we show the LO and NLO values of the Standard Model short-distance coefficients.

2.3.3 Calculation of the matrix elements in SCET

The purpose of this section is to show how effective field theory techniques can be used
to calculate the flavour amplitudes «;, 3; defined in section 2.3.1. Since this is needed
only as an example, in order to introduce the techniques used later in chapter 3, we will
focus on the general case, leaving out more subtle discussions such as the derivation of the
flavour-singlet QCD penguin amplitude «g, the discussion of flavour-singlet final-states,
and higher order corrections in Aqcp/mp. These results are included without derivation
in section 2.3.4.

Power counting

The evaluation of the diagrams containing non-factorizable gluon exchanges can be or-
ganized as a series of matching steps between different effective field theories [91,93, 94,
136-138, 150]. In this way the evaluation is more transparent, and the structure of the
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NLO Cy Co Cs Cy Cs Cs
p=my/2 | 1.137 | —0.295 | 0.021 | —0.051 | 0.010 | —0.065
= my 1.081 | —0.190 | 0.014 | —0.036 | 0.009 | —0.042
p=2my | 1.045 | —0.113 | 0.009 | —0.025 | 0.007 | —0.027
C7/em | Cs/tem | Co/atem | Cro/ctem | CEI cgt
p=my/2 | —0.024 | 0.096 | —1.325 | 0.331 — —
1= my —0.011 | 0.060 | —1.254 | 0.223 — —
= 2my 0.011 | 0.039 | —1.195 | 0.144 — —
LO C, Cy Cs Cy Cs Co
p=my/2 | 1185 | —0.387 | 0.018 | —0.038 | 0.010 | —0.053
= my, 1.117 | —0.268 | 0.012 | —0.027 | 0.008 | —0.034
p=2my, | 1.074 | —0.181 | 0.008 | —0.019 | 0.006 | —0.022
C7/cem | Cs/em | Co/ttem | C10/em C?g ng
p=my/2 | —0.012 | 0.045 | —1.358 | 0.418 | —0.364 | —0.169
1= my —0.001 | 0.029 | —1.276 | 0.288 | —0.318 | —0.151
= 2my 0.018 | 0.019 | —1.212 | 0.193 | —0.281 | —0.136

Table 2.1: Wilson coefficients C; in the NDR scheme, based on (2.55).

factorization formula naturally emerges. In case of exclusive non-leptonic B decays two
kinds of short-distance modes are successively integrated out: hard modes, with virtual-
ities of order mg, and hard collinear modes, with virtualities of order \/mbTQCD. The
first matching step leads from QCD to the so called SCET], while the second one leads
from SCET] to SCETy. The effective theory SCETy; only contains long-distance modes
with virtualities of order Agcp. In the B meson rest frame these are denoted as “soft”
(all momentum component of order Agcp) and “collinear” (one momentum components
scales like my). Fields and operators in the effective theory have a definite power-counting
in terms of the expansion parameter A> = Aqcp/mp. A short introduction to SCET and
SCET, with their field content and scaling is given in appendicx A. The purpose of this
section is to show how the operators that contribute at leading order in the Agcp/my,
expansion can be singled out, following the strategy discussed in [93,150].

Firstly, one needs to single out the operators contributing in SCET}. For this purpose,
fields in the collinear sector defined by the direction of the meson M; (that picks up
the spectator antiquark) and therefore moving in the direction of the vector n_, will be
denoted by §c7hc6; fields moving in the opposite direction, n, belong to the collinear-2
sector (meson Ms) and will be denoted by Xc ne; the heavy quark field will be labelled by

Swe label here the hard-collinear fields in SCET; with the index “hc”, even if this is a bit improper,
since in SCET} no distinction between hard-collinear and collinear-modes is done; this choice reflects the
subsequent matching to SCET1r.
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the time-like vector v = (n_ 4+ n,)/2, with v?> = 1. We will not consider here the flavour
content of these operators (as well as Dirac or Lorentz indices), which can be determined
matching them with the corresponding operators in the effective weak Hamiltonian; we
will focus on this in the next section. In the second matching step, one has to generate
the minimal field content

[Gs - - Bo)l€e - Eel[Xe - - - Xe] (2.56)

that is necessary to build up the initial and final state quantum numbers (the dots stand
for additional ¢g pairs or gluons fields of the same kind); we do not consider flavour-singlet
meson in this example. The generation of soft and collinear fields from hard-collinear ones
costs a certain power of the small expansion parameters A, which can be read off the
corresponding interaction terms in the SCETT Lagrangian. Examples are

Ene 2 &6,

Ehe > €A,

Ab D Gk,

Al 5 g (2.57)

Not considering three-body SCET} operators, which give in the end subleading contribu-
tions, we focus instead on the four-body operator

[)thth] [ghchv] ~ )\6, (2.58)

that constitutes a leading contribution to TZI. In order to see this, we first analyse its
matching to SCETy; operators. The conversion of the hard-collinear quark-antiquark pair
to a collinear one costs twice a power of A (see (2.57)), and the conversion of & costs a
factor of A%, for instance through the chain

ghc >\_2> gcAﬁc )\_2> gc[@s&c]? (2-59)

these four-quark operators therefore match onto 6-body operators in SCETy, which scale
as M2, To understand if these operators can give a leading contribution to the amplitude,
their matrix elements must be compared with the naive factorization result, whose scaling
is ~ fa, ff M N e g. in case of B — PP transitions. Defining the mesons with respect
to the exact soft-collinear Hamiltonian, so that the meson states are the same as in full
QCD, one has the conventional normalization of hadronic states:

[B(ps)) ~A7%, [M(p)) ~ A%, (2.60)

with M one of the light mesons. The matrix elements of the six-body SCETy; operators
scale therefore as \°, and constitute a leading contribution to the decay amplitude. In a
similar way one can prove that the five-body operator

[)thth] [ghcAﬁchv] ~ )\7 (2.61)
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matches onto a leading-power six-quark operator in SCETy;, which correspond to the
factorizable hard-spectator diagrams in the QCD factorization approach, and that the
operator

[gthhc] [)thghc] [q_shv] (262)

matches onto a 6-body operator of order A4, and therefore subleading, corresponding to
the 1/my-suppressed annihilation graphs of Fig. 2.9.

Following the same strategy, a complete analysis can be performed, and all the oper-
ators contributing at leading- and higher orders can be singled out. Here we have shown
how the two leading-order operators arise, and we have given an example of a subleading
operator. In the next paragraph we are going to explain in more detail the matching
process for the two leading operators.

From myp to \/ My AQCD: SCETI

We consider only final states containing non-singlet PP, VP, PV or longitudinally po-
larized V'V mesons. The Lorentz and Dirac structures of the leading SCETT operators
individuated in (2.58) and (2.61) is fixed by chirality conservation (with respect to the
operators Q; in the effective weak Hamiltonian) and the requirements that the operator
be a Lorentz scalar. It follows that the structure of the collinear-2 sector bilinears can be
only of the type (xWe2)(tn_)_(1+ 75)(W22x)(0); the two operators are then reproduced
multiplying this with an AO- and Bl-type current from the B — M transition [150],
defined in appendix A.1, (A.29). One has a set of four operators of the form

0L alt) = | (xWe)tn) "5 (L F 1) (Wh x| [ @t (1 ),

o [ AP @ WP Warl(5m )1+ 2.

my

Ol alt.s) = | (VWea)(tn) - (1 5 1m) W

W) G WP Wl om0+ ) (2.69

The operators O}J’ r include the short-distance coefficients é}fo), C’}fl)(é) such that their

matrix elements are proportional to the form factor ffMl (0) (A(]]g Mi(0) for vector mesons)
in QCD. In (2.63) fields without position argument are at = 0, and the field products
within the large brackets are colour-singlets. In (2.63) W,; are Wilson lines, as explained
in appendix A. The diagrams corresponding to these operators are shown in Fig. 2.12.
In order to determine the flavour structures of the operators, one has to consider all
the possible contractions of the operators in the effective weak Hamiltonian that give rise
to a given final state. In figure 2.11 we show the various contractions of the effective vertex
with the external quark-lines. Initial and final state mesons are denoted by their flavour
content, so that, for instance, in Fig. 2.11 (a) the B meson has flavour quantum number
[Gsb], the meson My is represented by the up-going quark lines, with flavour content [uD],
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NN

Q1,2(3..10) Q12(3...10)
(a) (b)
D q D q
bl sl L
b q b q
Q1,2(3..10) Q3 10 Qsg
(c) (d) (e)
D q D q
Jsil Jol L
b q O b q
Q1,23..10) Qs..10 Qsg
(f) (8) (h) (i)
q q q q q q q q

p(D,b) QQ’
b{}Db‘ D b D b D

Q1.2(3...10) @3..10 Qry Qsg
(i) (k) @ (m)

Figure 2.11: The various contractions of the external lines with the weak effective vertez, exclud-
ing the exchange of arbitrarily many gluons. The connected fermion lines indicate the contraction
of the spinor indices. Picture taken from [137].

and the meson M; has flavour content [gsu]. The picture does not include arbitrarily many
gluons, that may connect the quark lines, or originate from a quark line and connect with
the spectator quark. It is possible to see that many different contractions are possible,
that in the end are in correspondence with the flavour amplitudes introduced so far in
section 2.3.1. A detailed discussion about the various ways a given operator ; appears in
the contractions is not needed here, and we refer for this to [137]. We note only that the
“right” (a) and “wrong” (b) insertion in the first line of Fig. 2.11 can contribute to any of
the topological amplitudes «;, while the contractions in the second line contributes to o;
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X X X X
B, \// 3 he, \// 3
—ee- . = -
o'(t), Ale
O(t,s)

Figure 2.12: Vertices corresponding to the SCETy operators OIL’R, OILI’R.

contractions from (h) to (m) contribute to the electroweak penguin amplitudes. This can
be seen by comparing the flavour labels of Fig. 2.11 with (2.37). In the end, the flavour
structure of the operator in (2.63) can be taken into account adding the following labels

to them:

OILI};{ - OILI}{( [@sqnn ) ar G0, ). (2.64)

where the labels gy, , and qaz, give the flavours of the fields €, X, and x, respectively; the
label gs is redundant, and it is added to match the notation in (2.37). At leading power in
Aqcp/my then, the complete weak Hamiltonian in (2.29) can be accounted for in SCET}
(not counting flavour-singlet final states) by

Hog = L Z AP <5pu{T11*OIL([(ISU][ﬂD]) ' * Op ([gsu][uD))

puc

+T % Op([gs D] [wu]) + Hy' » OF ([q: D] [wu])}

+ Z { *ZOk qsD HH’p*ZO

k=L,R

P IL
T3kaw x Z erk qsD HBkI;]W * Z er ])}

- {TL;”*ZO;&([q;q] aD]) + 5« 3" 0 (gq]laD)

k=L,R
T+ 3 5ea0k(0:0]laD)) + Hiffiny » 3 5 e,Of (.allab)) })  (2.65)
q q
where we employed the notation
7L %Ol = / GTLEOL),  HI«ON = / dids ANE 3 0Nt s),  (2.66)

where ¢ and s depend on the integration variables via § = nyps = mps, t = n_qt = mpt.
The sums over ¢ extend over the light quarks u, d, s, as in (2.37). The coefficients

Th (u) = / di " Th (),  HPY(u,v0) = / df ds %) f1(7 3) (2.67)

(2
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correspond to the hard scattering kernels appearing in the factorization formula. Since no
expansion in m./my is performed, these coefficients are functions of the ratio s. = m./my,
whenever diagrams with internal charm-quark loops contribute.

The individual terms in (2.65) are in close correspondence with the a; amplitude pa-
rameters. The precise connection follows by evaluating the matrix elements of (2.65). Be-
cause the SCET Lagrangian contains no leading-power interactions between the collinear-2
and collinear-1 fields, the matrix elements of O/,IC7 O,IJ fall apart into two factors each. For
a pseudoscalar My = P,

ifpm ! -
(PUEW) ) o (1 5 (Wh0l0) = #7272 [aueapt),  08)

while for a vector My = V' with polarization vector ¢, we have

ifym ! d
VAW n) 1 £ 50 (W) 0) = =T [Caue o), 200)

such that only the longitudinal polarization state contributes. Here ®p(u) (Py(u)) de-
notes the leading-twist light-cone distribution amplitude of a pseudoscalar (longitudinally
polarized vector) meson. Using [156]

1
(PUEWo) 5 WA DLWl 51 )1+ 50| B) =~y [ dr ™ Zp(r), (270

1
- . D, * irg M —
(V|(€Wc1)¢7+[Wjﬂlﬂichl](Sm)(l +%5)ho| B) = mymy (ny. - € )/0 dre me/ =Z)(),
(2.71
and defining
o Ep(’]’) M1 = P,
2 () —{ =t (2.72)
2y 2I(7) ML=V,
we can write the matrix elements of the terms in (2.65) as
1
(1 00) = [ du T ) By,
L e B 0) Ery (1 0) B () (2.73)
2FBM1(0) J, ik » V) =My M :

with FEM1(0) = fPM(0) when M; = P, and FEMi(0) = AJM'(0) for My = V. The
index i applies to ¢ = 1,2,3,4,3EW ,4EW, and k = L, R except for i = 1,2, where k
is empty (as is p). The two coefficients «y(M;My), aa(M;Ms) correspond to the “tree”
flavour amplitudes in (2.37), while the four “penguin” amplitudes are given by

b (M My) = of, (MyMy) F o (M My),
b (My My) = of | (My My) T o (M, My),
ag,Ew(MlMQ) = O‘gL,EW(MlMQ) :F%R pw (M1 M>),
QZ,EW(MlMQ) = QZL,EW(MlMQ) :FO‘4R ew (M1 Mz), (2.74)
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Figure 2.13: Hard spectator scattering in SCET].

where the upper (lower) signs correspond to the case My = P(V). In terms of the am-
plitudes a;, the coefficients azr.4r.30,Ew:ar,Ew correspond to as.s;s:.10 respectively, while
a3r;3r,EW to as;7. The remaining asr.4rEw vanish, while ag,;g correspond to power sup-
pressed contributions and therefore do not appear in this derivation.

From A/ My 1\(2(]1) to 1\()(3[): f;(j]ﬂ']?ll

Hard-collinear momentum regions appear only in the spectator scattering, which convert
the soft spectator antiquark into the collinear antiquark in the meson M;. The matching
onto SCETyy therefore leaves unchanged the first term on the r.h.s of (2.73), while the
SCET] form factor Zj, related to the matrix element (2.70), (2.71) must be matched
onto SCETy. This involves the matching of the B-type current appearing in O,IJ onto
a four-quark SCETy; operator, corresponding to the evaluation of the diagram in Fig.
2.13. In the end, the form factor =y, is expressed in terms of a jet function Jj(7;u,w),
that represents the matching coefficient of the four-quark SCET; operator, and light-cone
distribution amplitudes, in terms of which the matrix element of the four-quark SCETy;
operator is expressed, since it splits into its soft (B meson) and collinear (meson M) part,
according to

00 1
) =52 [ L isvni) [ dwfintano) Jrww), (279

(1]

N 4177lb

because no leading soft-collinear interactions appear in the SCETy Lagrangian. In more
detail, the result in (2.75) is obtained defining the matrix element of the bilinear composed
of the collinear quark-antiquark pair that forms the meson M as in (2.68), (2.69), while
for the soft b- and spectator-antiquark bilinear that form the B meson one has

Ol (e o)) = L5 (L5 [ s 0) ot 0] )
(2.76)
with -
B (t) = /0 dw e B 5. () (2.77)

the Fourier transform of the B meson distribution amplitude. This step allows to rewrite
(2.73) in a form similar to the factorization formula

1 1 o) 1
(Mgg(lv{1JV{2) = ‘/g (iQLj}&}7(QL)d@A4§ (1L) — EEEﬁE?KZIZEjjljg (ibd‘jﬁ du dv
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TP (u,v) fp® a1 (W) fan @an (0) fan®an (u),  (2.78)

with
ILp mp ! ILp _
T, (u,v) = “Sm o dz Hy P (u, 2) Jy (230, w). (2.79)
The jet function is unique, i.e. all the hard-scattering functions HZ.I,i’p are convoluted with
the same .Jj(Z;v,w). The jet function has been calculated at order a2 in [153-156]; at

order ag, consistently with the NLO results presented below, it reads

draCr 1
N, mpwv

J|(Zv,w) = 0(z —0). (2.80)
To conclude this section, we note that because of the two matching steps, the spectator
scattering involves two scales p ~ my, p, ~ /My AQep, so that large logarithms involving
the ratio of the two scales may appear, and they must be resummed, according to

C () H" (1) % J) (1) % [f5® 1) (1) * P, (1) + Py (1)

= C()H" (W)U (1, i) * Ty (pn) * [o® 1) (1) * ®ar, (1n) * @ary (pn), - (2.81)

where U (i, up,) is the evolution kernel for the SCET operator O, While in the first line
either H'! () or Jj(pr) contains large logarithms, neither H'!(u) or Jy(up) does. The
evolution kernel for O factorizes into Uy, related to the Brodsky-Lepage kernel [69, 70]
in the collinear-2 sector and the evolution kernel Uj(u, j15) for a Bl-type current. Since
UL (1, pn) @ s, (n) = ®as, (1), we can write the previous expression as

C () H™ (1)U (1, 1t1) * Ty (1) * [F5@ ) (1) + @y (1) % By () (2.82)

In our NLO analysis however this feature is not considered, because no distinction is made
between @, (p) and @, (1), that is beyond the NLO precision. Moreover, Uy (u, p15) is
not calculated, so that we will use

C () H (1) % Ty (1) * [fo®@ 4] (1n) * Py (1) * Py (1)- (2.83)

2.3.4 NLO results for the topological amplitudes

We collect in this section the NLO expression of the topological amplitudes, summarizing
results obtained in [65-67,179]. These expression are needed to calculate the decay ampli-
tudes in the phenomenological analyses of chapter 4, 5 and 6. We provide the expression
of the coefficients a;; results for the topological amplitudes «; can be obtained using the
relations in (2.44). The results shown in this section rely on the following approximations:

e Flectroweak penguin effects and electromagnetic corrections. Electromagnetic correc-
tions to the QCD coefficients aq, ao, o and of] are neglected, since they are much
smaller than the NLO QCD corrections; similarly, corrections of order a,C7 . 19
to the same coeflicients are neglected, too, because the short-distance coefficients
C7,...10 are proportional to the electromagnetic coupling aem. On the other hand,
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since the LO expressions for the electroweak penguin amplitudes af pyy, aZEW in-
volve only C7, . 10, we include in this case corrections of order a,C7 . 10; electromag-
netic corrections are included when they are proportional to the large short-distance
coefficients C' 2 7+, i.e., we include corrections of order cemCh 2,7, but we neglect
those proportional to aemC3,.. . 10-

o Weak annihilation. We neglect weak annihilation mechanisms involving photons
(v — qq), that were not considered in the flavour structure of (2.51) either. In prac-
tice, only annihilation terms proportional to asC; are considered, while we neglect
emC; terms. The reason for this is that the latter can never be CKM-enhanced
when one of the large short-distance coefficients C, Cs is involved. We neglect also
all the singlet weak annihilation contributions except Sg3.

The general form of the coefficients a; at NLO in «g reads

C;
a? (M My) = (CZ-+ Nﬂ) N;(Ms)
Cij:l Cpas 47T2 D
N, i |:‘/Z(M2) + FCHZ(M1M2) + P/ (M), (2.84)

where the upper (lower) signs apply when ¢ is odd (even). The superscript p has to
be omitted for i = 1,2. The quantities N;(My), V;(Ma), H;(MyMs), PP(Ms) stands
respectively for the tree-level result, the one loop vertex correction, the spectator scattering
and the penguin contractions. Explicitly, they are given as follows:

Leading order (Fig. 2.4). It is given simply by the normalization of the LCDA ®py
or ®,,; P,V refer obviously to pseudoscalar or vector meson. Capital letters refer to
leading-twist LCDA, small letters to twist-3 LCDA. The latter appear only in agg, in
correspondence with the scalar Dirac structure (S — P) ® (S + P), and are responsible for
the vanishing of the leading contribution in case of vector mesons, since fol dx®,(z) = 0.
One obtains

0, for i =06,8 and My =V,
N~ (My) = B e (2.85)
1, otherwise,
where we have indicated explicitly, with the superscripts 0, —, the polarization of the
vectors appearing in the final state.
Vertex terms (Fig. 2.6). One has
i dz @, [12ln% - 18—1—9(30)} , fori=1,...,4,9,10,
VO(Ma) = [} da By, [—121n g6 g(f)}  fori=5,7, (2.86)

fol dx ®,,, [—6 + h(x)], for i = 6,8,
in case of My = P or a longitudinally polarized vector meson My = V', while
S dz g, [12ln ™ 18+ gT(:C)] . fori=1,...,4,9,10,
Vo (Va) =4 [ de by, [—121n ™46 gT(gz)]  fori=5,7, (2.87)
0, for i = 6,8,
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in case of a vector meson V5 with negative polarization. (we recall that £ =1 — z). The

functions g(x), gr(x), h(x) contain the finite corrections from the loop integration, and
read

1-2 21
g(z) =3 ( g — 2'7r> + [QLig(x) 2z + 22T B+2im)lnzx — (x < )|,
T T
Inx
gr(z) = g(x) + —,
z
h(z) = 2Lis(x) —In®z — (1 4 2in) Inz — (z < ). (2.88)

Drs, Doy, Go, ¢dp are LCDA that will be defined in par. 2.3.5. The constants —18,6, —6 are
scheme dependent, and correspond to the use of the NDR scheme for +5. This constant
does not appear in ag g in case of vector mesons, as expected, because there is no tree level
contribution that could cause a scheme dependence at NLO.

Penguin terms (ig. 2.7). At order ag corrections are present only for i = 4,6. For i =4
we have

Crog 4 my 2
PYP(My) = AN {01 [5 log m + 3 GMQ(SP)]

8 my 4
+Cy |:§ 10g7 + g — GMQ(O) — GMQ(l)]

4dn
+ (ot Co) | L 10g ™ — (g = 2)Ga, 0

~Gan(s0) - G (1)

o L de
—acgl! /O 1_x<I>M2(:C)}, (2.89)

if Ms is a pseudoscalar or a longitudinally polarized vector meson, while

_ Cras 4 2
PP (V) = o {01 {— log = + = — GVQ(sp)}

AT N, 35,73
8 my 4 _ _
+ C3 I:g log 7 + 5 — GV2 (0) — GVQ(l):l

4dn
+(Ca+ Co)| 5108 ™ — (g = 2)G, 0)

—GM4&>—GMJD]}, (2.90)

in case of a vector meson with transverse polarizations. ny = 5 indicates the number of
light fermions, while s, = 0, s, = (m./m;)? represent the mass ratios involved in the



44 Chapter 2. QCD Factorization for Non-leptonic B Decays

evaluation of the penguin diagrams. The functions Gy, (s), Gy, (s) are given by

1
G, () :/0 dxG(s — i€, )P, (),

Gy (s) = /0 42G(s — i€, B) o, (), (2.91)

where

1
G(s,z) = —4/ duuu In[s — uu z
0

2(12 — 3zl 4v/4s — z(2
= (125 + 5z — 3zns) s—2(2s+w) arctan 1 L (2.92)
\ 4s —x

9z 3x3/2

For i = 6 the result is

Crag 4 m 2 N
Pg(MQ) — F {Cl |:§ lOg Tb + - — GM2 (Sp):|

41w N, 3
8 my 4 ~ ~
+ 03 |:§ IOg 7 + g — GM2 (0) — GM2(1):|
4in R
+(Ci+ o) [Tf log = = (n = 2)Gar, (0)
— G, (se) — GMQ(l)] — 205! } (2.93)
if My is a pseudoscalar meson, and
poryy = Crasl ooy (G, 0) + Gary (1)]
6 47N, 23°P 2 2

+(Ci+ Co) [(ny = 2)Gr(0) + Cana(50) + Can (D) } (291)

if M, is a longitudinally polarized vector meson; Py (M) = 0 for transversely polarized
vector mesons. In this case

1
G, (s) = /O dzG(s — i€, T) Py, (). (2.95)

It remains to consider electromagnetic penguin corrections, according to the approx-
imation discussed at the beginning of the paragraph. These corrections appears for
i = 8,10, and considering only the contribution of C 3 7 they read

Qlemn 4 my, 2 A off
Pg(MQ) = 47TNC {(Cl + NCCQ) |:§ log 7 + g — GM2 (Sp):| — 3077} s (296)
if M5 is a pseudoscalar meson, and
0, Qem A
POY(V) = o {(01 +N.Co) GMQ(SP)} , (2.97)
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Figure 2.14: Additional contributions to the penguin terms when My = p° w, ¢, taken from [67].
Wavy lines denote a photon.

for a longitudinally polarized vector meson, while P; (M) = 0 for transversely polarized
vector mesons. Then

0, « 4 my, 2
Pl()p(M2) — 47:;:76{ (Cl =+ NCCQ) I:g log 7 + g — GM2 (Sp):|
1
dx
iy
_3C$’Y /0 E(I)MQ((II)},
for M5 pseudoscalar and longitudinally polarized vector meson and
_p _ Qem 4 my 2 ft
Pt (Ms) = 1N, {(Cl + N:C2) [g log n t3- GMQ(Sp)} } ; (2.98)

for transversely polarized vector mesons.

It is interesting to discuss at this point another contribution, which corresponds to
the exchange of a photon, as in Fig. 2.14, with the subsequent production of a gq pair.
Such diagrams can contribute only to final states with a neutral vector meson V5. It is
beyond the purpose of this introduction to discuss in detail the conceptual issues behind
the transition; however, it is interesting to note that, while in case of PV, or longitudinally
polarized V'V final states these contributions are very small, in case of a final states V'V
with transversely polarized vector mesons they give rise to an enhanced contribution [178§],
that is at the origin of the modified hierarchy (2.26) among the helicity amplitudes. In case
of PV, or longitudinally polarized V'V final states the additional contribution is usually
included in an ad-hoc term

20em

27w

1
Aag gy (M1V) = {4(01 + N.C2) (5 — OpeIn mi

Cc

— 6, In ﬁ) - 90;5} L (2.99)
1%

In case of V'V final states with negative polarization the new contribution is written as

—-p =D . Qlem g mpBmy
P = By () = SR

m2 7/2
(Cl =+ NCCQ) I:(Spc ln H_QC =+ 5pu ln E =+ 1:| y (2100)

20em

+

where the appearance of the (my/Aqcp)? enhancement proportional to C?g is evident,
due to the factor mpmy/ m%/2.
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Hard spectator terms (Fig. 2.8). The correction from hard gluon exchange between M,
and the spectator quark is given by

B ! ® ® d d
H(M;My) = +M@/ dxdy [M +TM1M] . (2.101)
Ann M, AB Ty Ty

fori=1,...,4,9,10,
B i) i) ) )
Hi(My My) = — =112 08 / dady [—MQ @) () | o 200y () () (y)] . (2102)
AMl]\/[2 )\B Ty
for i = 5,7, and
H;(M;M,) =0, (2.103)
for ¢ = 6,8. These results are valid for PP, PV, V P, or longitudinally polarized V'V final
states, while in case of transversely polarized V'V final states one has

2fB fi: )
H-(\"WWh) = _fB—j;/‘l/lmb/ dad M’ (2.104)
mmef_ ( ))\B xy
fori=1,...,4,9,10,
2 1 o J_
H; (W1Va) :+fB—];Vlm”/ dad Lw (2.105)
mmef_ ( ))\B ry
for : = 5,7 and
1
H (WVa) = foglvl ToTv / dzdy —( Jbay, ) (2.106)
mpmyfZ71(0) My, Ab TTY
for i = 6, 8.

In these results Ap represents the first inverse moment of the B meson distribution
amplitude appearing in eq. (2.75), and it is defined as

/ dw 25+ (w) = i (2.107)
0 w )\B

The main feature of the spectator scattering is the inclusion of some subleading terms
that are proportional to rfé/[l in (2.101)-(2.102). These terms are formally suppressed by
Aqcp/myp in the heavy-quark limit, but they are included because they are numerically
large. As anticipated in section 2.2.3, these terms give rise to conceptual problems, be-
cause the twist-3 distribution amplitude ®,, does not vanish at the endpoint y = 1, and
the power-suppressed term is divergent. Since the aim of this section is to provide the phe-
nomenological amplitudes used in the analyses of chapter 4, 5 and 6, we do not address
this problem in detail here; some discussion about it will be given in chapter 3, where
a similar problem is studied and solved in the context of a non-relativistic system. We
adopt here the standard solution, that consists of isolating the divergence by defining a

1 dy B 1 dy 1 dy
/0 E¢ml(y) - (I)ml(l)/o 5 +/0 5 [‘brm(y) - ®m1(1)]

1
= @, (1) XN +/0 %@ml(y). (2.108)

parameter



2.3 Non-leptonic B decays into two light mesons 47

The remaining integral is finite, and the X %1

introduced is an unknown parameter repre-
senting a soft-gluon interaction with the spectator quark. The endpoint divergence appears
in an attempt to calculate the soft interaction perturbatively, and therefore it should be

regulated by soft physics occurring at the scale Aqcp. For this reason X %1

is expected
to be of order X ijl ~ In(my/Aqcp), however with a potential complex coefficient, since
multiple soft scattering can introduce a strong rescattering phase. A consequence of this
is that spectator scattering beyond leading power in Aqcp/my is necessary model depen-

!'is treated as a parameter, that is varied inside

dent. In phenomenological analyses, X IJ;/I
a certain range, as we will define in the next section. Usually it is also assumed to be

universal, i.e. independent of M; and the index ¢ of H;(MjMs).

Weak annihilation (Fig. 2.9). Within the approximation described at the beginning of
the section, the weak annihilation coefficients b; can be expressed in term of some building
blocks A;. Explicitly

Cr i Cr i i
b= Ol = [CaA} + (A5 + Af) + N.CoAf]
Cr i Cr i i
b2 = N_CQC2 15 bi = N_CQ [C4A1 + C6A2] s
Cr i i Al !
by pw = N2 [09A1 + C7(A3 + A3) + NCCSA;),} :
Cr i i
U pw = N2 [C10A] + CgAy] (2.109)

where the superscript ¢ and f refers to gluon emission from initial and final state, respec-
tively. The subscript “k” in Aiﬁf instead refers to one of the three possible Dirac structures
I’y ® I'y, which arise when the four-quark operators in the effective Hamiltonian are Fierz-
transformed into the form (g1b)r, (g2¢3)r,, such that the quarks in the first bracket refer
to the constituents of the B meson. Specifically, one has k = 1 for (V — A) @ (V — A),
k=2for (V—-A)®((V+A),and k=3 for (—2)(S — P)® (S + P).

The weak annihilation contributions contain endpoint divergences, too, which are
treated in the same way as in case of the spectator scattering, i.e. introducing a com-
plex parameter X 4 (a different X7, is necessary in case of V'V final states, too), of order
In(my/Aqep). Specifically, they are introduced to regularize the following integrals:

tdy — xAin /1dyln—y - —l(XMl)Q, /1dyi — XM (2.110)
oY A 0 Yy 24 o Y L

The dependence on M; here is left explicit, because in the phenomenological scenario
discussed in the next section a certain dependence on M is considered. In literature it is
possible to find exact expressions for the coefficients AZ’f , before the distribution amplitude
momentum fraction integration [67,179]. Since the endpoint divergences introduce sizeable
uncertainties, it is sufficient to consider approximate expressions, that are intended as an
estimate of the weak annihilation contribution, rather than a precise result. These are
obtained by evaluating the convolution integral with the asymptotic expressions for the
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LCDA, with the results

Al ~ A4 = 21 [9 (XA —4+ 7r—> —i—err)]é/[?Xf‘] ,

3 X
Al = A =o,
‘ M M. 2 m
Ay & brag (1)t —ry?) (XA—QXA-F?),
AL ~ 6mag (rMh — rM2) (2X3 - X4), (2.111)

when both the final state mesons are pseudoscalar, and

Al =~ — A} ~ brag [6 <XA —4+4 %) + el (X3 - 2XA)} ,

Al = 4f =0,

‘ 2 M 72
Aé~6ms[ <XA_2XA—§+4)+TX2(XZ‘—QXA—F?)},
AL ~ bmag [3r)1 (2X 4 — 1) (2 - Xa) — 1) (2X3 — X4)], (2.112)

when M is a vector and Ms a pseudoscalar. We consider here as M; the meson containing
the antiquark from the weak vertex. In the opposite case in which M ia a pseudoscalar
and M> a vector one has to exchange rf‘c/fl > ri‘f? and to change the sign of Ag; . In case of
a final state with longitudinally polarized vector meson one obtains

7T2
A{’O ~ Ago ~ 187 |:(XA — 4+ ?> +T¥1r¥2 (XA - 2)2:| )

0,0
Az

%

2
18mas (ry! — 1)) (—XE1 +2X4 -4+ %)
ALY ~ 18mag (rh +r)2) (2X4 — 1) (2 - X4), (2.113)

while the case of vector mesons with negative helicity reads

- 1 5 2
Ay~ 187r04577m/172nv2 <—XL + - - W—) ,
m 2

A 2 3
B

%

Ay ~ 187y <_mv1 ry? - e r;(/l) (X3 —2X4+2),

mys, my;
AP ~ 1870, (m"l ey TV V1> (2X% — 5X4 +3). (2.114)
my, my,

We conclude the paragraph giving the result for the singlet weak annihilation term
bss, that in our approximation is the only one considered. bg; and bgy are neglected not
because they are supposed to be small, but because they always appear with the large
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coefficients a, as. Its effect is limited to final states containing an 1 or an 1’ meson and
it can be written as
Cr P
bs3(M P, s) = m(05 + N.Cs)5mas By ? (un) X i, (2.115)

[

where P, ; refer to the n state, and B (1) comes from the Gegenbauer expansion of
a two-gluon distribution amplitude truncated at leading order, for which we assume
By (1GeV) = 2 £ 3.

2.3.5 Phenomenology
Input parameters

The expressions for the a;(M;Ms) coefficients quoted in section 2.3.4 depend on many
parameters. There are Standard Model parameters, like the CKM matrix elements, the
quark masses, the strong and electromagnetic coupling constant ag and cip,, and hadronic
parameters, like the form factors, the decay constants and so on. In table 2.2 we give a
summary of the most relevant parameters needed for the numerical evaluation of the non-
leptonic B decay amplitudes. The aim of this section is to discuss briefly the origin of
these parameters, and their importance in the evaluation of the decay amplitudes.

Starting from the Standard Model parameters, We consider Gr = 1.16639-107° GeV 2
[8]. Next, we define the quark masses as running masses in the MS scheme, while the value
of the QCD scale parameter corresponds to as(Myz) = 0.118 for the two-loop running
coupling in the MS scheme. The QCD scale is A% = 225MeV, (MS scheme, five quark
flavours). The ratio s. = (m2/m?) needed for the calculation of the penguin contribution
is scale independent; the values of the light quark masses are defined such that rf =Ty
Among the Standard Model parameters, the decay amplitudes are most sensitive to the
value of mg, which sets the scale for the ratio r, for pseudoscalar mesons, defined in (2.45).
Some branching ratios, and in particular the direct CP asymmetries, are also very sensitive
to |Vip| and its phase, v = arg(V.},).

Larger uncertainties come from the hadronic parameters. While some of these could be
determined from experiment, like the decay constants and the transition form factors, in
many cases we use theoretical results derived in lattice QCD or with QCD sum rules. Only
the experimental results from the leptonic decays 7= — uv,, K~ — pi,, the semi-leptonic
T — p~ vy decay, and the electromagnetic decays V — ete™ with V = p°, w, ¢ are used to
determine the values of the decay constants of pseudoscalar and longitudinally polarized
vector mesons [157], that are known with a good accuracy, so that they can be considered
without uncertainties in the QCD factorization approach. We consider here the values
given in [67]. Transition form factors instead are taken from QCD sum rules [158-160] or
lattice QCD results, and have larger uncertainties, that often reflect in large uncertainties
in the decay amplitudes, too. We employ here the value used in [67,179]; in case of f* we
take the updated values from [160].

A fundamental role in the numerical evaluation is played by the LCDAs and their
integration over the momentum fractions. The LCDA are usually expanded in Gegenbauer
polynomials, since the Gegenbauer moments are multiplicatively renormalized. We collect
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here the definitions of the LCDA entering in the equations of section 2.3.4. Starting from
the leading-twist distribution amplitudes, we have

Ppy, i (w,p) =627 |1+ (1) CFP (22 —1)] (2.116)

n=1

where P,V, L refer to a pseudoscalar, a longitudinally polarized vector or a transverse
vector meson; CT(L3/ 2) (x) are the Gegenbauer polynomials, while af’(vl)(,u) are Gegenbauer

moments. In case of twist-3 distribution amplitudes one has”

Oy(z) =3 o) | (1) Poy1(22 — 1), (2.117)
n=0

where o | = 1, and P,(z) are the Legendre polynomials. Like ®,(x), ®,(z) does not
vanish at the endpoints; one has, however,

/1 dx @,(x) =0, (2.118)
0

that is at the basis of the result for agg in (2.85). Then, in case of decays into transverse

vector mesons, one needs also

1 u
¢a(U)=/ de, sbb(U):/O dv&v). (2.119)

v v

The LCDA expansion is usually truncated at the second Gegenbauer moment. These pa-
rameters are still rather poorly known, and experiments can put only indirect constraints
on them. Fortunately, the sensitivity of the decay amplitudes to these parameters turns
out to be small, except in case of the colour-suppressed tree amplitude «s, which shows a
considerable dependence on the first inverse Gegenbauer moment of the B-meson distribu-
tion amplitude (Ap) and the second Gegenbauer moment of the light mesons through the
hard-spectator interaction. Gegenbauer moments are calculated by means of QCD sum
rules [163,168-173], or on the lattice [174,175]

As explained in section 2.3.4, the convolution integrals of twist-3 distribution ampli-
tudes involve endpoint divergences, that are parameterized by the unknown parameters
XA, [65,67,179]. For phenomenological analyses these parameters are parameterized
as

X, = (1+Qiewi)1n%, for i = H, A,
h

Xp = (1+erer) 52, (2.120)
h

"at twist-3 more LCDAs than shown here appear. Since we don’t consider three-particle distribution
amplitudes, the twist-3 distributions are related by the equations of motion. We show here only the ones
that appear explicitly in the formulas of section 2.3.4, and we refer to [65,67] for more details.
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where @; are arbitrary strong-interaction phases, and A, = 0.5GeV. In the subsequent
chapters we will assume pp ;, = 0, while p4 is varied in the range o4 < 1 (by default,
o=1for PP, PV, VP final states and o = 0.6 for V'V final states) and

_55°, for MMy = PP,
~20°, for My M, = PV,

o= P (2.121)
~70° for MiMy = VP,

—40° for M1M2 = V‘/,
Since the signs of these phases are not predicted, the signs of the CP asymmetries in

these parametrization must be taken with caution. Finally, according to the discussion
at the end of section 2.3.3, we will evaluate ag appearing in the spectator scattering and

in the annihilation amplitudes at the scale up ~ \/mb Aqcp = Vp\p, while the Wilson
coefficients will be evaluated at the scale p.

In case of decays into final states containing 7, 1’ states, one needs more inputs about
their decay constants and form factors. Since this requires a throughout description of
the conventions adopted for their mixing, which is not needed here, we refer the reader to
the treatment given in the literature [66,67]. In table 2.2 some results are quoted without
derivation.

Finally, we mention that, because of the suppression of the positive helicity amplitude
with respect to the negative one, in case of decays into two vectors, we will assume for
this amplitude the naive factorization result, and we allow the corresponding form factor
to vary within the range Ffvl = 0=+ 0.06, following [179].

Survey of theoretical predictions in the Standard Model

Non-leptonic B decays present a huge phenomenology due to the large number of final
states and observables that can be studied. A complete analysis of QCD factorization
predictions for these quantities is beyond the scope of this review chapter. Anyway, the
purpose of this section is to give a qualitative picture of the most important phenomeno-
logical aspects of these decays, and of the strategies that are used to avoid the theoretical
uncertainties appearing in QCD factorization.

Usually, the aim of phenomenological analyses of non-leptonic B decays is to extract the
CKM matrix elements, or to point out possible new physics contributions. This is possible
if a successful prediction of the branching ratio and CP asymmetries can be performed,
and in turn it requires a theoretical control over the magnitudes and relative strong-
interaction phases of tree topologies, penguin topologies, electroweak penguin topologies,
and annihilation topologies. The fact that generically a given decay amplitude receives
several interfering contributions complicates the interpretation of the experimental data
in terms of flavour topologies. The largest theoretical uncertainties are expected for the
annihilation topology, whose strong phases are incalculable in QCD factorization. This
problem afflicts in general the whole prediction of strong phases, because, as anticipated
in section 2.2.3, they are either of order «g, and calculable, or of order Agcp/mp, and
incalculable; but since Aqcp/my numerically is not much smaller than oy, in practice
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QCD scale and running quark masses (GeV)
A% my(mp) me(mp) ms(2GeV) mg/ms
0.225 4.2 1.34+0.2 0.090+ 0.020 0.0413
CKM parameters
A \Z3 Vi / Ven| ¥ sin(23)
0.225 0.0415 £ 0.0010 | 0.085%002 | (70 & 20)° 0.673 +0.23
B meson parameters
B- B B
Lifetime 7[ps] 1.638 1.530 1.470
Decay constant fB[MeV] 210 £20 240 £ 20
Ap[MeV] 2001350 200130
Pseudoscalar-meson decay constants and Gegenbauer moments
™ K n '
f[MeV] 131 160
ai,aq, | [MeV] 0 0.06 = 0.06 0 0
as, az, | [MeV] 0.20 +0.15 0.20 +0.15 0£0.3 0+0.3
Vector-meson decay constants and Gegenbauer moments
P K~ w ¢
f[MeV] 209 £1 218 £4 187+ 3 221+ 3
fHMeV] 165+ 9 185+ 10 151+£9 186 £ 9
ai,ay, | [MeV] 0 0.06 + 0.06 0 0
as, az, | [MeV] 0.1£0.2 0.1+0.2 0+£0.3 0+£0.3
Pseudoscalar-meson form factor at ¢ = 0
B B— K B, — K B—n B —
f+[MeV] | 0.25 £0.05 | 0.34 £0.05 | 0.31 +0.05 ~0.23 ~0.19
Vector-meson form factor at ¢? = 0
B —=p B — K* B —w By — K* Bs — ¢
Ag[MeV] | 0.30799% | 0.39+0.06 | 0257097 | 0.33+0.05 0.3810 09
f+[MeV] | 0.00 £0.06 | 0.00 £+ 0.06 | 0.00 £ 0.06 | 0.00 £ 0.06 0.00 + 0.06
f-[MeV] | 0.554+0.06 | 0.68 £0.07 | 0.50 4+ 0.05 | 0.53 £ 0.05 0.65f8:(1)é

Table 2.2: Summary of the theoretical input parameters for non-leptonic B meson decays into
two light mesons. All scale-dependent quantities refer to p = 2GeV unless otherwise stated. The
values are taken from the papers cited in the text, or from [8] if not indicated otherwise.
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the two contribution can be of the same order, and a large uncertainty arises. Given
this limitation, it is important to test the reliability of QCD factorization prediction in
decays that are dominated by only one flavour topology, so that no interference with other
topologies arise. This can probe the magnitude of the single topologies, while leaving
the relative strong phases undetermined. From a practical point of view, the strategy to
achieve this is often to consider ratios of branching ratios and CP asymmetries, in order
to extract a single flavour topology or to cancel, in the ratio, the dependence on hadronic
parameters like the form factors, that can be the source of other uncertainties.

Considering now more in detail specific decay channels, the AS = 1 decays are always
penguin dominated, and typically have “large” branching ratios of order few times 107 to
few times 107°. To this categories belong decay modes like B — 7K, B — Kw, B — K¢
decays. The theoretical predictions for these modes often suffer from large uncertainties
due to the s-quark mass and due to power corrections contributing to the weak annihilation
coefficient 3§, which is part of the dominant penguin amplitude &§ = of + 35. These two
sources of uncertainties are almost fully correlated among the various decay channels,
since they always contribute to the penguin coefficients &j. The standard strategy to
reduce these uncertainties is to extract from data the magnitude and strong phases of the
dominant penguin contributions. Besides these decay modes, there are also a few AD =1
decays which are penguin or annihilation dominated, like the B — K K decays; they show
in general large theoretical uncertainties, but the experimental data available can be used
to constrain the annihilation parameters.

Most of the AD = 1 decays are instead tree dominated. This implies that they do not
suffer from a large sensitivity to light quark masses or chirally-enhanced power corrections.
In many cases the dominant theoretical uncertainties arise from the variation of the CKM
parameters or form factors and decay constants. While the latter source of uncertainty
can be reduced, as long as better data on semileptonic or leptonic B decays becomes
available, the sensitivity to CKM parameters is not a theoretical limitation, but rather
provides access to |Vy| and .

Decays into final states containing 1 or 17 mesons require particular care, because they
are characterized by a complicated interplay of many different flavour topologies, and
suffer from additional large theoretical uncertainties due to 77 — 1’ mixing, the two-gluon
component in the n(") wave-functions, and the annihilation contribution to the B — n{)
semileptonic form factor.

In view of the analyses on possible new physics contributions to these decays, performed
in chapters 4, 5 and 6, we conclude this survey by pointing out the somewhat unpleasant
situation, according to which most of the new physics models predict new physics in the
AS = 1 decay channels, which present the largest uncertainties. Indeed, most of the
AD =1 decay modes are in good agreement with experiment, while in a number of cases
deviations from the theoretical predictions arise, at the ~ 20 level, in the AS = 1 decay
modes, so that a clearer picture can arise only from increased experimental statistics, and
from an improvement of the theoretical methods.
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Chapter 3

QCD factorization for Exclusive
b — ccD decays

3.1 Introduction

B — ceD transitions, with D = d, s, are phenomenologically very interesting. They are
responsible for decays into charmonium states and a light meson, such as e.g. B — J/¢¥Kg,
wich are dominated by a single CKM factor and therefore offer a phenomenologically clean
way to extract the CKM angle 5. Moreover, the dominant contribution to the amplitude
comes from the colour-suppressed tree topology, so that they can give more insight into the
features of this flavour amplitude, in which non-factorizable corrections play an important
role.

Here we are mainly concerned with the factorization properties of these decays, that
are also very interesting, because of the many scales involved in the process: indeed, a
proper theoretical treatment of these decays involves an interplay between various effective
field theories, the heavy-quark effective field theory for the description of the B meson,
the NRQCD for the description of the charmonium states, and the soft-collinear effective
field theory for the light meson; these decays offer therefore a unique system where the
ideas behind these theories, and behind factorization, can be tested.

As explained in chapter 2, the idea at the basis of factorization, in case of exclusive
B decays into two light mesons, B — Mj M, is that the quark-antiquark progenitor of
the “emitted” meson escapes the decay region as an object of small transverse size, which
remains invisible to soft-gluon interactions with the B — M transition. In section 2.2.2
we have shown that the argument extends to any colour-singlet object My that is small
compared to the inverse strong interaction scale, 1/A, and therefore it should hold for
decays into a charmonium state and a light meson, B — H My, [64], because in the heavy-
quark and non-relativistic limit an onium is still a compact object, whose Bohr radius is
of order 1/(mcv) < 1/A.

This expectation has been confirmed for decays to the S-wave charmonia J/¢ and
ne by explicit next-to-leading order (NLO) calculations [188-190].! However, when the

!Some of these papers use a light-cone rather than non-relativistic description of the charmonium, but

55
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B — M, J /Y ¥(29) Ne 1c(25)

B™ = K~ | 10.26+0.37 | 6.32+£0.37 | 9.8+1.3 | 34£18
BY— K | 8.63+0.35| 6.55+£0.66 | 8.7+ 1.9 —
B™ = | 0.48+0.04 — — —

By — 7Y 0.20 & 0.02 — — —

Xc0 Xcl Xc2 hc

B~ —= K | 1.884+0.30 | 5.01 +£0.37 | < 0.30 < 0.38

BY — K° <124 3.96+£0.43 | <0.41 —
B =1~ < 0.61 0.22 £ 0.05 — —
BY — 7" — — — —

Table 3.1: Awverages of B — charmonium K, branching fraction data in units of 10™%, taken
from the Heavy Flavour Averaging Group [44]. The original experimental results can be found
in [204-225]. The limit for h. assumes Br(h. — n.y) = 0.5.

formalism was applied to P-wave charmonium states [191-194, 196, 197] infrared (IR)
divergences appeared that seem to violate factorization?.

In [125] we have revisited this problem and shown that factorization is recovered, if one
includes the charmonium bound-state scales m.v, m.v? (with v a characteristic velocity
of the charm quark in the bound state, v < 1) into the theoretical framework. These
scales are assumed to be intermediate between the heavy quark masses my, m. and the
strong interaction scale A. The divergence structure described above bears resemblance
with inclusive charmonium decay or production in the colour-singlet model. As is well-
known, the IR divergence problem in the P-wave colour-singlet amplitudes is resolved
by the introduction of colour-octet operators [200], and a similar mechanism is at work
for B — HM;. However, there is an important difference between P-wave charmonium
production in inclusive B decay [201,202] and exclusive decays. While in the former the
charmonium decouples from the inclusive B — X transition below the heavy quark mass
scale, or at least is assumed to in previous treatments, this decoupling takes place for
exclusive decays only below the scale of the binding energy m.v?, since gluons with this
energy can reconnect to the BK system. In the (formal) heavy-quark limit this effect is
perturbatively calculable since m.v? > A; in the real world, however, m.v? ~ A, and hence
reliable calculations appear to be hard to come by for decays to charmonium, contrary to
decays to light Ms.

this does not affect the conclusion.
2B decays into charmonium states and a kaon were studied also in [195], in the context of perturbative

QCD
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In Table 3.1 we collect the current branching fraction measurements for some of the
decays in question, [204-225], including the S-wave final states. Considering in particu-
lar the case M} = K, and comparing x.; to the S-waves, we conclude that the P-wave
suppression is almost absent. The pattern of P-wave results then is even more striking,
if one recall that in naive factorization only the x.; state is produced. All these consid-
erations suggest the existence of significant decay amplitudes beyond naive factorization
and, indeed, the colour-octet contributions that we have identified in [125] may well be the
dominant decay amplitudes, although they turn out to be hard to calculate for real-world
charmonium. Nevertheless, it is interesting to see whether something can be said from
theory that may help to understand the pattern of experimental data.

The infrared divergence in hard spectator-scattering is actually an endpoint diver-
gence in a momentum-fraction convolution integral. Such endpoint divergences prohibit
hard-scattering factorization of power-suppressed effects in non-leptonic B decays to light
mesons [63], and of B to light meson form factors even at leading power [148,226]. Under-
standing whether and how such endpoint divergences can be factorized remains a major
challenge to theory. In B decays to P-wave charmonia the endpoint singularity also arises
at leading order in the A/my expansion. In [125] we have shown that it can be factorized
into the matrix elements of colour-octet operators. This is of some conceptual interest,
since it is not known in general how to factorize endpoint divergences.

Factorization of B decays to charmonium have been discussed recently also in [198,
199]. The first of these papers deals with the leading order in the non-relativistic velocity
expansion applicable to decays to S-wave charmonia, but does not address P-waves. The
second considers the leading term in an expansion in m./m;, which is identical to the
case of two light final state mesons [63], but the limit m./m; — 0 is different from the
assumption m./my fixed (while m; becomes large) that we make in [125] and here. While
it is evident that B decays to P-wave charmonia do not factorize at the heavy-quark mass
scale due to the infrared divergences mentioned above, the concern in was to show that
perturbative factorization is recovered when m.v? > A as conjectured in [64]. Corrections
to naive factorization for B decays to charmonium have also been estimated with light-
cone QCD sum rules [227-229], but with this method the issue of infrared singularities in
the QCD factorization result is not addressed.

The purpose of this chapter is to review and extend the analysis we performed in
[125]. Our attention, there, was in fact centered on the factorization properties of decays
into charmonium P wave states and a kaon, in order to address the problem raised in
[191-194,196,197]. We find however more interesting to organize this chapter as a more
comprehensive analysis of the whole class of B — H M, decays, with M7 a pseudoscalar
non-singlet meson, ¢.e. M1 = K, w. This allows us to include a phenomenological discussion
about decays into S-wave states and a light meson, whose NLO (exclusive) amplitude, that
we present here, has not yet appeared elsewhere in terms of a non-relativistic formulation
for the treatment of the charmonium states. Despite the absence of infrared divergences,
1.e. of a leading contribution from colour-octet operators, these decays, too, turn out to
be difficult to be computed precisely, and it may be interesting to compare their features
with respect to the P-wave case. Also, the inclusion of decays in which M; = 7 can offer
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some more insight in the analysis of the spectator scattering contribution to these decays.

3.2 Operator definitions and tree-level results

3.2.1 Effective Hamiltonian and kinematics

Since we are interested to study the factorization properties of these decays, it is suffi-
cient to consider the following effective weak—interaction Hamiltonian for the b — ccD

transition:
Hor = CEVLVE (G101 + CoQs) (3.1)
eff—\/icbc[)ll 2Q2), .
with
Q1 = (Gbi)v_a(Djcj)v—a, Q2= (Gbj)v_a(Djc;)v_a, (3.2)

neglecting the contributions from the penguin operators. This is a very good approxi-
mation, given that their Wilson coefficients are one order of magnitude smaller than the
large C coefficient. In fact, it has been shown in [188-190,196] that penguin contributions
constitute at most a few per cent of the total amplitude, and, as we will see in section 3.6,
this is in any case beyond the precision one can reach in the calculation of these decays.

The following notation is adopted for the kinematics of the two-body decay process
B — HM;: pp is the momentum of the B meson, w” = ply /Mp its velocity with w? =1;
q is the momentum of the charmonium, with v* = ¢*/Mp the charmonium 4-velocity
(My being the charmonium mass) with v? = 1; [# defines the relative momentum of the
¢ quark inside the charmonium, so that p. = ¢/2 + 1, p. = q/2 — [ with ¢-1 = 0; p is
the momentum of the meson M;j. Since kaon and pion mass effects can be neglected in
the heavy quark limit, the vector n" = p#/FE)y;, (Ep; being the meson M energy in the
B rest frame) is light-like. The opposite-pointing light-like vector is denoted by n/; with
n_-ny = 2. We also define z = 4m?/m?, equal to M7, /M% up to corrections of order®
A/my and v2. From energy-momentum conservation

n+-p:M12-),—M12{ 0y 1 Mp
2 2Mp a

Enp, = (3.3)

ny-v My

For any vector a (or Lorentz index u) the components transverse to n_ and n are denoted
by a; (u,), for those orthogonal to v we use at (uT). Thus

n_-a
a' =dl + nk =at +v-avh (3.4)

7’L+'CL m
5 -t

3Note the dual use of v: in power-counting estimates v denotes the small relative velocity of the
heavy quarks in the charmonium in the rest frame of the charmonium. In kinematical relations v is the
charmonium velocity vector.
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3.2.2 SCET/NRQCD operator definitions

In the following we assume the bottom and charm quark masses to be heavy, with m./my
fixed in the heavy-quark limit. Integrating out the heavy quark mass scales my, m. leads
to an effective theory, in which the b quark is static as in heavy-quark effective theory,
the charm quarks are non-relativistic (in their center-of-mass frame) as in NRQCD and
the light quarks are collinear (or soft) as in soft-collinear effective theory (SCET). The
situation is similar to the corresponding one for charmless B decays, [91,92,136] except that
the meson that does not absorb the spectator quark is now described by non-relativistic
rather than collinear fields.

The construction of operators representing the four-quark transitions in the effective
theory below the heavy quark scale can be done following the same procedure explained
in section 2.3.3. The only difference is that the quark-antiquark bilinear necessary for the
creation of the light meson Mj in the collinear-2 sector, (xWea)(tn—)p—(1 :l:'yg,)(szx)(O),
has now to be substituted with non-relativistic bilinears, responsible for the creation of
a heavy quark-antiquark pair in a definite angular momentum state. Here we need to
introduce the following colour-singlet bilinears,

oS = o [ys] xo,

0(sM) = b [n_,1"] xor
[ AN
O(lpl(l)) = wi n—y (_§> Dt 75} Xv;

o) = vt |-z (3) Br|

[n_ i\ [
O(3P1(1)) = o) —2\/% (—5) |:$T7’Y“LF:| 75] Xvs
[ 0\ e,
0P = v} [nn-u (=3) B7 7] o (3.5)

where 1 and x are non-relativistic quark and anti-quark spinor fields, respectively,* and
we have used the spectroscopy notation 2°t1L;, with S indicating the spin, L the orbital
angular momentum, and J the total angular momentum. Beside these bilinears, charmo-
nium (P-wave) production through colour-octet operators requires to consider also the
following colour-octet bilinears:

0 S®) = vl [v74] v,
0GSsE) = ¢l [n_ T4 v,

Or('SE) = of [0 T4] o,

PR=J GO . OB
D+ 74 denotes the symmetric, traceless part of the tensor D+ 7.
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0r (38 = vl [YAT4] xo. (3.6)

In the following it is convenient to use a covariant generalization of the NRQCD La-
grangian, in order to describe the charm-anticharm pair in the B meson rest frame; thus,
the non-relativistic fields introduced so far are four-component spinors satisfying 9 1, = 1,
and ¥ xy, = —Xv- In the charmonium rest frame v = (1, 0) the non-zero spinor components
reduce to the familiar non-relativistic two-spinors, and the T components of a contravari-
ant index equal the spatial components. For more detail on the NRQCD conventions used
we refer to the appendix A.3.

The B — M, transition instead is completely equivalent to the one occurring in charm-
less B decays, so that we can construct the heavy-to-light transition in terms of the A0- and
Bl-type SCET] currents, as explained in section 2.3.3. Merging the two pieces together,
we obtain the following colour-singlet operators

OM(SLY) = | CF €Wy (1 = )ty — o [ asCP ()
EW b WD W (s ) (1 + mhw] oesLY), @)

OPSHLI) ) = (€W WD Wl (sn ) (1 + 95 OCSTLY). (39

1
S omy
with L = S| P, associated with the vertex and spectator-scattering amplitudes that have
been considered in previous works [191-194, 196, 197]. The operators OA(2S+1L9)) are
written in such a way that their tree-level matrix elements are proportional to the form
factor f My (M%) times the derivative of the quarkonium wave function at the origin,
since the expression in square brackets in (3.7) is the SCET representation of the full
QCD form factor [156]. The effective vertices generated by the A- and B-type operators
(in light-cone gauge, where W, = 1) are shown in Figure 3.1. New and central for the
discussion of P-wave production are the colour-octet operators

Ofﬁ(25+1558)) = (EW )ty (1 — ’Y5)TAhw O(2S+1SSS))7
Of(25+1S§8)) = (EWe)yLu(l - v5) T hay Ou(25+1538))’ (3.9)

constructed from an A-type SCET] current and the colour-octet bilinears in (3.5). Ac-
cording to the assumption that charmonium is a Coulomb bound state, there exist two
sets of low-energy scales, m.v, m.v?> > A related to the non-relativistic expansion and
vmpA, A, related to the collinear expansion and the strong-interaction scale. In the case
of charmless decays the matrix elements of colour-octet operators can be non-zero only
due to power-suppressed soft-gluon interactions, where soft means momentum of order A,
thus they can be neglected at leading order in the A/my expansion. For charmonium,
however, the decoupling of gluons with small momentum holds only when the momentum
is much smaller than m.v?; gluons with momentum m.v? contribute to the octet operator
matrix elements even at leading order in A/my. These contributions are subleading in v,
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Xv

wv 1 wv
VAT
S — [
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OA(QS+15§8)) OB(2S+1P§1))

Figure 3.1: Vertices corresponding to the A- and B-type operators.

but so are the P-wave operators due to the extra derivative in (’)(25+1P§1)), hence the
gluon-exchange contribution to the S-wave octet operators is relevant at leading order in
the velocity expansion to P-wave charmonium production.

Concentrating on the terms relevant to P-wave production at leading (non-vanishing)
order in the v and A/m,; expansion, the effective weak-interaction Hamiltonian below the
heavy quark mass scale is therefore given by

) = Ly S {CA@S“P}”)0A<25+1P§”>
V2t

- / ds CP (25+1P(V) (5) OB (25+1p{ ) (s) (3.10)
+ CIT1(2S+1SS8)) Of(25+1558)) + Cf(25+1538)) Oil(2s+1 538))}’

where we introduced the short-distance coefficients C and § = ny - ps = Mps.

In principle, it is possible to consider a similar production process for charmonium S-
wave states, i.e. their production through colour octet P-wave operators, that subsequently
are converted into an S-wave state through the exchange of a soft gluon. In this case
however the process is suppressed by two powers of v, one due to the soft-gluon exchange,
and the other from the suppression of P-wave operators with respect to the S-wave ones.
These corrections are therefore subleading and we will not consider them in this work,
even if their contribution to the total amplitude may be of some importance, and we will
clarify why later. Therefore, to first power in v, the effective Hamiltonian for S-wave
production reads

G «
Hég) _ %%b%s Z {CA(ZS+1S§1)) OA(25+1S§1))
S,J

+ / dsCP 25+ M (5) 03(25“55”)(5)}. (3.11)

3.2.3 Tree-level matching of A-type operators

The leading-order matching coefficients C* are found by comparing the b — ¢(p.)é(pe) D
tree amplitude (topology as in the left diagram of Figure 3.1) computed with the effective
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Hamiltonian (3.1) to the corresponding amplitude from (3.10), (3.11). The result for the
colour-singlet operators is:

1 C
s =~z (et ).

1 C
ctsily = 5 (02 + Fl) ,

cterty = -2 (+ L),

' PY) = ¢ CRY) = e PR = 0, (3.12)

while in case of the S-wave colour octet operators one finds

s = —g= o). cdis) =0,
cies) = 5 o), 1) = (20y). (3.13)

Since the matrix elements of the colour-octet operators and spectator-scattering are both
suppressed by a factor of ay, this reproduces the well-known result from naive factorization
that only the S-wave and the y.; states are produced at leading order.

3.2.4 Estimate of the branching fraction

The leading-order decay amplitude is now given by the expression
G . _
AR s =5 VaVes Co S TILY) (H S L) M [OARCSHLY)B).  (3.14)

The hadronic matrix element factorizes at leading order in the expansion in A/m; and oy
according to

(H (5L, )M OACSH L) B)
= (M| [@}fo)@We)M(l — ¥5)hw — mib /d§ i (3) (3.15)

X (EW b [WHiIDL W) (sny) (1 + %)hw} |B) (H(SH L) |05+ Li)0),

where the first factor reduce to the QCD B — M; form factor,
A0 1 ~ ~(B1) /4
<M1’|: ( ) é'W )7%4_(1-’)’5)}1 Tnb/dsC’](ch )(S)
X (EWo s WL W] (s ) (1 + 35)ha || B)

= 2Mp (1 )fBMl( 2, (3.16)
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and the second factor reduce to the charmonium wave function at the origin, or its deriva-
tive, depending if one consider S- or P-wave production:

(0S5 0y = (O('5M)).

(J/90CSI0) = n_ -2 (O('55V)), (3.17)
(heOCPM)j0) = n_ - (OCPV)),
(xolOCPM) 0y = (0CGPM)),
(xa|OCPM0) = n_ - (OCPD)),
(X2l OCEM)|0) = nn” e, (OCPSD)), (3.18)

with

(OCPY)) = \/2N/2M, <—z‘>\/§ 4, (0). (3.19)

Here spin symmetry of the leading non-relativistic interactions has been used to write
the six matrix elements in terms of (O(lsél))> and <(’)(3P0(1))>, or equivalently R;y(0) and
%1(0), where R,;(r) denotes the radial Schrodinger wave function of the n-th, I-th state,
and the prime denotes a derivative.
Squaring the amplitude, integrating over the two-body phase space, where we neglect
the light meson M7 mass, and summing over the charmonium polarizations with the help
of

1 H = Tes Xco
- 2 _ M3
POlSUm[H(QSJrlLJ)] — )\Zl |’I’Z7 : 5()\)| = M—?{ H= J/sz)) hc, Xcl (320)
2
2M}
|nlinli<€uy()\)‘2 - L H = Xc2
)\222 3M;§02

we obtain the branching fraction

_ G2 . M2 o M2
Br (B — HC¥Ly)My) = mp = [V Vi P =25t

A28+17 (1) 2
el 16m M3 ‘CO( Ly )‘

M2 ?
x PolSum[H (** 1L )] [QMB <1 — M—g> PMME) <0(25+1Lf}>)>} , (3.21)
where, using the relations (3.17), (3.18), (O(zSHLSl))) = <(’)(1S(()1))> for S-waves and
LMy = 03P for P-waves.

The branching ratio in (3.21) at leading order are different from zero only for the S-
wave and the x.; states, due to (3.12). With parameters as given in section 3.6, varying
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B — M J/P P(295) Ne 1:(25) Xel

BY — K" | 1.19 - 6.75 | 0.67 — 3.82 | 0.77 — 6.37 | 0.62 — 5.09 | 0.13 — 1.06

BY — ¥ 10.04 -0.22 | 0.02-0.12 | 0.03 - 0.21 | 0.02 — 0.16 | 0.004 - 0.03

Table 3.2: Theoretical predictions for the tree level branching ratio, according to (3.21). The two
values for each decay mode represent the results for u =2 GeV, m. = 1.75 GeV and u = 4.8 GeV,
me = 1.45 GeV respectively.

the renormalization scale p between 2 and 4.8 GeV, and m, between 1.45 and 1.75 GeV,
we find the results in table 3.2. The largest uncertainty arises from the scale-dependence of
the “colour-suppressed” Wilson coefficient Cy + C1/N,.. In case of S-wave production the
naive factorization prediction is around two times smaller than the experimental result,
indicating the importance of the NLO corrections, as expected for colour-suppressed decay
modes. In case of P wave, however, the difference is at least a factor of four smaller than
the experimental result; this analysis shows that (naively) non-factorizable dynamics, such
as radiative corrections, spectator-scattering, and the colour-octet contributions constitute
even the dominant contribution to the decay amplitude, in this case.

3.2.5 Overview of next-to-leading order terms: P-waves

Due to the different power-counting for S- and P-wave production, resulting in the two
different Hamiltonians (3.10), (3.11), we prefer to discuss the two cases separately, starting
from P-waves that involve the new production mechanism through colour-octet operators
introduced in [125].

The leading contribution to (3.10) comes from the colour-singlet P-wave A-type oper-
ators O4(?F +1P}l)). Not including the fields themselves in the power-counting estimate,
this contribution is of order a’v, where the factor v arises from the derivatives in the
non-relativistic P-wave operators (3.5) and the factor ! is from the tree-level coefficient
function. Corrections to the leading order start at order a v and in [125] we have shown
that they can be consistently computed, when m.v? > Aqcp, if the following contribu-
tions are included:

1. One-loop corrections to the short-distance coefficients CA(QSHP}D) of the P-wave
colour-singlet operators (“vertex corrections”):

ra vertex G ES
A%ajH(ngilpJ)Ml = 7; Vcchs CA(2S+1P§1))|one—loop <OA(2S+1P§1))>|treea (3-22)
where (...) = (H(2S+1P§1))M1]...]B> and ((’)A(25+1P§1))>\tree equals the factorized
matrix element (3.15).

Loop corrections to the matrix elements of these operators need not be considered. In
particular, corrections to the factorization relation (3.15) are suppressed by powers



3.2 Operator definitions and tree-level results 65

of A/my, v or a2, where the two powers of the coupling arise from the vanishing
colour-projection of one-gluon exchange.

2. The tree-level matrix element of the B-type P-wave colour-singlet operators
OB (25+1P§1)) is of order ay, since one factor of g5 is in the definition of the operator
and another is provided by the coupling of the collinear gluon to the spectator-
quark line (“spectator-scattering”). The B-type form factor is of the same order
as f My [150], hence this contribution is also of order agv. The hard spectator-

scattering amplitude is

ard spectator GF * -1 ~
A = g VeVl / ds CP 5P () iree (OP TP (5)iree-
(3.23)

3. The colour-octet operators (’)A( are of order v°, but their tree-level matrix

(8

25+1 S¢ ))
elements vanish. The matrix element is non-zero due to soft gluon exchange between
the charm-quark lines and the b-quark and light-quark lines, including the spectator
quark. At order asv, one must include the one-loop matrix element with exchange

of a gluon of momentum mv?:

soft vertex soft spectator
A T AR s tip M T

B—H(25+1P;) M,

G .
TQVCbVCS ST 3 eACFS) liree (O 5 TSE))) lone-ghuon- (3.24)
a=||,L J'=0,1

Loop corrections to the short-distance coefficients CA(25+1S§§)) need not to be con-
sidered, since the tree-level matrix element vanishes.

Colour-singlet S-wave operators contribute only at higher orders due to the vanishing
colour projection in the one-gluon exchange contribution to their matrix elements.

The inclusion of the last contribution was missed in literature and we have pointed out its
importance in [125]. Because “non-factorizable gluons” do not decouple below my, in case
of P-wave production, as signal the infrared divergences found in the evaluation of the
first two contributions described here, its inclusion is necessary for a consistent treatment
of radiative corrections down to the scale Aqcp.

3.2.6 Overview of next-to-leading order terms: S-waves

In case of S-wave production the leading contribution to (3.11) comes from the colour-
singlet A-type operators O (%S +1S§1)), and is of order a2v?, because the S-wave operators
are leading in the v expansion, as one can see from (3.5), while the factor a? is from the
tree-level coefficient function as before. Corrections to the leading order start in this case
at order o v?, and only two contributions are involved, corresponding to the first two
items of section 3.2.5:



66 Chapter 3. QCD factorization for Exclusive b — ce¢D decays
1. the one-loop corrections to the short-distance coefficients C* (2% +1S§1)) of the S-wave
colour-singlet operators:

G
Ahard vertex

B—H( 25+1G; ) \/— V V* CA(2S+IS 1))‘one loop <OA(2S+ISSI))>’tree7 (3'25)

2. and the tree-level matrix element of the B-type S-wave colour-singlet operators

1
OB (25+1 SS ))
G .
hard spectator F * ~ 1 ~ 1
Apessis = 5 VaVa / d3 B (*5T1SD)(8) iree (OF (PSHLSE)(5)) iree.
(3.26)
Again, loop corrections to the matrix elements of these operators need not to be

considered, because they are suppressed by powers of A/my, v or o2.

In this case, colour octet operators contribute only starting at higher order in v, i.e. at

order a,v2.

This is because first, one has to consider the P-wave colour-octet operators
042 +1P}S)), that are of order v. Moreover, since their tree-level matrix elements vanish,
one has to consider the one-loop matrix element with exchange of a gluon of momentum

mev?,

Asoft vertex Asoft spectator
B—)H(QS+1SJ)M1 B—)H(2S+1SJ)

Gr

\/5 VenVes Z Z CA 25+1P )|tree <OA(25+1P§§))>|°ne_glu°n’ (3.27)

a=||,L J'=0,1

whose total contribution is therefore of order asv?.

Because of the colour-suppression of the tree-level amplitude, that involves the short-
distance coefficient Cy + C4/N,, radiative corrections are in general important, and the
contribution in (3.27) could still be relevant for a precise evaluation of the decay amplitude.
Nevertheless, because of the relation ag(Mpyv) ~ v, a consistent evaluation of the decay
amplitude at this level require to consider as well the two-loop corrections to the short-

distance coefficients CA(2S+1S§1)),
a? vertex GF *« 1
Ay s = g Ve 2 CA M) wotoop (OIS firee,  (3.28)

and the one loop correction to the short-distance coefficients C? (25+1SSI)),

a2 hard spectator G *« a5 ~
A s = 72 VaVis [ dsCP TSN anertonn (OP S (5) e
(3.29)

that are of order a2v?, thus formally larger than the asv? corrections because of the relation
above. In [202] it was shown in the inclusive case that the contributions (3.27), (3.28)
and (3.29) are indeed important, with (3.27) resulting numerically the larger, because of

2

its large colour-octet short-distance coefficients. They should therefore be included in a
reliable phenomenological analysis. Here we focus on the factorization properties of these
decays; therefore, the inclusion of (3.27), (3.28) and (3.29) is beyond the purpose of this
work.
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Figure 3.2: One-loop corrections to the short-distance coefficients CA(QS“LSI)) (vertex correc-
tion,).

3.3 Short-distance contributions

In this section we compute the short-distance contributions related to items (3.22), (3.23)
and (3.25), (3.26).

3.3.1 One-loop short-distance coefficients

The one-loop correction to the short-distance coefficients of the A-type colour-singlet P-
and S-wave operators (3.7) are obtained from matching the QCD diagrams in Figure 3.2
to the expression (3.22) and (3.25), respectively.

In case of decays into the 7.1 and 7.9 states one has to take into account an additional
contribution, that comes from the diagrams (shown in Fig. 2.5) with gluon exchange
between the b- and the spectator-quark line, as well as the s- and the spectator-quark, the
b- and the s-quark line. This is a consequence of the form factor parametrization considered
here. In full QCD in fact the matrix element (M;|gy*(1—~5)b|B) is parameterized in terms
of two form factors, ff M1 and f(j)B My according to (2.8). At leading order, in full QCD,

one finds that the decay amplitudes into the 7.; and 7.9 states are proportional to f(j)B My
while the remaining decays are proportional to ff My However, since Ey;, ~ Mp/2, we

are in the kinematical regime of large recoil, which allows us to perform the calculation
within the SCET formalism and which implies symmetries that reduce the number of

independent form factors: f(? My and ff M1 are related by

BM; MI2{ BM;
so that the relation (3.16) holds and all the amplitudes can be expressed in terms of
only ff M " according to (3.21). Starting at NLO however there are symmetry breaking
corrections and (3.30) is modified [148]. These corrections, which correspond exactly to
the evaluation of the first three diagrams in Fig. 2.5, have therefore to be taken into
account when expressing the amplitudes in terms of only ffMl, as in (3.21). The “vertex
correction” (third diagram in Fig. 2.5) gives rise to an additional contribution to the
short-distance coefficient C{}( 15((]1)), while the “spectator scattering correction” (first two

diagrams in Fig. 2.5) gives an additional term to CB( 15((]1)).
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The loop correction is expected to be large, since it comes with the large Wilson
coefficient C'1, while the tree amplitudes are either zero or colour-suppressed. In case of
S-wave production we obtain

CR(s8) = = e B S (1150l + TCEE (o 5y )
i) = 5 n S (11 - s L), (3.31)
while for P-wave we have
CiCPY) = —— E LA
GRS =~ SE SR,
ct(*p) = —m\b/i; aiF % (f 2P — 4 LCZ,T Cl) ,
ey = - L @Cr 4y (3.32)

mpz  4m N,

The extra term proportional to (N.Cy + C1)/C in C{\( 1551)), ClA(3S§1)) and ClA(B’Pl(l))
arises from the c¢ vertex correction in the second line of Figure 3.2, and was derived
from [230]. The term proportional to §fPM! appearing only in case of the 1Sy coefficient
correspond to the (vertex) correction factor between fOB M1 and ff M1 as explained above.
It reads [148]

1_
SFBML — g ot "%

In[1 — z]. (3.33)

The loop functions f[29+1L;] are extracted from the b(myw) — c(p.)é(pe)D ampli-
tude expanded to first order in the relative momentum [. The expansion is done in the
integrand to extract the hard momentum region, and the integration is performed after
expansion. The decomposition into the six angular momentum states is done according
to the operators in (3.5). We use dimensional regularization with d = 4 — 2¢ for both
ultraviolet and infrared singularities, and the NDR scheme (naive anti-commuting ~s) for
the treatment of 75 and the definition of the weak effective Hamiltonian (3.1). Ultraviolet
divergences are subtracted according to the MS prescription. An ultraviolet divergence is
present only in f[1So], f[351] and f[3Py], since for 1Sy, 351 and 3P states there exists a
non-zero tree amplitude, while infrared divergences appear for the other P-wave operators
but not for *P;. This can be understood from the fact that the infrared divergences are
related to the 1Sy and 35; colour-octet matrix elements, and that soft gluons change angu-
lar momentum by one unit, but do not change spin. As expected, no infrared divergences
arise for S-waves, and in fact no compensation could arise from the 2$*1P; colour-octet
matrix elements, that contribute at higher orders.

Defining the auxiliary function

fro = — (1 +1In 'uz) < 8 8Inz ) 4 10 <Li2[%} _Li2[2(ffz)}>

2 )\1T—2 " 1—2p
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_ 81n22 . 41n? 2 _ 16 ! 2—,21 z
122 (1-22 (1-22 "1-2"2

(3.34)

and the ratio z = 4m?/m? of heavy quark pole masses, we find

2 2

1 w 2z 4(3 — 4z + 2°)
So] = —6ln— — 18 —

f150] nmg 2—z+ (2—2)2

(In[1 — 2] —im),

2 2
3 1 2z 4(3 — bz + 22%)
S1] = —6Iln— — 18

ey nmg +2—z+ (2 —2)?

(In[1 — 2] —im), (3.35)

for S-waves, and

4(2 — 3z + 222) B 4(8 — 8z + 22 + 23)
(2-2) 2-2)?

464162 — 192° 4 52%) 9 22(8 + 13z — 1822 + 523)

(1-2)(2—2)? - (1-2)2(2 - 2)2
42 —Tz+22%) 84— 2322+ 23)
22-2)2 z2(2—2)3
46 4222 — 2727 4 72%) n2 4 2(20 — 73z + 5822 — 1323)
2(1—2)(2—2)? (1—2)2(2—2)?
2

1P = zfi0 —

(In[1 — z] —im)

In z,

fI°Po) = fro—

(In[1 — 2] —im)

In z,

3 m 2z 4(3 -5z +22?)
Py] = —6In — — 18
1R nmg +2—z+ (2—2)2

(In[1 — z] —im)

2
5z an—Llnz,
2—z (1—-2)(2-2)

42(2 — 2 — 2%)  42(8 — 8z + 322 — 23)
2-2?2 (2-2)3

82(3 4+ 82 — 922 + 223) 222(16 — 5z — 422 + 23)
— In2 —
(1-2)(2—2)2 (1—2)2(2—2)2

for P-waves. The infrared 1/e pole, which violates factorization at the heavy quark mass

f[3P2] = Z2f]0 — (ln[l — Z] — Z7T)

In z (3.36)

scale, is exhibited explicitly in fr9. The singularity arises here as a consequence of the
expansion to first order in the relative momentum [, and signals that — unsurprisingly —
the colour-transparency argument does not hold at the heavy-quark mass scale, for the
P-wave decay channels.

Results for the hard vertex correction, corresponding to the first four diagrams in figure
3.2, have been obtained previously, for decays into P-wave states, in [191-194,196, 197],
where the infrared divergences were noted for the first time. These papers use a gluon mass
rather than space-time dimension as infrared regulator, while the finite part is given only
in parametric form. This makes difficult to compare these result with ours, except for the
infrared divergent part, where we agree, and for the y.; case, where the finite contribution
is given explicitly [196] and there is no infrared regulator dependence, and where we also
agree. The fifth diagram in Figure 3.2 was not taken into account in literature, before [125].
Results for S-waves were presented in literature only within the LCDA approach [188-190],
while we present them here for the first time within the non-relativitic approach.
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Figure 3.3: Hard spectator-scattering — tree diagrams for the coefficient functions CE(*11L ;) (y).

3.3.2 Short-distance spectator scattering

The tree contribution to the short-distance coeflicients of the B-type colour-singlet P-
and S-wave operators (3.8) is obtained from matching the QCD amplitude for the process
b(mpw) — c(pe)é(pz)D(yp)g(yp) shown in Figure 3.3 to the expression (3.23) and (3.26),
respectively. In this way, we calculate directly the momentum-space coefficient function

CB(2S+1L§]1))(:U) _ /d§ ei@§53(25+1L9))(§)’ (3.37)

where § = 1 — y is the fraction of longitudinal momentum np = my(1 — z) carried by the
hard-collinear gluon. We find

e = Tt =1+ A7)
eBes)) = 21 (3.39)
for S-wave states, and
PP =~ 5
crer = o (1- 73 ).
P CPY)y) = —2]% 72;{/52 <1 + = Zé) :
PR ) = 2]% mib (1 +—= z%) . (3.39)

For P-wave states. The coefficient § f2M1 is the (spectator scattering) correction factor
between fOB M1 and ff M1 \which reads [148]

z N.Cy+ C

5 BM1:
fs 1—=z Cl

(3.40)

For later purposes it will be useful to express these results as

20! B 2S+1L
e = 5 (erre i+ 2—=) (3.41)
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Figure 3.4: Hard spectator-scattering — matriz element.

with y-independent coefficients CB[25+1L ;] B[29+1L ], which follow by comparison with
(3.38), (3.39).

The hard spectator-scattering amplitude (3.23), (3.26) requires the evaluation of the
convolution

/ d3 CB (S L) (8) uree (OP (PSHLE) (8))firees (3.42)

which is done following the method described in [136], which is explained in section 2.3.3.
The corresponding diagram is shown in Figure 3.4. First, as in the case of the A-type
operators, the tree matrix element factorizes according to

(HCST L) MyOPPSHLY) (5) B) =
Lo ot =
<M1!m—b(€Wc)7[Wc iy Wel(sna ) (14 v5) he | B)
x (HST L) |05+ LP))0). (3.43)
The heavy-to-light matrix element is the same as appears in non-leptonic decay to two
light mesons; comparing with section 2.3.3, (2.70), (2.75) one derive

(| (@) BE WP W) 1)1 +25 ) =

2By, Mg [ = ey (=
_47/ dT/ dw/ dy e (T y,w) [B Ppr (W) far, Pary (y). (3.44)
) 0 0 0

Here ®p4 (w) and ®py, (y) are the leading-twist light-cone distribution amplitudes of the
B and the M; meson, respectively, while the hard-collinear “jet function” J”(f;y,w) is
equivalent to (2.80), and at leading order is given explicitly by

draCp 1
Nc QEleg

o

i (T;y,w) = o1 — 7). (3.45)

Using (2.107), the tree-level matrix elements reads

<M1|mib(£WC)¢7+[lelDiWc](5n+)(l + 75)hw|B>tree =
masCp [pMp

N,  mypAp

1
o1
/ dy e"¥® 5 Fan @ (y). (3.46)
0
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Inserting the Fourier representation of the coefficient function into (3.42), we find the

amplitude
Ahard spectator o GFr VaV* masCp <H(25+1L )|O(2S+1L(1))|0>
BoHESHL)M — /5 cb¥es TN J J
o fBMB /1 B 25+1 (1) D, (y)
X —— dyC 1 L 3.47
LB [ ayen (s 2 (3.4

This result has been obtained previously, for P-waves, in [191-194,196], by direct evalua-
tion of the spectator-scattering amplitude.

The problematic aspect of this expression is the endpoint divergence of the convolu-
tion integral when y — 1. The meson M light-cone distribution amplitude behaves as
@/, (y) ox g for small y. But contrary to the situation for decays to two light mesons or an
S-wave charmonium and a light meson, the coefficient function C5( 25+1P§1))(y) contains
a piece proportional to 1/7, resulting in a logarithmically divergent integral. We regularize
this integral by introducing a cutoff that replaces the upper limit by 1 — g with p < 1.
Using

1—p d 1 [0} + 5P 1
/0 dy ]\/;2(2/) = <I>’Ml(1)1n,u—|—/0 dy i (¥) ng 7 )—i—O(u) (3.48)

the convolution integral in (3.47) takes the final form

1—p
| aeresep) et -
0 Y

2C 1 P 4 —q)/ 1
Tl{B[2S+1PJ](I)/]\41(1)IHM+B[25+1PJ]/ dy i (Y) g2y vy (1)
¢ 0
L9
+CB[25’+1PJ]/ dyMTl(y)} (349)
0

The regulator-dependent In u term appears to violate factorization even at leading power
in the heavy quark expansion. We shall show below, however, that this dependence is
cancelled by a corresponding ultraviolet divergence in the colour-octet matrix elements.

3.4 Colour-octet matrix elements

The important new element in our treatment of B decays to P-wave charmonia are the
colour-octet contributions (3.10), (3.24) to the decay amplitude. In this section we show
how to compute these matrix elements when the charmonium is a Coulomb bound state
and demonstrate that the infrared singularities in the vertex correction and hard spectator-
scattering can be absorbed into a renormalization of the colour-octet matrix elements. In
the Coulomb limit the octet matrix elements can be computed in perturbation theory,
and we provide results at order ag, corresponding to the accuracy of the short-distance
terms. In general, and more realistically, the colour-octet matrix elements may be in-
troduced as new non-perturbative parameters, but their scale dependence still cancels
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Figure 3.5: Amplitude exhibiting a quarkonium pole after summing Coulomb gluon exchanges in
Ga.

the factorization scale dependence of the hard-scattering terms. However, factorization
in the sense of separating the B — M transition from the vacuum to charmonium ma-
trix element holds only in the Coulomb limit, since otherwise the octet matrix elements
of the SCET/NRQCD four-quark operators contain strongly interacting gluon exchanges
between the charmonium and the BM; system.

3.4.1 Reduction formula for quarkonium matrix elements

We briefly review the formalism for the calculation of quarkonium matrix elements
(HX|0]Y), (3.50)

where O is some operator, H the quarkonium with momentum ¢ = Mpgwv in some polar-
ization state, and X,Y denote arbitrary other particles.

The quarkonium matrix element is identified in the standard way as part of the residue
factor of the pole of a suitable Green function. We pick a Green function with two
external charm quark fields. The quarkonium bound state poles appear after summing
ladder diagrams with colour-singlet Coulomb (potential) gluon exchange as the bound
state poles of the Coulomb Green function G((;l) as indicated in Figure 3.5. For external
momenta py,ps with (p; + p2)? near 4m?2, the bound state poles appear in the integration
region where ¢ = mev + 01, ga = mev + lo, with E = v - (g1 + q2) — 2me = v - ({1 + {2)
and {17, lo1 = —{;7 = —f1 small, of order m.a? and m.as, respectively. A specific
charmonium state is extracted by performing the following steps: (1) we insert the spectral
representation of the Green function and use that near a bound state pole

Wi (k) V31, (€)

G (ks ) Py el
n— F — 1€

lym

(3.51)

where W,,;,,(£) is the momentum-space wave-function of the Schrédinger operator in the
nlm basis. The three-vectors are introduced by writing four-vectors a’é orthogonal to v as
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att = L") (v)a”, where a* = (0,a) and L",(v) is the Lorentz boost from the quarkonium
rest frame to the frame where its momentum is Mpyv. (2) To separate the degenerate states
with different angular momentum and spin, we first introduce the spherical decomposition

\Ijnlm(e) = Rnl(g) lem(Q) (3'52)
defining ¢ = |€]. Then we perform a Fierz transformation in the Dirac indices of the
two intermediate charm propagators in Figure 3.5 to obtain the projection on the spin
zero and spin 1 components. For [ = 1, the J = 0, 1,2 states follow from the standard
Clebsch-Gordon relations.

The final result can be expressed in terms of the on-shell ¢¢ matrix element corre-
sponding to (3.50), which we write in the from

(c(q1)e(q2) X|O)Y) = tic(q1)A(E, 1) ve(g2)- (3.53)
Defining the matrices
1
B H =
(V) r H=J/{
— SO H = h
AlH] = 1 . (3.54)
3 / Xc0
L /7 B
ﬁ [7, ﬁﬁ()\)} V5 H=xa
N
_eaﬁ()‘) TT ’Y‘?’ H = xe
in Dirac-index space (and diagonal in colour space), the desired quarkonium matrix ele-
ment is
1 d3e 3 - 1+ ¢ 1— ¢
HX|O)Y)=+2My —— | ——=1/— Ru() tr | A|[H]| —— A(E,{T) ——
(HXIO0) = Vo [ o\ R0 e (A1) 52 A ) 257

(3.55)
This is valid in a leading-order treatment of the non-relativistic bound state dynamics.
Beyond this approximation, corrections to the wave-function and trace expression are
required. Eq. (3.55) can be used to calculate the first non-vanishing contribution to a
quarkonium matrix element, and this will be sufficient for the colour-octet terms considered
below.
The momentum-space radial wave function follows from the Fourier transform of the
position-space expression R,;(r)Y;,(2) and is given by

Rnl(k:) = (—z’)l /000 dr 4mr? ji(kr) Ry (r). (3.56)

The case of interest here correspond ton = 1,1 = 0, (S-waves), and n = 2,1 = 1 (P-waves).
Using the spherical Bessel function

sin kr
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sin kr — kr cos kr

i1(kr) = 3.57
g1 (kr) )2 , (3.57)
the integral evaluates to
Rro(k) = —2"B__ R (0)
10 (k2+"}/%)2 10 )
~ ~ 1024nvypk
Ry (k) = (—i) IB2 - Ry (0), (3.58)

PRt
where R}, (0) denotes the derivative of the position-space wave function at the origin, and

measCr

5 (3.59)

B =
is the inverse Bohr radius of the charmonium.
As an example of using (3.55) we calculate (X01]O(3P1(1))\0> with (’)(3P1(1)) given in
(3.5). The tree amplitude is

A(E, br) = % (4795 s (3.60)
resulting in
r (A[Xcl] ”2 Y AE, ) %) _ % tn_ e (3.61)

It follows that

3 ~
(alOCP) = VNN [ 555\ o (0

= n_ - e(\) V/2N.\/2],, \/g (—i) R}y (0), (3.62)

which is consistent with (3.18), (3.19). The other relations in (3.18), (3.19) can be derived
in a similar way.

3.4.2 Soft vertex correction

We proceed to the calculation of the colour-octet matrix elements (x. JM1|OEI4(3S£8))|B>
and <th1|Of(1S((]8))|B> (a =||,L). Since this involves only the production of P-wave,
we follow closely the treatment given in [125].

At order o the interactions are spin-symmetric, so there is no contribution of the 3S§8)
(1588)) operator to the h. (x.s) final state. Each matrix element receives contributions
from vertex diagrams (first four diagrams in Figure 3.2) and spectator-scattering diagrams
(Figure 3.3 with gluon attached to the undisplayed spectator quark line), except that now
the gluon virtuality is small, of order (m.v?)? for the vertex diagrams.

We begin by writing down the soft gluon coupling to the cc¢ pair. The leading interac-
tions of dynamical gluons with momentum of order m.v? to the heavy charm quarks are

provided by the (P)NRQCD effective Lagrangian, that we review in appendix A.3. They



76 Chapter 3. QCD factorization for Exclusive b — ce¢D decays

read g5 (2)(A%(t,0) — = - E(t,0))¢(x) (A.51) together with a similar term for the anti-
quark field. The contribution from the A° coupling cancels in the sum of the attachments
to the ¢ and the ¢ line (or can be gauged away), leaving the chromoelectric dipole inter-
action. The dipole interaction provides the additional factor of velocity v which renders
the octet S-wave operator matrix element of the same order in v as the singlet P-wave

operator.
The part of the amplitude involving the charm quark lines can now be expressed in
the form
A _ dgelT 2541 q(8)1 : ~(8) ( pt .
(B, 0T) —/Wl“a[ STNGY (U kt + U1 E4v - k) 6U(k + £, 1), (3.63)

see Figure 3.6. The various items in this equation are as follows: k denotes the outgoing
soft gluon momentum; Fa[25+1558)] comes from the cc part of the colour-octet operator
as given by the contents of square brackets in (3.5); U (k + ¢, £) is the momentum-space
soft gluon interaction vertex

.H
P
SU(k+1£.0) = ~ig.T® (v%% — P k:) , (3.64)
T

where p and “B” are, respectively, the Lorentz and colour index of the soft gluon; GgS) (e,
kT +{1;E+v- k) is the Coulomb Green function that sums an infinite number of gluon
exchanges “between” the operator and the soft gluon vertex. Here we need the colour-
octet Green function, since the c¢ pair is produced at the operator vertex in a colour-octet
state. The calculation of the vertex diagrams with the full Coulomb Green function is
quite involved (see [203] for the calculation of colour-octet inclusive quarkonium produc-
tion matrix elements), but turns out to be unnecessary to good approximation. Similar
calculations involving colour-octet Coulomb Green functions [231,232] find that the nu-
merically largest term arises from the no-gluon exchange term, since every colour-octet
exchange is suppressed by the small colour factor —1/(2N,). We therefore simplify (3.63)
by approximating

iG® (b, 0 B) = ——— (26 (b7 — 11), (3.65)

E+ - +ie

obtaining

5. (3.66)

by PA

9 vPkg — gt vk ) b1y

ACE(E7€T) :2‘295 Fa[2S+IS§8)] <_ ) ( . o ) 9
l

<E+v-k+—T+ie>

Me
C

Attaching the gluon to the bottom quark and the strange quark line and making use
of (3.55), we arrive at

o
(HMy|Of (58T B) [vertex =

1 e [3 - —9e [ do% (=)
\2Mp —\/Q—M/W\/%me)/ﬂ /(27r)d 52+ ic




3.4 Colour-octet matrix elements 77

o]
'.‘

<

0A (23+1S§8))

Figure 3.6: Soft gluon attachment to the charm quark lines.

« tr <A[H] YV A (B ) 1_2 3")

ity (22— T8) (OIEW) A (- )T RB), (360

where we used that k is soft to simplify the bottom and strange quark propagators, and
denote the binding energy by

Eyg = My — 2m,. + ie. (368)

The colour index “A” is contracted with an index hidden in the definition of T',[** +1S§8)],
while p and “B” are contracted with the corresponding indices in (3.66). The order of the
colour matrices TAT B, which is different for the attachment to the bottom and strange
line plays no role, since the colour part of the trace evaluates to %6’43. The corresponding
matrix elements of the operators Of(2s+1S§8)) have v, ,, instead of iy in the (M|...|B)
matrix element. The absence of a transverse vector implies that the matrix element
vanishes, so at this order

<HM1‘Of(25+1S§8))’B>lvertex = 0. (369)

The integrations appearing in (3.67) can be performed exactly. The loop integral is of
the general form

e [ Ak by N Jp P, 3.70

g /(27r)dk:2P~k(v-k:+w)2_(477)2(PU”+ P L) (3:70)
Only Ip enters the final result, and can be calculated directly by introducing Feynman
parameters. In contrast to the hard vertex correction, this loop integral is infrared finite.
The sensitivity to very soft gluon momenta is cut off at the scale of the binding energy Ep
since w = By — E%— /mc. On the other hand, there is a logarithmic ultraviolet divergence,
which we regulate dimensionally to be consistent with the calculation of the short-distance
correction. The angular £-integral is also easily done using®

4
/ Qe = —?” 2 62", (3.71)

SNote (% = —¢2 = —¢2.
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The remaining /-integral is of the type

‘A“:M£3Rm(@[A—th1<_2(EH'Lﬁ/"%)>] (3.72)

with ¢-independent constants A, B, and is evaluated using the explicit form (3.58) of the
momentum-space radial wave function. Including the colour and spin traces we find

— 053 CF —
<th1|Oﬁl(1sc()8))|B>|verteX = _E F st( 1P1(1)) Fsv <th1|OA(1P1(1))|B>|treea
— 053 CF —
(e MO CST B hertex = =7 - Poo(*F3) Faw {xer M| O* CBS) B s,

(3.73)

where we have re-expressed the product of the derivative of the wave function at the origin
and the B — M, form factor in terms of the factorized matrix element (3.15) to facilitate
the comparison with the hard vertex amplitude (3.22). Eq. (3.73) contains the spin-
dependent coefficients st(lPl(l)) =1 and st(3P§1)) = {1/(v/32),0,1} (for J = 0,1,2),
and the loop function

1 2
——I—ln'u—2+lnz—2AF
€ mj

8z
Fop,= ———| (1- |
7mu_zv<< “tnz)

1 2
+2Lis(2) — §1n2z—|—21nzln(1 —z)—2Inz — %),

(2 V _mcEH + 73)2
m;

vB(5vV/—mcEx + 2vB)
(2\/ _mcEH + 73)2

This includes the ultraviolet divergence explicitly, as well as dependence on the bound

AF = In

g (3.74)

state parameters yp (3.59) and Ep (3.68) in AF. The colour-octet matrix elements are
complex, since they contain soft-rescattering phases. However, as can be seen from the
expression for AF or from (3.72), in the present one-loop approximation a rescattering
phase exists only for positive binding energy.

Consistency of the approach requires that the infrared singularities in the coefficient
functions of the P-wave colour-singlet operators cancel with the 1/e pole in (3.74). In this
case we may interpret the singularities and corresponding p-dependence as factorization
scale dependence that cancels in the unambiguous sum of the two contributions. Including
the tree-level matching coefficients for the colour-octet operators (3.13) and making use
of (3.32), the cancellation condition reads

%ﬁm<mﬂ%&:mw (3.75)

C{‘(”“P}l)) _ CA(25+1Sé1)) 7 Do

I
Inserting results from (3.32), (3.34), (3.74), one checks that the 1/e terms do indeed
cancel. In particular, the vanishing of st(3P1(1)), hence the complete absence of a soft
vertex contribution, for the x. case is consistent with the absence of an IR divergence in
the loop coefficient f[3P].



3.4 Colour-octet matrix elements 79

3.4.3 Soft spectator-scattering

Next we calculate the spectator-scattering contribution to the colour-octet matrix ele-
ments. We first consider the part of the amplitude shown in Figure 3.3, before attaching
the gluon to the spectator quark line. In the present tree approximation, the gluon mo-
mentum k is the difference between the momentum of the antiquark in the meson M,
qul and the spectator-antiquark momentum qu in the B meson. All components of these
momenta involve factors of A, except for n - pg/f U= gnyp = 2yEyy, . Since m.v? > A by
assumption, we may drop all small components (except in the denominator of the gluon

propagator, which would be exactly zero) and approximate k by

nM

EF=ny -k 7_ (3.76)
with ny - k ~ m.v?, since k is soft. This implies that i ~ v2, so soft-spectator scattering
corresponds to an endpoint configuration, in which very little momentum is transferred to
the spectator antiquark. Almost all of the meson M; momentum is carried by the quark
generated at the b — s vertex. The gluon virtuality is given by k? = —n -pg/ll n_ -qu =
—2E), Yw.

The starting expression for the matrix element is
)\, =
(HM O (S B) spece. =

e - *
m—;—]\fc/W\/ngw)Nic/o dw fp PB4 (W)

1

1 (_i)gpa 1+ 75 ~ 1- 75
“N. s dy fary s @on (y) —2EM1§wtr AlH] —— Ace(En, b1) —

i

< (~i)g tr (TATP) L (‘1) Mg tr (mﬂiu ) %wwa) .37

where the second trace arises from the gluon coupling to the spectator quark and the
projections on the leading-twist light-cone distribution amplitudes of the meson M7 and
the B meson. The attachment of the soft gluon to the cc lines, Az(Ep, (1), is the same
for the vertex and spectator contribution. Substituting (3.76) into (3.63) shows that the
gluon index p must be transverse. The corresponding matrix elements of the operators
Orﬁ(25+1S§8)) have s, instead of 7|, in the second trace. The trace then vanishes (also
for the projection on ®p_(w), since & must be transverse), so at this order

(HMyOf (2518 B) lspet = 0. (3.78)

Further evaluation of (3.77) is straightforward: perform the traces; convert the w-
integral into 1/Ap (2.107); do the £ angular and then the radial integral. To facilitate the
comparison with (3.47), we provide the final result for the partial amplitude

Soft s v G . _ _
A o, = g VoV CECTSE) (HILIOL S D) B apect (379)
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rather than the matrix element itself:
o, Cp

soft spectator GF *
A = Vcb Vcs
N

B‘)H(QSJ'_IPJ)Ml - \/5

o S feMp 20,
mpAB N,

(H(5H P05+ p{Y)|0)

B[QSJrlP}l)]

—4

! _ 2y/zFEy VB
x/o dy P, (y) <\/— (y+mb(1_z)>+mb —1—/2) - (3.80)

Here B[25+1P§1)] is given by the same expression as defined in (3.39), (3.41). Notice that

there is no soft spectator-scattering contribution to the h. final state, as B [1P1(1)] =0,

which will be important in the numerical analysis.
We compare the integral over the meson M; distribution amplitude to (3.47). While
the integrand there was applicable to y not near 1 and exhibited a logarithmic endpoint

divergence as y — 1, the present integrand is appropriate only to 1 —y ~ v?

, G.e. in
the endpoint region. There is no divergence here as y — 1. However, for § > v? the
integrand has the same logarithmic behaviour [ dy @y, (y)/y* as does the hard-spectator
contribution for y < 1. In (3.48), (3.49) we regulated the endpoint divergence in hard
spectator-scattering by cutting off the y integral above 1 — p. This corresponds to a hard
factorization scale in the energy of the gluon that connects to the spectator quark. The
spectator-scattering contribution to the colour-octet matrix element originates precisely
from the energy region that was left out in (3.49), thus the correct interpretation of the
y-integral in (3.80) is fol dy — f11—u dy. To combine with (3.49) we must evaluate the
regularized version of (3.80) up to terms of order v?/u. This allows us to approximate
Do, (y) = —y @), (1), resulting in

/1; dy @, (y) (\/— (y + ij\(/ffi)) + mb\;f__z>

~ —(1>’Ml(1)/oudyy (\/— (yﬂj;(/lz?i)) +mb\r/y%>

(D) (=Inp+ F), (3.81)

—4

—4

Q

where

Fos=—In(1 —2)+1+ir+ AF, (3.82)
and AF is given in (3.74). Comparing (3.47) to (3.80), together with (3.49), the previous
equation demonstrates that the regulator-dependent In p terms cancel. We may there-

fore conclude that the endpoint singularity in hard spectator-scattering does not violate
factorization, since it can be factorized into the colour-octet matrix elements.

3.4.4 Further remarks on the endpoint singularity

A rigorous understanding of endpoint singularities in convolution integrals would enhance
the predictivity of QCD factorization approaches for exclusive B decays considerably. It
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would also provide meaning to formal factorization “theorems” derived in soft-collinear
effective theory, which generically result in ill-defined convolutions, with exceptions in
many leading-power applications. Despite several attempts [87,150,236] there is currently
no satisfactory framework for factorizing endpoint divergences and for associating them
with well-defined operator matrix elements.

The calculation of the B — x.sM; decay amplitudes elaborated in [125] and reported
here provides the first example, where an endpoint singularity in a hard-scattering con-
volution integral can be factored consistently (at least at the leading order) into precisely
defined objects, the colour-octet matrix elements. The example does not quite represent
what is required for other cases, such as the B — 7 form factor, since in B — x.;M; the
endpoint divergence arises from factorization at the scale m.v?, not A.5 Nevertheless, it
is worthwhile to collect some observations on the structure of the endpoint contribution.

e The endpoint contribution is proportional to @Ml (1), the derivative of the distribu-

tion amplitude at the endpoint.” This is because the endpoint region is of size v?
rather than A/m;, hence it is justified to describe the quarks in the kaon by collinear
quark fields. In general, we do not expect the distribution amplitudes to be relevant

in the endpoint region, since one of the quarks does not carry a collinear momentum.

e The factor 1/y that renders the hard-spectator convolution integral divergent, orig-
inates from the expansion of the charm propagators. It is therefore not possible to
associate the endpoint contribution with a matrix element involving only the meson
M state, as in the case of the light-cone distribution amplitude. Rather it reflects

a large non-factorizing contribution to the entire process from the scale m.v?.

e The endpoint contribution contains a large rescattering phase as seen from (3.82).
This observation casts doubt on the correctness of a claim made in [95] that the
power-suppressed weak annihilation contributions to charmless decays are real in
first approximation. In fact, applying the prescription of endpoint subtraction used
in [95] to B — x.jM; would simply set the soft-spectator scattering contribution to
zero. This implies an uncancelled subtraction scale dependence proportional to In g,
which is also present in the result of [95]. More important to the claim, it would
miss the soft spectator-rescattering phase.

3.5 Twist-3 spectator scattering contribution

In section 2.3.4 we have explained that, despite being a power-suppressed effect in the
Aqcp/my expansion, the twist-3 contribution to the spectator scattering correction is
numerically large and therefore important for reliable estimates of B decays into two light
mesons. In B — HM; decays, because of the destructive interference between the leading
amplitude and the vertex correction, the spectator scattering may be even the dominant

5This aspect is similar to the discussion of the B — 7. form factor in [233], which also exhibits a
calculable endpoint logarithm.

"As in the expression for the B — 7 form factor in the heavy quark limit of its light-cone QCD sum
rule representation [234].
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contribution to the decay amplitude [125]. For this reason, it is mandatory to include the
chirally enhanced twist-3 contribution in the analysis. As we will show in section 3.6, its
inclusion is interesting also for a better understanding of the nontrivial interplay among
the different scales involved in the problem, in particular m.v? and Aqep.

The evaluation of the twist-3 spectator scattering correction has not yet been formu-
lated consistently in the framework of SCET; because of the appearance of endpoint sin-
gularities that prevent factorization. However, this contribution can be evaluated within a
phenomenological approach, [63-65,67]. When considering B — H M; decays, one has to
take into account a hard contribution from the colour-singlet operators, and, for P-wave, a
soft contribution from the colour-octet operators, as in case of the leading-twist spectator
scattering. The two contributions can be cast into a form similar to (3.47) and (3.80).
The twist-3 hard spectator scattering correction reads

Ahard spectator — twist-3 GFr vacz masCr <H(25+1LJ)’0(25+1L51))’0>

B—H(25+1L )M, - \/5 c N,
fun fBMpB 74)1241 /1 B/25+1 7 (1) D, (1)
d L Zmil\d) .
s 1-2 ), yCis( 7 )W) 7 (3.83)

where ®,,, (y) is the twist-3 distribution amplitude of the meson M, and ryl is defined
as in (2.45). The twist-3 short-distance coefficients C5 (2% JrlL((]l))(y) read

1 201 1
Ctg,l(ls(() ))(?J) = —Tcﬁ’
2
e, (s = X2, (3.84)
El NC
for S-wave states, and
207 2 1+2 2z 1
B 1P(1) _ 1 . L
Ciz1 (P 7)(y) Nemp/z\1—2 1-23)°
2C 2 2z 1
CB 3P(1) = — 1 (1 — _> ,
BaCR) = e (120,
B 3 p(1) __201 22 I+ =z 1
B PO = - (T s )
B /3 p(1) __2(]11 1+2z_ 2z l
Ca (R0 = -1 ( . T 135) (3.85)

in case of P waves. The results for the decays into the x., xc2 and h. states have been
presented in literature in [193,197], and we agree with these papers. The results for the
other decays however are new, and are presented here for the first time. As expected for
the twist-3 contribution, each term in the short-distance coefficients Cj3( 2SJrlL‘(]l))(y) has
endpoint divergences, because ®,,, (y) = 1. However, since the terms proportional to 32
are in direct correspondence with the colour-octet contribution, it is useful to introduce,

as in (3.41), the y-independent coefficients CB[25F1L ], By3[2°*1L,], such that

2C B[ *5H1L
C£(25+1L51))(y) — Tl <C£[2S+1LJ] + M) . (3.86)
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There is no colour octet contribution corresponding to the term proportional to C’g [29F1L ;).
The logarithmic endpoint divergence contained in these terms correspond to the stan-
dard divergence appearing at twist-3 in B decays into two light mesons, and signals
the non-decoupling of the gluons up to the scale Aqcp. We use for these divergences
the standard treatment defined by (2.108), introducing a phenomenological parameter
X %1 ~ In(mp/Aqep). The terms proportional to Bys[?5+1L ;] contain more severe linear
endpoint divergences, in this case however one has to add the soft contribution from the
colour octet operators before getting to the conclusion. We regularize this integral as in
section 3.3.2; introducing a cut-off that replaces the upper limit by 1 — g with 4 < 1. In
this way, with ®,,, = 1, we obtain

=3, 1
/ dy jz(y) = 14—, (3.87)
0 Yy K

The result of the convolution in (3.83) is therefore expressed as
o O, (y)
1 Y

| aweBes ) =

20 1
— N1 {Btg[”“LJ] (-1 + ;> +C§[25+1LJ]X£I41}, (3.88)

where the By3[29*1L ;] term is present only for P-waves.

The twist-3 spectator scattering contribution to the colour octet matrix element can
be evaluated following the methods illustrated in section 3.4.3, the only difference being
that the leading-twist distribution amplitude in (3.77) has to be replaced with its twist-3
counterpart, and the trace appearing in the last line has to be replaced with

My
=y W” <75 #y (1= s) 5 7i+v5va) : (3.89)
q

where péwl, pé\/ll are the momenta of the antiquark and the quark inside the meson M,
respectively. Again, we provide the final result for the partial amplitude, that reads
(restricting to P-waves)

soft spectator — twist-3 GF * masCp 25+1 25+1 p(1)
AB%H(QSJrlPJ)Ml - ﬁ ‘/cb‘/cs Nc <H( PJ)|O( PJ )|0>

y fanfaMp T 204

Bia|25+1 p(1)
mb)\B 1—2 Nc t3[ J ]

—4
! _ . 2y/zEy VB
X /0 dy D, (y) <\/— <y+ mb(l—z)) + mbﬂ) . (3.90)

The present integrand is again appropriate only in the endpoint region 1 —y ~ v2. There

is no divergence as y — 1, but for § > v? the integrand has the same linear behaviour
[dy1 /7? as does the hard contribution for § < 1. As before one has to interpret the
y-integral in (3.90) as fol dy — flliu dy. To combine with (3.88) we must evaluate the
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Figure 3.7: Real (blue) and imaginary (red) part of Fy,, Fss and Fss3 as a function of m..

regularized version of (3.90) up to terms of order v?/u. Remembering that ®,,1(y) = 1,

we obtain
/11u dy @1 (y) <\/— <y + ni\(/fl_%;)) . mb\'/yf__z>_4
%/Oudy <\/_<y+731:(/1gi?i))+mb\'/yf__z>_4
~ (2+rs), N
where

Frpy = M1 =2) (15 + 6v=meBi) (3.92)

3 (v +2v —mcEH)3

Comparing (3.88) with (3.91), it is possible to see that the regulator dependent term
cancels, while a large phase arises from the finite contribution, but only for positive binding
energy, as in case of the vertex correction. Part of the twist-3 endpoint singularities
therefore does not violate factorization, because they can be absorbed in the colour octet
matrix element as in case of the leading twist contribution.

In Fig. 3.7 we compare the real (blue) and imaginary (red) part of the functions F,,
Fys and Fyg3. At threshold, i.e. for Eg = 0, the three functions are approximated by

1 m? mj m,
Fop ~ — (ln _2b + O(l)> ) Fsg ~ hl_Qb + O(l)’ Fos3 ~ _Qb’ (3'93)
mp B B 7B

which explains the large value of Fyz3 at threshold.

From a phenomenological point of view, this leads to an interesting picture, according
to which one has interference between the subleading (in Aqcp/my) unknown phase in
X % !, and the phase arising from the soft spectator scattering contribution. We will return
to this point in section 3.6.
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3.6 Estimates of branching ratios

Before discussing the numerical results, we present an expression for the sum of the dif-
ferent contributions to the amplitude:

G\,
Appesiin = s VoV (HCSP LI OCS R0} [Av + As + 45, ], (3.99)

where separating the vertex corrections from the spectator-scattering leading- and twist-3

corrections we have

Ay = 2Mp (1 ) FEM () [(CA(”“L“’)

1 Qg CF 1 1
—|—Cf‘(25+1Lf]))> - F DSU(2S+1L( ))FSU C” (25+1Sé ))] )

masCr fa fBMp 2C Bi2S /1 D, ()
Ag = 1 +1r dy 223
N ms N O B

+B[*1L] ( M(l)Fss+/Oldy B ) Zzyq)/Ml(l)> }

1asOF far foMp 0" 20 M
A — S 1 X CB QS+1L XM
5 Nc mb)\B 1—-2 Nc t3[ J] H

+ B[] (=1 + Fyg3) } (3.95)

where the colour-octet contributions enter only in the P-wave amplitudes; all quantities
have been defined previously. The branching fraction, extending the leading-order expres-
sion (3.21), is given by

2 M2 M2
Br (B — HZST'L,)My) = 5 G— Vi Vi |2 TMgH PolSum[H (***'L )]
2
x [loEs 1LV ] (AV +Ag+ Agyl (3.96)

with (0251 LMYy = (0(1S(V)) for S-waves and (O(25+1 L)) = (03 PY)) for P-waves.

3.6.1 Parameters

The numerical result depends on various parameters. For many of them the input val-
ues are collected in table 2.1, or given in section 2.3.5. According to it, we have e.g.
|VioVes| = 40.4 - 1073, We use next-to-leading logarithmic running of the strong cou-
pling and Wilson coefficients. At p = 3GeV: a4(3GeV) = 0.2503, C1(3GeV) = 1.105,
C2(3GeV) = —0.2366. The renormalization scale for these quantities is denoted by pu.
However, in the strong coupling that multiplies the spectator scattering term we use the
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intermediate scale u; = 1/0.5GeV i, and in the expression for the inverse Bohr radius
(3.59) we imagine choosing the scale of ag (or m.) such that yp = 500 MeV. The values
of the quark masses my, m. will be discussed below.

The meson masses are Mp = 5.279 GeV, M, = 2.980 GeV, M,; = 3.638 GeV, M, =
3.097 GeV, My = 3.686GeV, M,,, = 3.415GeV, M, , = 3.511GeV, M,,, = 3.556 GeV,
My, = 3.525GeV. The derivative of the wave function at the origin can be determined
from x.; decays and takes the value |Rb,(0)]> = 0.050 GeV®, while |Rjo|> = 0.810 GeV?3,
|Rog|? = 0.529 GeV? [202,235]. We will assume the moment of the B-meson distribution
amplitude to take the small value A\p = 200 MeV that is favoured by the large rates
of colour-suppressed charmless B decays [136], or alternatively the larger value Ap =
350 MeV that is expected with QCD sum rules and models of the B meson distribution
amplitude, [164-167], where values twice as large as Ap = 200 MeV are not excluded. The
B — M, form factor is parameterized following [158]. In case of B — K transition we

h
ave 0.162 0.173

1= /Mg, (= /M, )2
while for the B — 7 transition the parametrization reads

B () = 0.244 - 0.;186 _
1—¢*/Mp, (1 -¢*/Mg)

PR = (Mg, = 5.41GeV), (3.97)

(Mp, = 5.32GeV, Mg, = 6.33GeV). (3.98)

Many of these parameters have significant theoretical errors, but in view of other uncer-
tainties discussed below, they are less relevant, except for the parameter Ap. Finally, the
meson M; light-cone distribution amplitude is expanded into Gegenbauer polynomials,
according to (2.116), and we truncate the expansion at order n = 2. The first two Gegen-
bauer moments for pions and kaons are collected in table 2.1. [168-171, 174, 175], while
using “asymptotic” distribution amplitudes amounts to setting the Gegenbauer moments
to zero. In terms of Gegenbauer moments the expressions appearing in (3.95) read

b (1) = (=6) (1+3a]" +6a3" )

1

P

Ilz/ dyM#(g/):?)(l—i—aiwl—f—ag/h),
0

Lo +y @, (1
L E/ ay a (Y) il o (D)
0 Y
While I; is well-behaved, ®, (1) and Iy exhibit a very large sensitivity to the higher

— (—6) (1 +6a]"t +16a)" ) . (3.99)

Gegenbauer moments. Comparing the maximal value of I3 to its asymptotic one, we find
Iex /135 = 7.32 for kaons and 6.6 for pions, and it is not clear whether the Gegenbauer
expansion is converging at all. A consequence of this is that the size of the spectator-
scattering amplitude is uncertain by a factor of several (including the uncertainty in Ag)
for x.s, where B[>°T1P;] is not vanishing,

3.6.2 Results

Given the large ambiguities mentioned above, but also the fact that our calculation relies
on the unrealistic assumption that charmonium is a Coulomb bound state, we do not
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expect reliable quantitative results for the B — H M, branching fractions. The aim of
this phenomenological analysis is instead to investigate, whether the QCD factorization
model elaborated so far, with inclusion of the colour octet operators, is able to catch the
main features of the experimental results. This implies to address mainly the following
questions:

1) Are large corrections to naive factorization expected theoretically? This is necessary,
given the small tree-level branching ratios obtained in table 3.2, to explain the large
J/1, Ney Xe1 and xqo experimental branching ratios in table 3.1.

3) Why are the x.oK and h.K final states suppressed relative to x.0K, xc1 K7

Our calculation results in exactly the same decay rates for charged and neutral B decay.
Thus, branching fractions of pairs of related decays differ only by the lifetime ratio 7, /75, .
In the following we consider only Bg decay using 75, = 1.53 - 10~'2s. The analysis will
focus mainly on the final states with M; = K, since these are the decays modes for which
we have more complete experimental data.

We begin by discussing the dependence of the branching fractions on the various inputs,
when we neglect the spectator-scattering term entirely. The scale-dependence, adopting
the quark masses values my, = 4.8 GeV, m. = 1.4 GeV, is shown in the plots of Figure 3.8;
the plot on the left contains the scale dependence of the leading and next-to-leading order
amplitude for decays into S-waves, and the results for the x.; has been included, for
comparison, being the only P-wave state produced at leading order. The plot on the left
shows results for the P-wave final states. There is a large cancellation between the tree
level and one-loop contribution to the coefficient function relevant to the J/¢, 7. and
Xe1 final states, resulting in a very small branching fraction. The branching fractions for
the other final states are also quite small, not exceeding a few times 10~° with k. and
Xc2 being even smaller than the other two. At this point we can already conclude that
corrections to naive factorization are order one effects, providing a positive answer to the
first question above, as is in fact expected for colour-suppressed decay modes. The final-
state dependence might be similar to the data, but this cannot be the complete story,
since the J/1, 1., xc0 and x.1 branching fractions fall short of the data by about an order
of magnitude.

The scale dependence of the NLO result remains significant, simply because the LO
term for Ji, 0. and x,1 is cancelled, and there is no LO term for the other final states. The
scale dependence is exactly of the form (asC1)? for X, Xe2, and h. and approximately
so for J/1, n. and x.1. This causes an uncertainty of a factor of 2 when p is varied
between 2 GeV and 5 GeV, and larger if one allows smaller scales. However, below about
1.5 GeV the scale-dependence blows up as seen in the Figure. In the following we fix
1 = 3GeV. Results for other choices of 1 can be obtained approximately by multiplying
with (asC1)?(1)/(asC1)?(3 GeV). (This remains true, when the spectator-scattering terms
are added back.)

Other significant parameter dependencies arise from the quark mass values. The de-
pendence on m, is more important than the one on my, so we fix m; = 4.8 GeV in the
following. The charm quark mass dependence of the branching fractions, still omitting
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Figure 3.8: Branching fractions in units of 10™*, when the spectator-scattering contribution is
set to zero: renormalization scale dependence for S-waves and x.1, (left) and for P-waves (right).

e ~ xa,LO
10*Br 10%Br o
3.0, Iy - Xea
0.7} Yo
2.5} . c
,,,,,,, Y 0.6~ -
2.0 0.5} —_ c
150 0.4¢ I ——
10 Tt 0.3! -
' TEEeaL 0.2} /\
0-57 T e 7><////
0.1 -—
0] il visiutsialtleteteetotet et S . -2==--a- . . m
0.0 H 00 =415 16 17 18 ™

1.4 15 1.6 1.7 18

Figure 3.9: Branching fractions in units of 10~%, when the spectator-scattering contribution is
set to zero: charm quark mass dependence for S-waves and x.1, (left) and for P-waves (right).

spectator scattering, is shown in the plots of Figure 3.9. The m. dependence is mild for
the S-wave states (left plot), though a bit more pronounced for the 7. final state. (at
leading order, the J/v final state is independent from m,, while the 7, state depends on
m. through 1/4/z.) The m. dependence is more important for P-waves, since the size
of the X0, Xc1 branching fractions versus y.2, he reverses as m. increases (right plot in
Figure 3.9). The charm quark mass here is the pole mass, which is a poorly defined
quantity in perturbation theory, due to large radiative corrections. Typical values are
me = 1.4...1.7GeV. There may be good reason to choose larger values here, since the
charm quark pole mass controls the binding energy Ey = My — 2m,, which should be
negative in the approximation of charmonium as a non-relativistic bound state, and is
negative in reality when measured relative to the DD threshold. From the Figure it is
evident that with the NLO vertex correction alone it is not possible to explain the ex-
perimental data, since the J/¥, 1., X0, and x.1 branching fractions are too small, even
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Figure 3.10: Charm quark mass dependence of the branching fractions in units of 10=% from
spectator scattering only. Left for asymptotic kaon distribution amplitude (af = alf =0), right
for aX =0.06 and aX = 0.2. Only P-waves final states are shown.

allowing for theoretical uncertainties in the B — K form factor or the charmonium wave
function.

Next we imagine that the branching fractions are given by the leading-twist spectator-
scattering term alone. The largest parameter dependencies now arise from the charm quark
mass, the Gegenbauer moments of the kaon light-cone distribution amplitude, and the B
meson distribution amplitude parameter Ap. Focusing on the P-wave, in Figure 3.10 we
show the m, dependence for asymptotic distribution amplitudes (left) and for a{( = 0.06,
ag( = 0.2 (right). In these plots we take Ap = 200 MeV. The branching fractions grow
rapidly with m., when the spectator amplitude becomes dominated by the imaginary part
from the colour-octet contributions. We also observe a huge dependence on the Gegenbauer
moments, confirming the expectation that the expansion may be invalid. Even ag( =0.2
leads to unacceptably large branching fractions. These effects are less pronounced when
Ap is larger, since the spectator-scattering branching fraction shown in Figure 3.10 is
proportional to 1/ )\QB. Independent of these uncertainties, we always find that spectator-
scattering is a small effect for h., and larger for x.g, Xxc1 than for the other two final
states.

When we now add both contributions together, including the interference term, but
neglecting for the moment the twist-3 spectator scattering, we obtain the result shown
in Figure 3.11 for asymptotic distribution amplitudes and Ap = 200 MeV. For m, in the
range from 1.5GeV to 1.7GeV, this suggests the interpretation that the y., xc1 final
states are dominated by spectator scattering, more precisely by the spectator-scattering
contribution to the colour-octet matrix element. The smallness of the h. branching fraction
is explained by the absence of such a contribution (at leading order) for this final state.
The x.o case is intermediate with a rapidly rising branching fraction in the interesting
charm-quark mass window. Numerical results for some values of m. are provided in
Table 3.3. We emphasize that in addition to the charm-quark mass dependence displayed
explicitly there are further large theoretical uncertainties related to scale-dependence,
which shifts all branching fractions uniformly as described above, to my-dependence, to
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Figure 3.11: Charm quark mass dependence of the branching fractions in units of 10™* including
all contributions except twist-3 spectator scattering. Left, S-waves and right, P-waves.

the Gegenbauer moments, and to Ag. There are some parameter degeneracies that allow
making ag( and Ap simultaneously larger. In view of these uncertainties, the results in
Table 3.3 and Figure 3.11 show anyway that there are reasonable regions of parameter
space (m. ~ 1.65GeV, small Ag, and asymptotic kaon distribution amplitude), where the
theoretical calculations in our model for the colour-octet matrix elements are in qualitative
agreement with the experimental data for P-wave production, namely the existence of
large contributions beyond naive factorization, and the suppression of the x.oK and h.K
modes. From Table 3.3 we see that the small h. branching fraction is a robust feature
of our results, but we find it difficult to explain the strong x.o suppression seen in the
data compiled in Table 3.1, while maintaining the sizeable x.; branching fraction. At the
same time, predictions for S-waves are not so good, too, because their branching ratios
are predicted to be about four times smaller than the experimental results. This reflect
the importance that the subleading contribution pointed out in section 3.2.6 could have,
in particular if there existed an enhanced correction from colour-octet operators. Since
these terms were not calculated, the present result for S-waves has to be intended as an
estimate of the relative importance of the leading (in powers of v) contribution versus the
power suppressed corrections.

The phenomenological analysis performed in [125] did not take into account the twist-3
contribution, that we consider here for the first time. Results for the P-wave branching
ratios, assuming that only the twist-3 term contribute to them are shown in figure 3.12,
for A\p = 200 MeV. The twist-3 correction is strongly peaked around the threshold point
2m, = Mp. Comparing Ag and Ag, one realize that at threshold the twist three con-
tribution is formally of order myAqcep/v% ~ Aqep/mpv® with respect to the leading
twist spectator, since yp ~ mpv. This is because of Fys3 ~ mz /'y% at threshold, while
ri/fl ~ Aqgcp/mp. Remembering that the latter relation is only formal, being rfyl ~ O(1)
numerically, one explains the large values taken by the twist-3 contribution at threshold.
The main contribution to the twist-3 spectator scattering comes again from the colour-
octet production mechanism, which can interfere destructively (x.o and x. states) or
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me/GeV | J/YK® | ' K° | 5. K% | " K° | xe0K° | xe1 K° | xe2K° | heK°
1.45 2.00 0.95 2.48 1.87 1.13 1.31 0.28 0.29
1.50 1.94 0.92 2.25 1.70 1.17 1.52 0.37 0.30
1.55 1.88 0.89 | 2.03 1.53 1.25 1.85 0.51 0.31
1.60 1.83 0.85 1.84 1.38 1.44 2.36 0.74 0.34
1.65 1.77 0.82 1.66 1.25 1.95 3.28 1.14 0.38
1.70 1.71 0.79 1.49 1.12 3.70 5.23 1.95 0.44
1.75 1.60 0.73 1.20 | 0.90 5.19 10.31 3.98 0.53

Table 3.3: Bg — HK° branching fractions in units of 10=* for various charm quark mass inputs.
Asymptotic distributions amplitudes, Ag = 200 MeV and my = 4.8 are fized.

constructively (x.2) with the corresponding colour octet contribution in the leading twist
spectator amplitude (there is no spectator scattering colour octet production for the h,
state). As a consequence of these patterns, and because of its large contribution, the twist-
3 correction cannot be accommodated in the “optimal” scenario developed in [125] and
described above, where asymptotic distribution amplitudes are considered. Here instead
one is lead to consider the full expression of the leading twist-distribution amplitudes,
with a{( = 0.06 and ag( = 0.2. Because of the convergence problems mentioned above,
together with the strong dependence on m, of the twist-3 correction, the present evalu-
ation of the branching ratios is even more uncertain, and therefore has to be considered
as an estimate, from which one can infer hints about the importance of subleading (in
Aqcp/my) contributions to the decay amplitudes.

The interesting point about including subleading (though chirally enhanced) correc-
tions in the analysis is that they may lead to identify a different set of parameters, that
are able to catch the main experimental features of the decay modes considered. In Figure
3.13 the m, dependence of the branching ratio is shown, when a{( = 0.06 and ag( =0.21is
used for the leading-twist distribution amplitudes, and the twist-3 correction is included,
for a larger Ap = 350 MeV. Even though in the interesting window m, = 1.5,...,1.7 GeV
the hierarchy between the x.o and y.; amplitudes is inverted, and the x.o amplitude is far
too large, this is not the end of the story. The S-wave amplitude, for instance, becomes a
little larger, because of the constructive interference of the leading- and twist-3 spectator
scattering. Moreover, the graphs in Figure 3.13 are obtained in the standard scenario for
which gy = 0, and this misses the possibility of having different interference patterns in
the twist-3 contribution, between the soft-phase of the colour-octet contribution and the
soft phase ¢p in Xpy. The variation of this phase is shown in Figure 3.14 for P-waves,
for different values of m. and oy = 1. The x. and x.2 shows a larger sensitivity to this
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Figure 3.12: Charm quark mass dependence of the branching fractions in units of 10~%, including
only the twist-3 spectator scattering.
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Figure 3.13: Charm quark mass dependence of the branching fractions in units of 10™* including
all contributions. Left, S-waves and right, P-waves.

parameter than the x.g, h. states but, more importantly, the interference pattern is op-
posite among the x.0, Xc1 and the h., x.2 states, so that to a large branching ratio for the
Xel; Xco States correspond a suppressed one for the h., .o states, in the range in which
240° < $300°. At the same time it is interesting to note that, comparing with Figure
3.15, the branching ratio of the decay modes containing S-waves in the final states are also
enhanced in the same range of ¢, giving a value closer to the experimental results. In table
3.4 we show some value of the branching ratios corresponding to the set of parameters
that give the results more close to the experiment. One can see that the suppression of
the h. state is still effective and consistent with the experimental data, however it is still
difficult to explain the suppression observed for y.o state and the prediction for the .o
state is in this case a bit too large. All in all, we find that the set of parameters that
better describes the experimental data is given by m. = 1.55 GeV, a bit lower than in
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Figure 3.14: Dependence of the P-waves branching fractions, in units of 1074, from the unknown
non-perturbative phase @, for different values of m.

the previous scenario, A\p = 400 MeV and the soft phase in the range 240° < ¢ < 270°.
For this set of parameters, however, the branching ratios for the S-waves are too low by a
factor 2. The lesson from this is that subleading corrections in Aqcp/mp are important,
too, but difficult to evaluate precisely, because they receive contributions mainly from the
m.v? and the Aqcp regions.

Before concluding our analysis we briefly report results for decays into a charmonia
state and a pion. The dependence of the total branching ratio (excluding the twist-3
contribution) on m, is shown in Figure 3.16, while numerical results for the same set of
parameters used in table 3.3 are shown in table 3.5. Because of their smaller branching
ratio, many of these decays are not yet observed experimentally, and our prediction may
indicate which of them could be observed in the future. However, they may be of some
interest from the point of view of testing the factorization properties of the approach
developed here. In fact, thanks to the lower decay constant of the pion, f; = 131 MeV
vs. fr = 160 MeV, together with the smaller Gegenbauer moments, af = 0, a5 = 0.02
vs. a{( = 0.06 and a{( = 0.2, the contribution of the spectator scattering, which is the
source of the largest uncertainties, is expected to be slightly smaller. Also interesting, in
this respect, is the ratio between the branching fraction of decays into a charmonium state
and a pion, and a charmonium state and a kaon. In table 3.6 we report the experimental
ratio, when it is available, together with the ratio predicted at leading order in «y, that is
given simply by the ratio of the CKM factors and form factors and at NLO, with the best
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Figure 3.15: Dependence of the S-waves branching fractions, in units of 1074, from the unknown
non-perturbative phase @, for me =1.6 GeV.

choice of input parameters individuated previously in the leading-twist approximation.
The experimental ratio are generally larger than the predicted one. It is possible to see
that the NLO results slightly improve the prediction, making it closer to the experimental
data. Omne can note, however, the result for the neutral B decay ratio, that deviates
sensibly from the charged B decay ratios. Since in our model the difference between the
two decays is given only by the different lifetimes, this trait cannot be explained and may
signal the presence of additional non-perturbative contribution to the decay amplitude
in the neutral decay modes, a feature already observed for other neutral B decays like
B — 7%7% or B — 7K.

3.7 Conclusion

This chapter has been devoted to a treatment of B decays into a charmonium state and a
light meson, in view of the analysis we performed for P-wave charmonia in [125], motivated
by previous studies [191-194,196,197] of these decays in the QCD factorization framework,
that reported a violation of factorization.

Our main result is the inclusion of the colour-octet operators in the calculation of the
decay amplitudes into P-wave. The colour octet operators are in fact not suppressed by
A/my, contrary to the case of charmless decays, due to the existence of the charmonium
binding energy scale. After the addition of this contribution factorization is recovered,
at least at order ag. The infrared divergences found in previous calculations can be
subtracted consistently into the matrix elements of these operators. This includes the
endpoint divergence that is found in the unsubtracted coefficient function associated with
spectator-scattering. Our calculations demonstrate that the endpoint contribution, now
contained in the colour-octet matrix element, can lead to a large rescattering phase. These
observations may be of conceptual interest, since it is presently still unclear in the general
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[me, Ag)/GeV,on | J/WK® | /K | n.KY | n.K® | xeoK° | xa1 K | X2 K | heK°

c

1.55,0.350, 240° 3.28 1.56 | 3.31 | 2.36 3.84 5.30 1.02 0.22
1.55,0.350, 270° 4.43 207 | 435 | 3.03 3.69 5.02 1.26 0.07

1.55,0.350, 300° 5.25 240 | 5.06 | 3.47 3.49 4.27 1.73 0.04

1.60, 0.350, 240° 3.31 1.56 | 3.12 | 2.21 3.94 6.21 1.50 0.34
1.60, 0.350, 270° 4.53 2.10 | 4.15 | 2.88 3.78 5.91 1.74 0.14

1.60, 0.350, 300° 5.42 247 | 487 | 3.33 3.59 5.05 2.35 0.11

1.55,0.400, 240° 2.74 1.33 | 2.79 | 2.00 3.01 4.23 0.81 0.20
1.55,0.400, 270° 3.62 1.71 | 3.58 | 2.52 2.88 4.01 0.98 0.07

1.55,0.400, 300° 4.20 1.94 | 4.08 | 2.83 2.73 3.43 1.34 0.04

1.60,0.400, 240° 2.75 1.32 | 2.62 | 1.87 3.06 4.93 1.18 0.30
1.60, 0.400, 270° 3.68 1.73 | 3.40 | 2.38 2.95 4.70 1.35 0.13

1.60, 0.400, 300° 4.31 1.99 | 391 | 2.69 2.80 4.02 1.81 0.11

Table 3.4: Bg — HEK° branching fractions in units of 10~ for various charm quark mass inputs.
Asymptotic distributions amplitudes, A\g = 200 MeV and my = 4.8 GeV are fized.

case, whether and how endpoint divergences that often appear in convolutions in collinear
factorization formulas can be absorbed into well-defined non-perturbative objects and
what these objects are. We find it plausible that factorization of B decays to P-wave
charmonium extends to higher orders in the coupling expansion when m.v? > A, in view
of the argument presented in [64]; nonetheless, it would be of great interest to verify the
factorization of endpoint divergences beyond the tree-approximation to the hard-scattering
sub-graph.

In this chapter we have extended the results of [125], including the twist-3 spectator
scattering correction, and considering also decays into S-waves at leading order in wv.
Contrary to the previous numerical estimates of the branching fractions, that relied on
ad hoc treatments of the infrared regulator dependence, in the present framework this
is unnecessary, but an estimate of the colour-octet operator matrix elements is needed,
which may even be the largest contribution to the decay amplitude. To this end we
adopted a description of charmonium as a Coulomb bound state, which corresponds to
the formal heavy quark limit. In practice, this limit is probably unreliable, and our results
do indeed exhibit large theoretical uncertainties. Nevertheless, we find that for plausible
theoretical inputs it is possible to reproduce qualitatively what we consider to be the
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Figure 3.16: Charm quark mass dependence of the branching fractions in units of 10™* including

all contributions. Left, S-waves and right, P-waves.

most interesting features of current experimental data: suppression of the y.K and h.K

final states and amplitudes that must be dominated by terms beyond naive factorization,

though the suppression of x.K is not as strong as observed. An interesting avenue to

pursue in the future might be to consider the colour-octet matrix elements as unknown

non-perturbative parameters, which is more realistic in view of m.v? ~ A, and to exploit

the constraints imposed by spin-symmetry on the leading contributions to these matrix

elements.
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me/GeV | J/YK? | ¢'KO | nK° | n.K? | xaoK? | xaK° | xe2K° | heK°
1.45 200 | 095 | 248 | 1.87 | 1.13 | 1.31 | 028 | 0.29
1.50 194 | 092 | 225 | 1.70 | 1.17 | 152 | 0.37 | 0.30
1.55 1.88 | 0.89 | 203 | 153 | 1.25 | 1.85 | 0.51 | 0.31
1.60 1.83 | 0.85 | 1.84 | 1.38 | 1.44 | 236 | 0.74 | 0.34
1.65 177 | 082 | 1.66 | 1.25 | 1.95 | 328 | 114 | 0.38
1.70 171 | 079 | 1.49 | 112 | 370 | 523 | 1.95 | 0.44
1.75 1.60 | 0.73 | 1.20 | 0.90 | 5.19 | 10.31 | 3.98 | 0.53

Table 3.5: B — HK" branching fractions in units of 10~* for various charm quark mass inputs.
Asymptotic distributions amplitudes, A\p = 200 MeV and mp = 4.8 GeV are fized.

J/p | Ne . X0 | Xl | Xe2 he

Experiment, B~ | 0.047 - - - - 0.044 - -

Experiment, B° | 0.023 - — - — - _ _

Theory, B°, LO | 0.033 | 0.032 | 0.033 | 0.032 | — |0.032| - -

Theory, B, NLO | 0.035 | 0.035 | 0.035 | 0.035 | 0.036 | 0.035 | 0.035 | 0.034

Table 3.6: Ratio (B — Hm)/(B — HK) for m. = 1.65 GeV, \g = 200 MeV. Asymptotic
distribution amplitudes are used in the NLO results.
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Chapter 4

Non-leptonic B decays in the
MSSM with large tan 3

4.1 Introduction

If new particles exist at the TeV scale, then the striking absence of evidence so far for their
virtual effects in B or K meson mixing and decay suggests that the pattern of flavour-
changing interactions is governed by the Standard-Model Yukawa coupling matrices even
at the TeV scale. The minimal supersymmetric Standard Model (MSSM) with large
ratio tan 8 of the Higgs bosons vacuum expectation values and no new sources of flavour
violation in the supersymmetry-breaking Lagrangian is an example of such a minimally
flavour-violating (MFV) theory, which nevertheless may exhibit sizeable differences from
the Standard Model due to Higgs bosons exchange [237-262]. The reason for this is that,
at the one-loop level, a coupling of the down-type quarks with the “wrong” up-type Higgs
boson is generated, that is forbidden by supersymmetry at tree level. However, due to the
large ratio of the vacuum expectation values (VEVs), the down-type quark masses receive
a large tan 8 enhanced correction to their tree-level value, and similarly happens for the
Hddy couplings, when the corresponding Yukawa couplings are eliminated in favour of the
down-type masses. The loop effect is not large by itself, but it provides large corrections
to couplings or observables, which are suppressed by the small down-type VEV, or which
vanish at tree level. This includes in particular flavour-changing neutral-currents (FCNC),
like b — s transitions, which can affect significantly processes like the B, — pu™ p~ decay, or
the meson mixing B, — B,, whose supersymmetric contributions are enhanced respectively
by a factor of tan® 8 and tan* 3, respectively. Large corrections arise also in case of charged
currents, which affect e.g. the BT — 77v, decay. These processes have been extensively
studied in [238,239,241-245, 248, 250252, 255, 260], and indeed large deviations from the
Standard Model prediction were found, which can increase by orders of magnitudes the
Bs — ptu~ decay, while a significant decrease of the AM, mass difference and of the
BT — 7%u, decay is expected. These correlations are typical of this model, and make it
an easily distinguishable scenario.

Higgs exchange also generates scalar four-quark operators, which contribute to non-

99
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leptonic B decays. These transitions may give interesting effects, too, because some of
the b — sdrd; penguin-like operators are enhanced by tan® 8; moreover, each transition
is proportional to the mass of the d;d; pair produced, and this provides a clear source
of isospin violation. The effects of scalar operators on non-leptonic B decays have been
studied in the MSSM (not necessarily minimally flavour-violating) and a general two Higgs
doublet model in [266-274], mostly in connection with transverse polarization in B decays
to two vector mesons (VV), and for specific decay modes. Some of these studies found
large deviations from Standard Model expectations for non-leptonic decays.

In this chapter we describe the results obtained in our work [126], that was motivated
by the question whether, given the present strong constraints from the leptonic decays,
further insight on the MFV MSSM at large tan 8 can be derived from charmless non-
leptonic B decays. To this end, extending previous analyses, we have related directly
the Wilson coeflicients of the leptonic to the relevant hadronic scalar operators, including
charged Higgs exchange effects, and we have calculated the hadronic matrix elements in
QCD factorization. We have also studied observables related to the helicity amplitudes of
B — V'V, which exhibit an enhanced sensitivity to the Higgs-induced scalar operators.

Our results show that the present limit on the By — ptu~ branching fraction, and
the observation of BT — 771, with a branching fraction close to the Standard Model
expectation, exclude any visible effects in hadronic decays, but for an academic exception:
the positive-helicity amplitude of B — V'V modes may receive order one modifications
relative to the Standard Model. However, this amplitude is too small to be detected at
present or planned B factories.

In the following we report in detail the results from [126], starting from the derivation
of the effective four-quark operators, and the corresponding short-distance coefficients.
Subsequently we show how these short-distance coefficients can be related to the leptonic
decay observables; the evaluation of the matrix elements of the new operators in QCD
factorization is described afterwards. A short discussion of the phenomenological conse-
quences completes the chapter.

4.2 Scalar four-quark operators in the MSSM with large
tan (3

The Standard Model effective Weak Hamiltonian for charmless B decays has been de-
scribed in section 2.3.1, to which we refer for further details. Here we only note that
all the four-quark “current-current” and “penguin” operators Qlf’Q,Qg_l() are all of the
(V—-A)x (VFA) form.

In the MSSM new four-quark operators are generated and the coefficients of the Stan-
dard Model operators are modified. We consider the large-tan 5 scenario in a set-up,
where the superpartner particles are somewhat heavier than the electroweak gauge bosons
and the Higgs bosons (the “decoupling limit”), such that the leading effect is due to
Higgs exchange not only for the neutral but also for the charged current interactions, as
shown in figure 4.1. Of particular interest are the flavour-changing neutral Higgs cou-
plings to fermions, which originate from a loop-induced coupling of the “wrong” Higgs
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FHO R0, A " H°,h0, A G H
dy dy Uy Uy D Uy

Figure 4.1: Four-quark interactions mediated by neutral and charged Higgs bosons.

field H, to the down-type quarks, since these couplings are enhanced by several powers
of tan § [239, 248, 251]. In appendix B we give explicit expressions for these couplings,
showing how the short-distance coefficients of the scalar four-quark operators are derived.
The coefficients are then evolved from the electroweak scale to the bottom mass scale my
by the renormalization group equations. We focus here only on the relevant Higgs-induced
terms in the effective Hamiltonian, that can be written as

14
iggs GF
S SP L (G RC N0 Sl SRCTE) FYRSEES!
p=u,c 1=13 gq=d,s,b

The “current-current” operators

11 = (Bibi)s+p (Djpj)s—p,  Qly = (Bibj)s+p (Djpi)s—p,  (p=u,c)  (4.2)
originate from charged Higgs exchange; the “penguin” operators

15 = (Dibi)s+p (Gja5)s-p, s = (Dibj)s+p (Giai)s—p,  (¢=d;s,b)  (4.3)

from the loop-induced neutral Higgs-fermion vertices. Here 7, 7 denote colour indices and
(@q)s+p = q@(1 £75)q. The CKM factors )\I(;D) in (2.1), (4.1) are now assumed to be
composed of the effective CKM matrix elements Vijﬂ that correspond to the low-energy
couplings.

Neutral Higgs exchange: b — Dgq transitions

It is straightforward to assemble the short-distance coefficients from tree-level Higgs ex-
change in terms of the effective neutral Higgs couplings given in appendix B. Combining a
flavour-changing and a flavour-conserving coupling, we find in the large-tan 8 limit, where
sin 3~ 1, 1/ cos § ~ tan

1 dembeyytz tan® 154

dy _ = — dy _
3 () = 3 (1 + éstan B)(1 + o tan B)(1 + €, tan 3) For Ci(pm)=0.  (4.4)

Here

B Sa—p (Ca + €15qa) N Ca—B (—8a + €jcq) I 2

_ _ ~— , 4.5
2,J M2, M2, M2, M2, (4.5)
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with ¢, = cosa,.... The e-coefficients appearing in (4.4) are defined in [251] and denote
the loop-induced Higgs-fermion couplings. In the large-tan 5 MSSM products € x tan 3
can be of order one. Just as in the b — D/ ;¢ ; transitions, the coefficients of the hadronic
Higgs penguin operators are strongly enhanced by the factor tan® 3. The quark masses
mg are the MS masses in the low-energy effective theory at the matching scale juz.

We briefly mention here that Higgs exchange generates (Db)s_p (4q)s+p operators
as well, but in this case the factor m; in (4.4) is replaced by mp, which is at most
ms. Moreover, there are other four operators, arising from the remaining two helicity
combinations, that have short-distance coefficients multiplied by a function ]-'; 7> which
vanishes in the large-tan 8 limit. Thus, it is sufficient to consider the operators QC113,1 4- The
neutral Higgs coupling to up-type quarks (second diagram in figure 4.1) is suppressed at
large tan 3 relative to the down-type quarks, thus ¢ = d; = d, s,b. In fact, the operators
Q‘f3714 might also be dropped due to the small down-quark mass. The operator Ql{3’14
has the largest coefficient, but it contributes to non-leptonic decays only through loops.
Finally, we note that the double Higgs penguin diagrams (first diagram in figure 4.1 with
flavour change at both vertices) are irrelevant to non-leptonic decays due to their extra
CKM suppression. We therefore conclude that in the MFV MSSM with large tan 3, only
a small set of scalar penguin operators Qigb’l 4 is relevant. Of these Q‘if is absent at tree-
level, but it is kept for the moment, since it may be generated by renormalization group
evolution, as we are going to discuss below.

Charged Higgs exchange

The operators Q11)1,12 arise from the third diagram in figure 4.1. Once again only the

(S + P) x (S — P) Dirac structure is dominant at large tan 8. For charmless decays we

need only the cases u;y = ujy = p = u, ¢, and obtain
mymp tan? 153
M2, (14 etan 3)?

CH(um) = ChH(puw) = 0. (4.6)
Although Cﬁ is enhanced only by tan? 3, there is no loop suppression factor ey. Due to
the factor mp, charged Higgs exchange is relevant in practice only for b — s transitions.

Renormalization group evolution

We first discuss the evolution of the short-distance coefficients from a typical Higgs mass
scale, which we assume to be ug = 200 GeV, to the bottom mass scale m; = 4.2GeV,
when penguin diagrams are neglected. Then each pair of operators (Qf, Q1,), (Qf5, Qf,)

evolves independently in leading logarithmic (LL) accuracy with anomalous dimension

—6N.+ 2 0
’sz2:( CoN ) (4.7)

matrix (in units of a/(47))

where N, = 3 is the number of colours. With ag(my)/as(pemr) =~ 2.13, this results in

Ci(m) /C11 (1) = Cfs(me) /Cls (i) = 220, (4.8)



4.2 Scalar four-quark operators in the MSSM with large tan (3 103

while CB(p), C{,(1) remain zero. Using the 2-loop NDR scheme anomalous dimension
matrix (ADM) [263]
203 479 10 22 71 18
2—loops __ _?Ng + 5 + z + 3V, cf = 3N, f _TNC - N. + 4nf

2x2 - 100 22 137 15 22 ’
N+N+ B 5 Tanz T aN

(4.9)

Where ny = 5 is the number of active flavour!, we obtain 2.35 instead and C{3(my)/CH (i)

Cly(my)/Cls () ~ 0.088, but since we do not have the 1-loop correction to the initial
condition of the scalar operators at g, the next-to-leading logarithmic (NLL) evolution is
not fully consistent. In any case, we conclude that the operators QY,, Q{, can be neglected
to first approximation, since their coefficient functions are suppressed by a factor 25.

Including penguin diagrams requires to enlarge the operator basis, since the scalar
operators mix at the LL level into the Standard Model penguin operators as well as their
“mirror” copies, defined by a global exchange of left- and right chiralities of the quark
fields. For the following discussion we neglect the electroweak penguin operators, so we
deal with the six Standard Model operators Qlfz, (Q3_¢, their mirror copies QI{?Q, Qs_s,
and the six scalar operators Qn 125 Q13 14- The structure of the ADM reads

Yox6 O6x6 O6x6
7= O6x6 V6x6 Osx6 | - (4.10)

sc ~SC—p
Vo6 Voxo Voxo

where Y6x6 = Y6x6 18 the ADM for the Standard Model current-current and QCD penguin
operators (equal for the mirror operators) and g5 is a block-diagonal matrix with three
identical 2 x 2 blocks given by 7a2x2 in (4.7): one for Qlfl 12, one for Q% 14, depending
on the transition, and one for Ql{3’14 The matrices Y54 s Yowg describe the mixing of
the scalar operators into the penguin operators. We find that Q11712 and Q13’14 mix into
the mirror penguin operators, while only Ql{&l 4 ixes into the Standard Model penguins.
Thus [v5.6 17 = (0|0|TT) and [755,5°]T = (DT|TT|0), where

00+t -1 _1 _1
r:(oo?’fovc 033 : 03 : (4.11)

Solving the RGE equations leaves (4.8) unchanged, generates the mirror QCD penguin

operators with coefficient functions
CP(my) = =0.71CPM(my) x [CH(uy) + CB(pr)],  i=3...6, (4.12)
and modifies the Standard Model penguin coefficients according to C; = CiSM + 0C; with
6C;(my) =~ —0.71CM(my) x Cb(ug),  i=3...6. (4.13)

Since the Standard Model penguin coefficients CZSM(mb) are small numbers, the penguin-
mixing effects are small, unless the coefficient functions of the scalar operators are of

lwe consider p: =~ m; =~ 200GeV, so that the top quark is integrated out and the number of active

flavour below 200 GeV is ny = 5.
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order one. However, due to their different chiral structure, the mirror penguin operators
contribute differently from the standard ones to the transverse helicity amplitudes in
B — V'V decays as discussed below.

4.3 Constraints from B, —+ u*u~ and BT — 77v;

The natural size of the loop-induced neutral Higgs couplings €q, €y, €7 is of order 0.01, the
precise values depending on MSSM parameters. Assuming M40 = 200 GeV and tan g =
50, this allows the scalar penguin operators to have coefficients of order C{; ~ 0.01,
C{’3 ~ (.5, which are comparable to Standard Model penguin coefficients. However, the
non-observation of B, — ptpu~ implies much stronger limits on the size of the scalar
four-quark operator coeflicient functions.

The decay Bs — pup~ proceeds via an interaction similar to the first diagram of
figure 4.1, except that the lower legs are replaced by a muon pair. Since the lower vertex
is a tree-level neutral Higgs coupling, the leptonic and hadronic decay are closely related.
For large tan 3, a single scalar operator (Db)S+P (Ap)g_ p, similar in structure to Qf,,
dominates the By — ptp~ decay amplitude. Its coefficient function is given by

1 ﬁ”meHeyyt2 tan

Cruslr) = 21 +étan B)(1 +eotan5)F27’ (4.14)

with
_ Sa—p(ca) n Ca-p(=Sa) 1
Mg, M3,

~ Ty (4.15)

For large tan 3, and at the level of the present experimental limit, the Standard Model
contribution to the decay amplitude is negligible, and the branching ratio is given by

G2 f2 m5 B,
Br(Bs —» pu'u )= —F/B, B, 7

2
2
= Sy 1Cul?. (4.16)

AP

Comparing (4.4) to (4.14), we see that we can eliminate C),, in favour of C}, in the
previous equation and turn it into

2V 27 (1w, + s ) (perr) M, (pori) [Br(B = u*u‘)] )
Grfomi s N

(1 + & tan 8) [CFF ()| =

The present experimental upper limit on the By — putu~ branching fraction is Br(Bs —
ptp™) <58-1078 at 95% C.L. [275]. Using for fp,, ms(2GeV) and my(1my) the values
given in table 2.1, and evolving both quark masses to the common scale p = 200 GeV,
we obtain

(1+eotan B)|Cis(pr)| < 1.4-1074, (1+ éstan B) |Chs(ug)| < 7.9-1073.  (4.18)

When €y and/or €3 are negative, the coefficient functions can be larger than the values
on the right-hand side. However, the brackets multiplying the coefficient functions enter
the relation between the quark masses and the down-type Yukawa couplings, and hence
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(1 + éstan B) cannot become very small, if the bottom Yukawa coupling is to remain
perturbative. We allow a factor of three enhancement of the coefficient functions to be
conservative (that is, the brackets are required to be larger than 1/3). Including the factor
(4.8) from evolution to the scale my leads to

|C55(my)| < 0.001, |C%5(my)| < 0.05, (4.19)

while C{(my) is a factor my/ms smaller than Cj5(m;) and therefore negligible. Thus,
the coefficient functions of the hadronic flavour-changing neutral Higgs penguin operators
are constrained to be a factor of 10 smaller than the above estimates derived from M 40 =
200 GeV and tan S = 50.

The short-distance coefficient C (uy), arising from charged Higgs exchange, can be
related to BT — 71y, in a similar way. Using (4.6) the ratio [237,252]

B = Br(BT — 77 v, )Mssm (1 m%  tan?8  \ (4.20)
™ T Br(Bt — 7tvs)su m3 1+etanf )’ '
is expressed in terms of CE (uy) as
R (1+CD( )m23(1+eotanﬁ))2 (4.21)
vy — H) — — . .
i W (Yo )

The present average of the Babar and Belle measurements of the branching fraction
is Br(Bt — 7tv;) = (1.51 £ 0.33) - 10~* [44,276,277]. Employing the central value
|Vup| fB, = 7.4 - 1074 GeV and assigning a conservative 50% uncertainty to the Standard
Model prediction of the branching fraction, the measurement constrains R,,_ to lie in the
range

0.72 < R;,. < 2.40. (4.22)

Concentrating on the case D = s this implies the allowed ranges

—0.012 < (1 + eg tan 8) C{; (pg) < —0.009,

—0.001 < (1 + €o tan 8) C5, (ug) < 0.003. (4.23)

The first range corresponds to the situation, where the charged Higgs contribution is about
twice as large as the Standard Model one, and opposite in sign. Requiring 14¢ tan § > 1/3
and including the RG evolution (4.8) results in

—0.08 < C§,(myp) < —0.06, or —0.005 < C§(my) < 0.018. (4.24)

The constraint from BT — 7Fv, on Cf, is not as stringent as the one from Bs; — pp~ on
C13, but one must remember that the charged Higgs contribution to hadronic charmless
decays must compete with the Standard Model tree operators rather than the penguin
operators. In addition, since |C};| < 1, the contribution (4.12) to the mirror penguin
coefficients remains small. These conclusions hold a fortiori for C¢;, which is a factor of
mq/ms smaller than C7;.
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4.4 Parameter space analysis

Besides the constraints on C§; and Cf; derived from the correlation with the BT — 7 v,
and By, — pp~ decays, we performed also a MSSM parameter space scan, whose result
agrees with the limits derived in 4.3, and therefore was not discussed in details in [126]. We
provide here some more information, because while no more stringent constraints can be
derived, a parameter space scan can be useful to obtain a more clear picture of the allowed
range for the fundamental parameters of the model, in particular of tan S versus the mass
of the neutral CP-odd Higgs boson A°. In this framework the loop-induced e parameters
can be calculated explicitly, and this allows to verify also some of the hypothesis at the
basis of the analysis performed in the previous paragraph, e.g. that |¢;| ~ 0.01 for large
tan 5, in the allowed region of the parameter space.

We consider a MFV scenario with 8 fundamental parameters: the squark mass matrices
appearing in the soft Lagrangian are assumed to be proportional to the unit matrix,
with the three parameters mg, my, mp being the proportionality constants; similarly,
the trilinear soft terms are assumed to be proportional to the corresponding Yukawa
couplings, with proportionality constant A, so that A, = Ay,, Ag = Ayg, A; = Ayy;
given a common gaugino mass miz, we assume the relations My = 1/2mqq, My = mqa,
M3 = mgz = 3my2. The parameters are extracted at the scale py = 2Myy, i.e., no running
from the grand unified scale to the electroweak scale is considered. In practice, the scenario
is minimal supergravity inspired, and we assume that the usual renormalization group
evolution from the high scale to the electroweak scale does not introduce relevant sources
of flavour violation. The minimal supergravity scenario depends only on 5 parameters,
i.e. a common mass mg for squark, slepton, and Higgs, a common gaugino mass mq2,
the soft trilinear parameter A, tan 3, and sign(u). We parameterize our ignorance about
the renormalization group evolution by splitting the common mass mg into four different
parameters mg, my, mp, and M 4o, while keeping a common soft trilinear coupling A and
a common gaugino mass mqo, since the relations for these parameters given above are, at
first approximation, renormalization group invariant.

Since we are interested in those regions of the parameter space where the short-distance
coefficients considered above are large, we generate the parameters randomly with a
probability distribution proportional to C7; (this is a simplified approach with respect
to [264,265]); we consider then the processes Bs — utu~, BT — 77y, and in addition
B — Xy and AM;s: we calculate the corresponding observables at each point of the
parameters space extracted, and reject those that are already ruled out by experimental
constraints on these processes. Beside the limits for BT — 7%, and B, — ptp—, we
assume

2.15 x 107 < Br(B — X,y) < 4.89 x 107%,

MSSM
AM

1< —=2_ < 1. 4.25
AMM (4.25)

We consider also constraints from the sparticle spectrum, requiring

50 < mgo < 5000GeV, 90 < mg+ < 5000 GeV,
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Figure 4.2: Parameter space in the plane tan 3, M 4o0.

100 < m;; < 10" GeV, 115 < mpo < 500 GeV; (4.26)

for the calculation of M0 we employ the one loop definition. We extract the free param-
eters in the following range:

200 < mg,u,p < 2000 GeV, 200 < my2 < 2000 GeV, 200 < |A| < 2000 GeV,

100 < Mo < 1000GeV, 10 <tanB < 65, 200 < |u| < 2000 GeV. (4.27)

In figure 4.2 we show the selected parameter space. The graphs show explicitly
which regions of the parameter space are ruled out by leptonic and radiative B decays.
Bs — pTp~ removes most of the points at low M 4o with large tan 8, while BT — 71,
is responsible for removing a stripe of points for low-moderate values of M 40, through
the whole tan 8 region. Below this stripe, the tan 8 enhanced MSSM contribution to
BT — 7Ty, is larger than the Standard Model one, i.e., it corresponds to the first range
individuated in (4.23). The combined result of these two constraints rules out most of the
point in the triangular region with low-moderate M 40, through the whole tan 8 region.
B — X,y removes points at low tan 8 and m 40; the other observables considered here
give weaker constraints.

In figure 4.3 we show the values assumed by C75(my) in the selected parameter space,
i.e., the result shown takes into account the renormalization group factor (4.8). The
parameter space analysis confirms the constraints derived in 4.3. A qualitative difference,
however, is that the largest values for C7;(my) are reached already for tan 8 ~ 30 — 40,
because larger values of C7s(mp) for larger value of tan/ are ruled out by the other
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Figure 4.3: The short-distance coefficient C5y (= C’gb’ss in the picture) as a function of tan (.

constraints (a similar outcome is found for CY,(my), not shown.). The main result of the
parameter space analysis is therefore that it is not necessary to hypothesize extremely
large values of tan 3, (i.e tan 8 > 50), to fill the limits (4.19) and (4.24).

4.5 Hadronic matrix elements for B — MM,

To calculate the decay amplitudes of non-leptonic, charmless B decays, we employ the
QCD factorization (QCDF) framework described in chapter 2. Given the constraints on
the coefficient functions, it is important to emphasize that a leading-order treatment,
where QCDF is equivalent to naive factorization, would suffice. The full NLO analysis
performed in [126] was developed with the aim of giving explicit expression for the first-
order radiative corrections of the mirror and scalar operators, that can have a more general
application besides the specific model of new physics considered in this chapter.

The new mirror and scalar operators can be taken into account in QCD factorization
generalizing the transition operators in (2.31). The expression for the operator Ty in 2.37
becomes

TA = pu[01 (M1 My) + af) (M) My)] A([gsu)[wD])
+ Opu 2 (M1 Ms) + iy (M My)] A([gs D] [u])

[Oég(MlMg)—i-Oég M1M2 Z A QS )

q=u,d,s



4.5 Hadronic matrix elements for B — Mj My 109

+ [ (M M) + &P (MiMy)] > A(gsq][aD))

q=u,d,s

bl (00) Y 2 e, A@.Dlaa)

q:u7d7s

e (Mid) Y 2 g A(lguallaD))

q=u,d,s

£ 3 ol (M Ma) (g Dllad)
q=d,s

£ 3 ol (M M) A(lg.g] D). (1.28)
q=d,s

The new contributions are encoded in aﬂm (charged Higgs effects), d’gﬁ) (mirror QCD
penguins) and a§q7 4q (neutral Higgs effects), as well as modifications of the standard QCD
penguin amplitudes a§74. A similar generalization of (2.51) applies to the annihilation
amplitudes, namely

TE = Opu [b1 (M1 Mp) + b7} (M1 M2)] Y~ B([ug')[q"u)[Db))

+0pu [ba (M1 My) + b5 (Mi M) Y~ B([ug')[g' D] [ub])

+ [P M) + B (M M) | S B(lad/)[7 Dllab])

q,9

+ [ Ms) + B (M) | S B((aq/)[d'q)[DY)

q,9

8 gy (M1 02) 3 2 ey B((ad )[4/ D)fab)

q,9

8 gy (M1 M2) 3 2 ey B(lad[d'6)[DB)

q,9

+ Opu [bs1 (M1 M) + by (M1 My)] > B([uu][q'q|[DY])

+ Opu [bs2 (M1 M) + b8, (MiMy)] >~ B([uD)[q'q|[ub])
+ [y (Mi M) + B2 (M M) | 3 B((aD)[d'd ) [ab)

q,9

[P (M) + BRD (M M) | S B[l ) DY)

q,9

8w (M1 M2) 3 Sey Bl o lab)

4,9
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8w (M M) 3 SeyB((adld'o | [DB)

+ U5, (M1 Mz) Y B(1gq'1[ Dllgb]) + by, (M1Ms) Y B([gq')[d'q][D0))

+ U, (M1 M) > B((qq'][7' D) [qb]) + by, (MiM2) > B((aq[q q)[ DY), (4.29)

where the sum over ¢ is over u,d, s always, while the sum over ¢ is over u,d, s except
for bl(js)& 4q(M1M2) where it runs over d,s. Our aim is to compare the new coefficients
to those present in the Standard Model for PP, PV, VP, VV (P pseudoscalar, V vector
meson) final states. Note that for VV, (2.37), (4.28) and (4.29) apply separately to each of
the three independent helicity amplitudes h = 0, —, +, but the helicity label is suppressed
in our notation.

Since V + A and S + P operators contribute differently to pseudoscalar and vector
final states, the relation between the a; and the &; coefficients, as well as the one between
134,14 and o/gq’ 4q 18 different with respect to the relation in (2.44). Here we obtain?

7

—ah(My My) + @k (My Ms), if MM, = PP,

ab(My Ms) + ak (M M), if MM, = PV,
& (M Ma) = ab (M My) — aP (M, M), if MMy = VP,

_dg(M1M2) - dg(MlMQ), if MMy = VOVO

— AR (@B(My My) + aB(My My)),  if MyMy = VEVE,

(=@l (M1 My) — M2 GE (M M), if MM, = PP,

aly (M My) 4 "2 ag (M My), if MyMsy = PV,

&l (M Ms) = aly (M Ma) — r}’2 ag (M, M), if MMy = VP,
—a{,j(MlMQ) + 2 ag (M, M), if MyMy=VOV0,

M (—a4(M1M2)+7«§42a6(M1M2)), if MiMy =VEVE,

alfgq(MlM2), if MiM,; = PP, VP,
Oégq(MlM2) = _a11)3q(M Mz), if My My = PV, VOVo’
—f Ly, (M My), if My My = VEyE,

1 —all)4q(M1M2), if M1M2 = PP PV
(M M) = 5 ol (MiMy), if MMy = VP, VOV, (4.30)
filtal, (MiMy), it MMy = VEVE;

the same relations as the last two hold between aﬁ and a11p, and between a% and aj2p,
respectively. We denote by f2* = Ff M)/ FE7M(0) a ratio of form factors, such

’In the following we drop the superscript “D” (referring to b — D transitions) on the amplitude
parameters and Wilson coefficients of the mirror penguin contributions.
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that f1"" ~mp/Aqep and ' ~ Aqep/mp in the heavy-quark limit. It follows that for
the transverse helicity amplitudes of B — V'V decay modes the contributions from the
new operators obey a different hierarchy in the heavy-quark limit. While in the Standard
Model It

- - A

Ag: A Ay =1, 290, QD (4.31)

my my

(up to certain electromagnetic effects [178]), the Higgs contributions to the amplitude
satisfy

i Adcp  Agqep
AOzA_:A_F:l:%:Sn—'
b b

(4.32)
This effect, noted first in [270], is interesting, since it increases the sensitivity of certain
polarization observables to the new short-distance coefficients by a factor f fh ~ 10. On
the other hand, the absence of tensor operators implies that the formal dominance of the
longitudinal amplitude is preserved by the Higgs contributions.

In QCDF the a coefficients introduced in (4.30) can be written at next-to-leading
order (NLO) in the form

~ C; -
df(MlMg) = <Cz + il) NZ(MQ)
éz‘:l:l CFOéS ~ 47T2 ~ 5P
e R )+ - BN+ POR), (43

where the upper (lower) signs apply when i is odd (even). The quantities N;(Msy), Vi(Msy),
I:Ii(MlMg), pip (My) stand, respectively, for the tree-level result (“naive factorization”),

the 1-loop vertex correction, spectator scattering, and the penguin diagrams. In case of
al p
NDR renormalization scheme for the scalar operators [263], we obtain

setting 5 and Cf, to zero (see section 4.2), and using the Fierz symmetry of the

ap1p(M;Ms) = CH Ny,

ch CP Cray A

2
ajop (M My) = Nig + — [Vlz(MQ) + N

Hio(MyMy)|,  (4.34
N, N. 4r . 12(My 2)} (4.34)

a3, (M My) = Cf3 Nig,

Cl ClL, Cra 472
all)4q(M1M2) = ﬁNl;lq + ]\}3 % |:V14(M2) =+ N H14(M1M2):| . (435)
c c c

The leading-order (naive factorization) terms in (4.33), (4.34) and (4.35) are simply a
combination of short-distance coefficients, except for cases where a vector meson couples
to a scalar current, where it is zero. This is summarized by

1, fori=3,4,5,12,14q,

Ni(Ms) =< 1, fori=6,11,13¢ and My = P, (4.36)
0, fori=06,11,13¢g and My =V,
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and the same relation holds for the N; coefficients. The NLO coefficients in (4.33), (4.33)
and (4.35) can mostly be expressed in terms of those already known from the Standard
Model operators, collected in section 2.3.4. For the mirror QCD penguin operators, we
find that they are almost identical to the Standard Model QCD penguins, that is

Vi(My) = Vi(My), for My = P, V", (4.37)
while in case of transversely polarized vectors we find

1 m .
fO dx qbaVQ Jbvy {12 In Tb — 18 + gT(az)} , fori=3,4,
VE(Va) = [ dz oy, fa, [—mn g6 gT(gz)] , fori =5, (4.38)
0, for i = 6,

ie, ¢av27 ¢bv2 are exchanged with respect to the QCD penguins. The vertex correction in
case of the scalar operator can be read too from the Standard Model expressions, namely

Vi1 (M) = Viz(Ma) = V(Ma), Via(Ma) = Via(Ms) = Vs (Ma). (4.39)

(the first expression is given for completeness, even though it does not enter (4.35), (4.36)
because of O = Cf, = 0.). In (4.39) the same exchange of Pav,» Pby, is understood, as
in (4.38), in the case of transverse helicity amplitudes. In case of the spectator scattering
we find

H;(MyMy) = H;(MMy), for My = P,V°, (4.40)

while for transversely polarized vector meson?

A (WVa) =0,  Hf (VW) = H; (ViVa) (4.41)

Effectively, the expressions are exchanged between the negative and positive helicity with
respect to the Standard Model QCD penguin, for which H;L (V1Va) = 0. The result for
the scalar operators read

Hy1 (M Ms) = Hi3(MyMs) = He(M;My),

Hqo(M1My) = Hyg(MyMs) = Hs (M M,), (4.42)
with the exception of the transverse helicity amplitudes, in which case

HE (M Msy) = Hi5(MyMy) = HF (M Ms,),

HE (M Ms) = Hif (M Ms) = HI (M Msy). (4.43)

For the penguin contribution Pf, ¢(Ma) one replaces C; — C; in the Standard Model
expression and exchanges the function Gy, (s) with the function

1
GE (s) = / dy da2(y) G(s —ie, 1 —y), (4.44)
0
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ol L1

Figure 4.4: Penguin contractions. Due to colour only the second diagram contributes to insertions

of 1, Q-

in case of the negative helicity amplitudes, while the opposite is true in case of the positive
helicity amplitudes.

There are no penguin contributions to (4.34), (4.35). However, as discussed in 4.2,
the insertion of scalar operators into the penguin diagrams shown in figure 4.4 modifies
the evolution of the (mirror) QCD penguin operators. Accordingly, it also contributes to
the penguin terms ]55’ ¢(Ms) in &Z}G(MlMg). The correction terms are proportional to the
coefficient functions of the scalar operators and read

Crog 1 4 m
SPP (M, My) = 471:N <—§> ct, [5 1og7” - Gﬁb(l)} :

CFOCS 1 b 4 my

= Ng(Ms) = log 2 —
47TNC( 2) Cls | No(M2) 3 log =
where G§42(5) equals Gy, (s) (2.91) for MMy = PP, PV, VP, V'V° and GAi/IQ(s) for
VEVE, while G, (s) equals Gy, (s) 2.95 for MiMp = PP, PV,VP, V'V, and is zero for
VEVE, Similarly, for the mirror penguin coefficients

~ Craog 1 4 myp
OP} (M My) = T <—§> {Cﬁ [§IOg7 - Gf\[@(o)]

SPY (M, My) =

G{@(l)} , (4.45)

4 m
+ Cﬁ |:§ 10g 71) - G{MQ (Sp):| }a

- Cra 1
OFg (MMy) = 4;Ns <_§
C

> {Cg [NG(MQ) glog % - G;\‘b(o)]
+oP [NG(MQ) % log % - C:JA‘JQ(SP)] } (4.46)

where s, = 0, 5. = (m./my)?, and now G{/IQ (s) equals G (s) for VEVE and else as above.
Note that the explicit scale dependence in §Py4(Ma), Py 4(Ma) cancels the extra scale
dependence of the (mirror) QCD penguin coefficients at LL accuracy. At this point we
should mention that the constant terms in the real part of the NLO matrix elements should,
strictly speaking, only be considered at the NLL order. At this order, our calculation is,
however, incomplete, since we do not consider the 1-loop QCD correction to the initial
condition of the scalar operators, and the 2-loop mixing into the penguin operators, as
well as the small contributions from O and Cf,. Since we do not need precise results

3to be more precise, Ijli_(Vl V2) and H,;" (ViVk) are suppressed by one power of my; /m; with respect to
the opposite helicity amplitude.
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for the NLO terms, as will be seen below, the present approximation is adequate for our
purpose. However, the complete NLO results for the matrix elements of scalar and mirror
penguin operators given above might be of more general interest.

It remains to analyse the new weak annihilation terms appearing in 4.29. Numerically,
these terms can in some cases be as large as the corresponding «; amplitudes, but in
general they are not relevant for a precise estimate of the decay amplitudes, and were not
included in [126]. We report here the expressions for the b; terms corresponding to the
scalar and QCD penguin mirror operators, because of their more general interest for other
extension of the Standard Model, like e.g. the one discussed in chapter 5.

All the new b; coefficients in 4.29 can be expressed in terms of the Standard Model b;
coefficients, collected in section 2.3.4. Starting from the mirror QCD operators, we find

( _bg,li(Mle), if MM, = PP,

bgfl)(MlMQ)a it MMy = PV, VP,

Va(MiMy) = 3 —WR(MiM), if MMy = VOV, (4.47)
—b PP (M M), if MMy = VHV,

~b PP (M M), i MyMy = V7V,

where it is intended that the short-distance coefficients C; appearing in bgfl)(MlMg) have
to be replaced with C;. In the last two lines we have written explicitly the helicity index, to
indicate that the expressions for the bif D(M1 M>) coefficients have the same expressions
of the corresponding Standard Model coefficients, with the helicities exchanged. The
same result holds formally for the singlet coeflicients bg? 4(M1 M), too. In our evaluation,
however, because of their small value, we set all the singlet coefficients to zero. The b;
coefficients originated from the scalar operators can be written in terms of the Standard

Model coefficients A;]; defined in (2.111)-(2.114). We find

CL AL if My My = PP,
—CL AL, if MiMy = PV, VP
b, (M My) = 26% CULAL, if My My = VOVO,
CLAY™, if MyMy = VIV H
| CLALT i MiMy = V-V,

N.CL AL, if MMy = PP,

—~N.CLAL, if MyMy = PV,VP
Cr

Vhy(MiMo) = 555 3 N.ClLALS, if MyMy = VOV©, (4.48)
| NCLALT i MMy = VIV,
0, if MMy =V "V~

bl (M Ms) and bD) (M, Ms) have the same expressions, with CJy replaced by C. In the
relations (4.48) we have dropped the terms proportional to C5 = C{, = 0.
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4.6 Non-leptonic decays

We are now ready to discuss the question whether there are observable effects on non-
leptonic, charmless decays due to Higgs exchange in the MSSM with large tan 3. To
this end, we compare the new amplitudes to those present in the Standard Model. The
essential features can be deduced from (4.28).

e Charged Higgs exchange (aﬂu) contributes directly to tree-dominated decays (such
as B — wm,mp, pp), but must compete with the sizeable Standard Model tree am-
plitudes oy 2. However, since 0‘?1,12 o mp, only the case of b — suu transitions is
of interest. But there are no tree-dominated decays of this type, since for D = s the
tree amplitudes are doubly CKM-suppressed, )\Sf) < )\((;8).

e The effects from the mirror QCD penguin operators (agl’? ) must compete with the
Standard Model penguin amplitudes, which according to (4.12) requires the scalar
operator Wilson coefficients to be of order 1 in general, and of order 0.1 in case of
the plus-helicity amplitude in B — VV.

e The direct contribution from the FCNC Higgs couplings (aquq) is an isospin-
violating effect that must compete only with the small Standard Model electroweak
penguins, and is therefore most likely to lead to an observable effect. Since o/gq’ 4g X
mg, only the case ¢ = s is of interest. For the case of D = s, the b — s5s transition
leads to final states with flavour content My = ¢ss, My = ss with g5 the flavour of the
B meson spectator antiquark. This singles out the decay modes B — K®)(n), ¢)
and By — (0, $)(n"), ¢). For the case of D = d, the potentially interesting modes
are B - K®K® and By, - K®¢$. However, in all these decays it is impossible
to extract the EW penguin amplitude, so the new contributions must in fact be
compared to the larger Standard Model QCD penguins.

We now proceed to a more detailed discussion. The numerical amplitude values given
below are calculated using the input parameters defined in table 2.2 and in section 2.3.5.
The Wilson coefficients are evaluated at the scale p = my = 4.2 GeV.

B —- PP,PV

In table 4.1 we show the numerical results of the «; amplitude coefficients defined in (4.28)
for the decay modes B — Kn, K*n, K¢. (1, in the table refers to the strange component
of 1, see (2.36) and [66].) To evaluate the Higgs contributions we assume the largest
values of the coefficient functions allowed by the constraints from leptonic decays derived
in section 4.3, in detail: C,(mj) = —0.08, C§3(my) = 0.001, C%(m;) = 0.05.

Among the Higgs penguin amplitudes %, is the larger of o}, 4, since o, is colour-
suppressed and is further reduced by the radiative correction given in (4.34), (4.35). How-
ever, the strong constraint on C7; renders agq always negligible, in particular as it should
be compared to the QCD penguin amplitude o/ rather than the electroweak penguin.
This remains true for VP amplitudes despite the fact that the Standard Model penguin
amplitude is smaller for these final states, and for PV amplitudes, where agq vanishes.
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Kns K1) K¢
a1 | 0.966 +0.021 [rK] | 0.981 +0.021i [pK] | 0.973 + 0.021i [ K*]
as | 0.351 —0.084i [K7] | 0.260 — 0.084i [K*m] | 0.323 —0.084i [Kp]
aiy —0.059 [7K] —0.059 [pK] 0 [rK*]
oy | 0.003 +0.003i [K7] | —0.006 — 0.003i [K*7] | 0.004 + 0.003i [Kp]
a4 | —0.0013 + 0.0046i 0.0027 + 0.0046i 0.0006 — 0.0005i
ay —0.095 — 0.040i 0.038 + 0.008i —0.031 — 0.017i
sp} 1.4-107° 1.4-107° 1.4-107°
SPY 1.4-107° 1.4-107° ~1.5-107°
&y | 7.8-107°—0.0001i | 2.8-107° + 0.00014 (1.4 —1.3d) - 107°
ay 0.0035 + 0.0015i 0.0011 + 0.0003i —0.0013 — 0.00064
§P¢ | —0.0005 — 0.0007i —0.0005 — 0.00073 —0.0005 — 0.00073
§P¢ | —0.0006 — 0.0007i —0.0006 — 0.00074 —0.0003
oY gy | —0.0089 — 0.0002i —0.0091 — 0.0002i —0.0082 — 0.00013
gy | —0.0016 + 0.0006i —0.0025 + 0.0008i —0.0024 + 0.0007i
o, 0.00078 0.00078 0
oy, | (=6.3—3.7i)-107° (9.7 +3.7i) - 107 (—6.3 —3.73) - 107

Table 4.1: Numerical results for the «; coefficients of some representative AS = 1 decay channels.
The value of o corresponds to the Standard Model contribution only. The final states Kns, K*ns,
K¢ do not receive tree-amplitude contributions. For oy o and aiq12, we therefore provide resulls

for the final states in square brackets.
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(K*¢)" (K*¢)—~ (K o)t
a1 [pK* 0.987 + 0.0214 1.101 + 0.0414 1.018
as [K*p] 0.240 — 0.084i —0.173 — 0.169i 0.170
afy [pK*] 0 0 0
iy [K*p] | —0.007 — 0.003i —0.002 —0.247 — 0.068i
ol 0.0001 — 0.0005i | —0.0023 — 0.0010i —0.0035
oy —0.026 — 0.0153 —0.044 — 0.017i —0.031
SPy 1.4-107° 0.7-107° 2.2-107°
SPY —-1.5-1075 0 0
ay (—0.2+1.3i) - 1075 | (5.1 +2.3i)-107 0.0010
ay 0.0011 4 0.0006i | 0.0001 + 5.5-107% | 0.0173 + 0.0074i
5P} —0.0005 — 0.0007¢ | —0.0004 — 0.0007¢ | —0.0007 — 0.0007i
S P —0.0003 0 0
afgyw | —0.0084 —0.0001i | 0.0044 —0.0003 —0.009
o gw —0.0017 +0.0007i | 0.0015 + 0.0014i —0.0015
ol 0 0 0
o, (9.7 +3.7) - 107° 2.0-107° 0.0031 + 0.0008:

Table 4.2: Numerical results for the «; coefficients pertaining to the three helicity amplitudes of
B — V'V decays. The value of a¥ corresponds to the Standard Model contribution only. To compare

the absolute values of the helicity amplitudes the numbers for the (00, ——, ++) parameters must

be multiplied by Ak = %m3f¢ (mpAB=K" myFB~K" m,FB>K") The estimates above use
The final

Ff_”/l = 0.06 in order to compare with the mazximal Standard Model ++ amplitude.
state K*¢ does mot receive tree contributions. For a2 and afy 19, we therefore provide results for

the final states in square brackets.
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B—-VV

The effect of Higgs exchange is also negligible in case of the longitudinal amplitude in
B — V'V decays, since it follows the same pattern as for the PV decays with My = V.
Due to the inverted hierarchy of the transverse polarization amplitudes, see (4.32), the
minus-helicity amplitude is suppressed, while the plus-helicity amplitude is enhanced by a
factor of my,/Aqcp relative to the Standard Model. To compare the Higgs contributions to
the plus-helicity amplitude in the Standard Model, in table 4.2 we show the «; coefficients
assuming F f ~V1 — (.06, which is the upper limit allowed in [179]. It is evident that the
magnitude of the Higgs-induced «; coefficients is now larger for the plus amplitude than
for PP, PV final states and the other polarization amplitudes. In fact, af, would now be
comparable to the Standard Model penguin amplitude, if it were not annihilated by the
projection on the vector meson at tree level, see (4.36). Thus, among amplitudes with the
same flavour topology, we find that only af, is larger than the corresponding Standard
Model colour-suppressed tree amplitude as. The mirror QCD penguin amplitude o/*
amounts to a substantial fraction of the standard penguin amplitude that may reach one
if Ff ~V1 is smaller than the assumed value. This would affect the azimuthal angular
distribution of AS = 1 decays; in practice, however, the effect is unobservable. Not only
is the amplitude very small in absolute terms, but the tree amplitudes are also subleading
to the penguin amplitudes in AS = 1 decays.

It is straightforward to compute branching fractions, CP asymmetries and polarization
observables including the Higgs-exchange contributions. However, since the a; parameters
discussed above form the basic constituents of observables, it follows that any modification
of the Standard Model predictions will be invisible within theoretical uncertainties.

4.7 Conclusion

Motivated by the interest in the minimally flavour-violating MSSM with large tan 5 owing
to its potentially large impact on leptonic B decays, we analysed non-leptonic B decays
in this model. The hadronic and leptonic flavour-changing interactions are closely related,
which allows us to translate the present limit on the By — p™p~ branching fraction, and
the observation of BT — 711, into a constraint on the Wilson coefficients of the relevant
scalar four-quark operators. We then calculated the matrix elements of scalar operators
and mirror QCD penguin operators at next-to-leading order in the framework of QCD
factorization and find that the limits on leptonic B decay branching fractions exclude
any visible effects in hadronic decays, but for an academic exception: the positive-helicity
amplitude of B — V'V may receive order one modifications relative to the Standard Model,
but this amplitude is too small to be detected at present or planned B factories.



Chapter 5

Non-leptonic B decays in a
supersymmetric grand unified
theory

5.1 Introduction

Grand Unified theories (GUT) constitute an interesting extension of the Standard Model.
The running of the strong, the weak and the electromagnetic coupling suggests that they
could unify in a unique force at some high energy scale Mgyt and, indeed, this is realized
with good accuracy in the context of the MSSM, the latter providing also the necessary
stabilization for the electroweak symmetry breaking scale. The basic hypothesis is that the
Standard Model gauge group, Gspy=SU(3)cxSU(2)r,xU(1)y, is embedded into a simple
group at Mgy, such as SU(5) or SO(10). The latter is probably the most natural GUT
group: both the Standard Model gauge and matter fields are unified, introducing only one
additional matter particle, the right-handed neutrino. It is an anomaly-free theory and
therefore explains the nontrivial cancellations of the anomalies in the Standard Model.
Moreover, it contains B — L as a local symmetry, B and L being the baryon and lepton
number, respectively. The breaking of B — L provides light neutrino masses through the
seesaw mechanism. In this way, neutrino masses are linked to the breaking of the GUT
symmetry itself. Remarkably, Mqur ~ 10'6 GeV is of the right order of magnitude to
generate neutrino masses in the sub-eV range.

As in case of the MSSM with large tan 3, in order to satisfy the strong constraints
imposed by low energy processes on the flavour structure of the theory, one is forced to
assume a minimal flavour violating scenario for the quark sector, i.e., one considers the
Yukawa coupling as the only source of flavour violation; moreover, the supersymmetry
breaking terms are assumed to be universal at a fundamental scale, that here we assume
to be Mp) ~ 10" GeV.

On the other side, the observation of neutrino masses and oscillations introduces the
possibility of having flavour violation in the lepton sector, too. This is usually encoded
in the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [289,290]. In contrast

119
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to the quark sector of the Standard Model, where the mixing is realized in terms of
small mixing angles, the PMNS matrix contains two large angles, the neutrino solar and
atmospheric mixing angles, with the latter being close to maximal.

In the Standard Model, the effects of the quark and lepton mixing are confined to
the two sector of the theory. In GUTs however, the separation of quarks and leptons
is removed, since they are unified at high energy. As a consequence, their masses and
mixing are related to each other. While there are many possible ways to relate the two
sectors, it is natural to expect imprints of the lepton mixing into the quark sector, and
viceversa. In particular, it arises the interesting possibility to observe effects of the two
large neutrino mixing angles in the down-type right-handed quark mixing. In the Standard
Model these effects would be unobservable, due to the absence of right-handed flavour-
changing currents at the weak scale. In the context of supersymmetry, however, flavour
changing right-handed currents arise through loop effects, because of the mixing of the
corresponding scalar partners of quarks and leptons. This involves in particular the bg -
sr quark mixing, so that large effects are expected in By physics.

These ideas were investigated in a particular GUT model [278], constructed with the
specific aim of accommodating in a consistent model the observed large solar and at-
mospheric neutrino mixing angles. Subsequently, the flavour structure of the model was
analysed in [279-287], where a full renormalization group analysis of the model was de-
veloped. In these works it was found the possibility of having a large supersymmetric
contribution to the B, — By mixing, comparable in magnitude with the Standard Model
one. Large effects were found in the b — s7v transition and in the 7 — uvy decay, too.
Analysing the predicted particle spectrum, however, it was found that strong constraints
come from the LEP bound on the lightest Higgs boson, namely M}, > 114.4 GeV, which
forces the gluino mass to be larger than ~ 300 GeV, and the down-type squark masses to
be larger than ~ 1 TeV. Despite these constraints, however, sizeable flavour effects were
found to be still possible.

In this chapter we propose to investigate further the Chang-Masiero-Murayama (CMM)
model, in the context of non-leptonic decays, to see if the large effects found in the By —
B, can be observed in these processes too, and if further insight can be gained. The
analysis is motivated by the naive expectation of finding sizeable effects in non-leptonic
B decays, because the operators contributing to these decays have the same structure as
those contributing to the B, — B, mixing. Moreover, because of the vectorial nature of the
flavour-changing currents, one expects relevant contributions not only in case of B — PP
decays, but also in case of B — PV, B — V'V decays, in contrast to the large tan 3
scenario. The new contributions are expected to show different patterns with respect to
the Standard Model amplitudes because of the right-handed nature of the flavour changing
currents. Besides these features, the model exhibit isospin violation as well. Finally, the
presence of a new weak phase related to the phases in the PMNS matrix, identified with
®B., could alter significantly some CP asymmetries.

The results of our analysis shows that while all these effects are realized at the level
of the decay amplitudes, their magnitude is in general too small to affect significantly
the branching ratio and other experimental observables. Even if the largest deviations
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Figure 5.1: Four-quark interactions in the CMM model.

observed are somehow larger than the one expected in the large tan 8 scenario, especially
in B — PV decays, they are still to small, in order to emerge from the present theoretical
and experimental uncertainties.

5.2 Four-quark operators in the Chang-Masiero-Murayama
model

In supersymmetric theories, new four-quark operators arise, if one considers penguin and
box diagrams with the exchange of gluinos and squarks in the loop, as in figure 5.1. These
diagrams give usually small contributions, and therefore they are less important e.g. in the
large tan 8 scenario, with respect to the tan  enhanced scalar operators. They become
relevant in scenarios where a large mass splitting between the squark masses is generated
and O(1) flavour changing quark-squark-gluinos couplings are present. These conditions
are indeed satisfied in the CMM model. We refer to appendix C for a brief review of the
model, that we consider here in the set-up elaborated in [287]. In view of the requirements
above, the important features to be considered can be summarized as follows:

e because of the renormalization group equation, the universality of the soft terms
assumed at Mp; is no longer present at the electroweak scale. For instance, in case
of the dr soft breaking terms one has

MfZR(MZ) = diag (mfz, mfi, mfz(l - AJ)> . (5.1)

The important point here is to consider Mp; as the fundamental scale, rather than
Mgaur, as usually assumed. The reason to take Mp; as the fundamental scale is
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simply motivated by the fact that, in absence of a specific grand unified model, the
analysis of the region between Mp; and Mgyt cannot be performed. This, however,
misses potentially important flavour effects. In the CMM model a complete chain of
grand-unified theories is constructed up to Mpj, so that the renormalization group
analysis can be performed up to this scale, and this allows for rather large values
of Aj, because of the fast renormalization group evolution between Mp; and vp, the
vev of the SU(5) singlet 455 Higgs field (see appendix C for the definition of the
GUT chain and fields).

e In the basis where the down quarks are mass eigenstates, the so-called super-CKM
basis, the soft mass matrix (5.1) is no longer diagonal; in particular, all the elements
of the 2-3 block are of comparable size:

1—sin?0A;/2 sin(20)e "% A /4 sin He*id’BdAJ/Q
l\N/IZ~ = RLM?ZRd = mfz sin(20)e™ < Aj/4 1 —cos?0A;/2 —cosfe @B A5/2 |,
sin 9€i¢BdAd~/2 — cos 0e9s A 5/2 1-A4;/2
(5.2)
where the matrix Ry is defined in appendix C. This is a direct consequence of

the GUT relation between the right-handed down-quark and the left-handed lepton
Yukawa couplings, as explained in appendix C!.

The second item guarantees the existence of flavour changing drrdr J7g couplings, whose
Feynman rules are collected in appendix C. The first one guarantees that smaller cancella-
tions occur, when loop processes like those in figure 5.1 are considered: having degenerate
squark masses would result in a “GIM” mechanism for the superpartners of the Standard
Model particles, suppressing flavour changing processes.
The relevant new operators can be collected in the effective Hamiltonian
oM _ GF (D) - DAL L A O
Hepp = N3 Z Ap Z Ci"m Q5 + CsyQsy | (5.3)

where the Q7 are defined as?
Q% = (Dibi)v4a (3;4;)v+as Qi = (Dibj)v4a (@6)v+a,
) = (Dibi)via (@ig)v-a, Q& = (Dibj)via (Ggi)v-a, (5.4)

!The full squark mass matrix is a 6 x 6 matrix, with the left-handed down squark in the upper 3 x 3

block, and the right-handed ones in the 3 x 3 lower block. The diagonalization of the full matrix gives six
mass eigenstates. Here we neglect the effects of the two 3 x 3 blocks outside the diagonal, (the “left-right”
and “right-left” blocks), so that one has 3 mass eigenvalues for the right-handed squarks and 3 for the
left-handed ones. This is a good approximation in the decoupling limit, assumed in this chapter, too,
because the “left-right” and “right-left” blocks are of order prw X s, with pg the typical scale of the soft
supersymmetry breaking terms, while the blocks on the diagonal are of order pu%.

2Actually, two operators more, Qg = (Gibi)via (Djqi)v-a, Qg = (Gibj)v+4 (Djqi)v—a could be con-
structed. We don’t consider them here, because for ¢ = D = s they are Fierz equivalent to Q;G, while for
q = d, b they are very small.
Note also the different notation with respect to [288]=“GKN”, i.e., we have Q§,4 = Qg,4,GKN: Qgﬁ =
Q~'11’2,GKN, Qg,g = Qg,G,GKN' Our choice is motivated by the preference of labelling with the same number
operators with the same (mirror) Dirac structure.
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where 7,7 are colour indices and D = d,s. The new operators have the same Dirac
structure as the corresponding QCD mirror penguin operators, but here no sum over ¢
appears, and they depend on q itself, thus allowing for isospin violation. The corresponding
short-distance coefficients at the scale g = O(mg,,,mg, ,Mag,, mg) Were calculated in a
generic MSSM model in [288], and in the context of the CMM Model in [280]. Our aim
is to provide expressions for them based on the parametrization of the mixing matrix Ry
proposed in [287], that is slightly more general than the one in [280]. Moreover, we find
it useful to give two intermediate results, which help to better understand the structure
of the short distance coefficients, and they can be used in contexts more generic than the
CMM model itself.

The first is derived directly from [288], and it is based on a generic expression for the

mixing matrix Ry:

~u,D o 1 O‘? (NS) * _ I
Cy(ns) = 3 232G [Ra]r[Ral1pdsu L3(x g, 5 Tigsa)
+ [Ra]r[Ral7p Polz g, ;) }
~d,D 1 a3 (ps) * *
Gy (ns) = — D) 223G 2 [Ra]rn[Ra]p[RalsalRalja Ls(2 4,50 %y, 5)
+ [Rdlnn[Ra]7p[Rdlsa[Ral7a La(zg,,, 55 Tingg)
+ [Raln[Ral7p PO(xJRIg)}v
~u, D o 1 Oég (MS) * _ _
Cy(ns) = 3 232G e [Ra]r[Ral1pdu La(z g, o Tiigsg)
+ [Raln[Ralip PO(QEJRI@)}’
~d,D _ 1 Oég (NS) * *
Ci™(ns) = — D) 223G [Ra]ro[Ralrp[RalsalRalja La(2g,, 5 24,,5)
+ [Ra]r[Ra]jp[RdlsalRal1q L3(xg,,, 5 %4, ,5)
—3[Ra]n[Ra]1p Po(z g, ;) }’
- 1 a(ps)
q,D _ s\H1S * . O
1) = o3 | PRt e

+ [Ra]n[Ralrp Polz g, ;) }
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2q,D 1 af(ps) .
G (us) = 3D 232G e [Rdlr[Ral1pdsq Le(%4,,, 50 Ta105)

+ [Ra]n[Ral1p Po(z g, ;) } :

: 1 mas(ps)
C = ® Rl n[Ralip Gs(zs =) ¢, 5.5
sg (1) 3 VaGem? [Ra]r[Ral7p Gs(zg,,5) (5.5)
where a sum over the flavour indices I, J is understood. The loop functions L3 45 ¢(x,y)
arise in the calculation of the box diagrams and can be expressed in terms of two functions
F(z,y) and G(z,y):

5 1
L3(x7y) = _§F($,y) + % G(.’L',y),
1
L4(:Cay) = gF(IE,y) - E G( ’y)a
1 5
L5(x7y) = 1_8F(x7y) - EG(xvy)7
7 1
LG(xvy) = _F(.%',y) + _G(.%',y), (56)
6 6
which in turn read
Pz, y) rlnx ylny 1
x, = - - - )
VST e ooy -1 @Dy - D)
22lnz 21n 1
G(z,y) = LY (5.7)

+ .
(-y)(z-10? -2)y-1% @@-1E-1)
The function Py(x) arises in the computation of the penguin diagram and it is expressed
as a function of A(zx), B(z):

1 2
Py(z) = 3 Ax) + 9 B(x), (5.8)
which in turn read
B 1 (1+2x)Inx
A@) = oa =5 T e
11 — 222 1
Blz) — —i-Tww2et  mx (5.9)

18(1 — x)3 3(1—ax)*
The loop function appearing in C’gg reads
4

Gg(zr) = =3C(x) + gD(:c), (5.10)
with
1—22+2zlnz
_9_ 2 _ 3
D(x) = 2—-3z+62°—2° —6xlnx (5.11)

6(x —1)*
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In (5.5), the argument of the loop functions refers to ratios of the supersymmetric particles,
— 2 2 2 2 2 2 2 2 2
namely zg,,5 = mq“/mg, Tips = mdm/mg, Tiiprg = mﬂm/mg, where mZ me M,
are the mass eigenvalues of the squark soft bilinear terms.
The expressions in (5.5) can be made more explicit simply by exploiting the unitarity
of the mixing matrix Ry and the mass degeneracy of the first two squark states (5.1)3,

without any further assumption on Ry. The result is

~u, D 1 QE(NS) *
Cy " (us) = RN TeR [Ralsp[Ral3p |:L3(‘T5Rg’xﬁR!j)_L3(:CcZR_(}"T&R§)}

+ PO(.%'ERg) — PQ(.%'JRg) },

~d,D 1 a3 (ps) *
Cy7(ps) = AP 2v2G pm? [Ralss[Ralsp | Ls (5,5 ¥d,5) = La(@g,50 % p5)
+ [Ra3a[Ral3q (L3(chRgv Ting) — 2Ls(wy, 5 04,5) + La(zy, o, xBR§)>
+ Po(zg,5) — PO(:CJRg)]
+ 6pa [Ral3p[Ral3g [L4($BR§;’ Tiag) — Lalzg, s xJRg):|

+ [Ralza[Ral3p [5bd <L4(xi,R§7 Ting) — La(@g 5, xCZRg)>

+ [Rd]Bb[Rd]gd <L4($JR§, :CJRg) — 2L4($BR§, SCJRg) + L4($BR§’ xi)RZJ)) ] })

~u, D 1 QE(NS) *
Cy 7 (ps) = 3D 2/2G [Ralsp[Ral3p [M(%Rgafﬂazzg) —L4(~’CczRg’$aR§)}

+3 [ Po(@,5) — Po(@gg) )},

~d,D 1 o2 (ps) ,
Cy(ps) = 3D 232G [Ralss[Ralsp | La(wy, 574, 5) — La(zg, 574, 5)
+ [Rd]:sd [Rd]gd (L4(1‘CZR§, .%'JRg) — 2L4(1‘5Rg, .%'JRg) + L4(.%'5Rg, xl;Rg)>

=3 (Ro(ws,5) — Poleg,;)) ]

+ 6pa [Ral3p[Ral3g [Lii(xBRg’ Tiag) — L3(@ g5 chR?J)]

3this is valid also for M2 and M;, provided one substitutes d — u, ¢ in (5.1)



126 Chapter 5. Non-leptonic B decays in a supersymmetric grand unified theory
+ [Ralsa[Ral3p [5bd (LB(%R@ Tins) — Ls(@g,; xJRg))

+ [Rd]Bb[Rd]§d (Lg(deg, .%'JRg) — 2L3(1‘5Rg, .%'JRg) + L3(x53§’ xl;Rg)> ] }7

C&P (ns) = _AlﬁD) 222?@ [Rd]Bb[Rd]gD{ [Lg)(ngg,qug) - L5(xJR§’x@‘L?’)}
+ Polwy, ;) — PO(xJRg)}’
Gy (ns) = _A1,§D> 25;(;;7113 [Rd]3b[Rd]§D{ (2o 08) ~ Lol 2]
+3 [PO(xBRg) - PO(xJRg)} }
Coolits) = 1(D) ms(us)2 Rl [Ralip {GS(%Ra) — Gg(xJRg)}. (5.12)
AP V2G pm2

Expressions specific for the CMM model can be obtained substituting in (5.12) the explicit
expression for the products of the mixing matrix Ry:

* 1 —1 .
[Rajs[Ra]34 = —5¢ $Ba gin 0,

. 1,
[Ralss[Ralss = ¢ 85 cos 0,

1 .
[Ralss[Ral3q = —§€7Z(¢Bd7¢33) cosfsinb,

[Ralsa[Ral3q = 3 sin® 0,
* 1 2
[Ra]ss[Ralzs = §cos 0,
.1
[Rals;, [Ral3, = 5 (5.13)

From (5.5) and (5.12) we deduce already many features of the new short distance co-
e~ﬂicients. First, using the approximate relation (as/cem) (M, /p?) ~ 1, one can estimate
ng,...ca to be of the same order as the electroweak penguin short-distance coefficients times
the loop functions. This immediately tells us that no large effects can be expected in
non-leptonic B decays, unless sizeable isospin violation is generated. Then, looking at
(5.5) and (5.12), one notes that there are indeed various sources of isospin violation: in
C’g , C’Z it originates between the up- and down-type short-distance coeflicients, due to the
additional contribution of the diagram in figure 5.1 (b) to C~'3d74. A second source of isospin
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violation between the up- and down type short-distance coefficients arises because of the
different arguments in the box functions L;(z,y), and depends on the ratio m%R /m%R.
Other sources of isospin violation depend specifically on the different matrix elements of
R,;. Needless to say, one has to look more closely at each contribution, in order to esti-
mate the real magnitude of the isospin violation, and in the end all these effects tend to
be small.

In order to see why, we start looking at the matrix elements in (5.13). As described
in appendix C, the angle 6 governs the mixing between the first two down squark families
and it is strongly constrained by K and B, mixing. In [287] it was found ™ ~ 1°, so
that in (5.13) it is safe to set sin @ ~ sin? @ = 0, cos § ~ cos? § = 1. This immediately rules
out the possibility of having new contributions to AD = 1 transitions, leaving the AS =1
case. At the same time, the additional contributions to C’gl 4 With respect to C’g 4, drop out
in case of the first family.

Numerical evaluation and parameter space

More insight into the features of C’g,...()‘ requires a numerical estimate of the penguin and
box functions FPy(x), Li(x,y), which depend directly on the particle spectrum. In the
CMM model (and, more generally, in GUTs) the various mass parameters are related
at the high scales by unification conditions, so that the only way to perform a precise
evaluation is to calculate the low energy spectrum by means of a renormalization group
evolution from the high scales. Here we use the Mathematica code written by the authors
of [283-286], which implements the relations between the set of basic input parameters
and the remaining ones at the electroweak scale. In the CMM model the large number
of free MSSM parameters shrinks to six input parameters at the electroweak scale, in
addition to # and the phases ¢, ¢p,, ¢B,. According to [283-286], they can be chosen to
be the gluino mass mg, the first generation dr and Gp soft masses m g and mg, the ratio
of the (11)-element of the trilinear and Yukawa couplings a}; = (Ag)11/(Ya)11, the phase
of the p parameter in the Higgs potential arg(u) and the ratio of the two Higgs-doublet
VEVs, tan 5. Note that similar inputs are usually considered in other specific scenarios
such as minimal supergravity or the constrained MSSM. Nevertheless, the absence of
grand unification there leads to very different phenomenologies, because quark and lepton
parameters are not related to each other. For instance, in non-unified models the fields
can be rotated independently and the large lepton mixing angles do not become visible in
the quark sector.

The short-distance coefficients in (5.5), (5.12) are most sensitive to the gluino mass mg
and the mass splitting A ;, because of the loop function difference f (x;)R, )= flx dpr J)
appearing almost everywhere in Cg,...G' We therefore perform a more detailed analysis of
the dependence of the short-distance coefficients on mg and mj;, while we fix the other
parameters to some values, as suggested by phenomenological considerations. The pa-
rameter acll, for instance, is constrained by the requirement of avoiding the scalar fermion
acquiring VEVs, because this would lead to charge and colour breaking. One finds [284]
—2.5 < a}j/mj < 2.5, and here we will choose al/m; = 1.8, following [287]. Moreover,
we assume arg(u) = 0. These conditions give a rather large allowed space for mg and m;
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Figure 5.2: Value of the lightest Higgs boson mass in the mg - mj plane, left, and of the mass
splitting Az, in the same plane, right. In the left plot excluded regions correspond to negative squark
and sleptons masses; in the right plot excluded regions include the LEP bound on the lightest Higgs
boson mass.

around 1 TeV. Finally, we take mg = mj and tan 8 = 5. This value is justified because
too small values of tan 3, tan 8 < 3, are forbidden by the bounds on the light Higgs boson
mass, Mo > 114.4 GeV; on the other side, tan 8 cannot be too large in this model, in
order to have a large top Yukawa coupling, and to preserve the hierarchy between the top
and bottom Yukawa couplings.

In [287] it was found that a strong constraint on the parameter space is given by the
bounds on the light Higgs boson mass; other processes reflecting the large atmospheric
neutrino mixing angles, like 7 — uvy, b — sv give some additional constraints. In figure 5.2
we show in the left plot the predicted value of the light Higgs boson mass in the plane m
- mg, for (300 < mg < 1000) GeV, (500 < mj; < 3000) GeV: the constraint Mo > 114.4
GeV forbids gluino masses mg < 300 GeV, and down squark masses m; < 1 TeV. The
excluded region on the bottom right corner and on the left upper corner are excluded,
because in these regions the squark masses become negative. In the right plot we show the
corresponding mass splitting A ;, without the region excluded by the constraints. Large
values of Aj; are possible for small values of the gluino mass, and medium - large values
of the down quark masses. These results agrees with [287].

The analysis of the loop functions entering C~'§7___6 gives the following results: first,
Ls
region considered. Most important, the functions L34 5(x,y) and Le(x,y), Po(x), have

..6(z,y) and Py(x) range from some per mill to some per cent, in the parameter space
opposite sign. As a result, L3s(z,y) interfere destructively with Py(z) in C~’§75, L¢(z,y)
interferes destructively with —3FPy(x) in C’g , while Ly(z,y) interferes constructively with
—3Py(x) in CJ. Because of these patters, 05’5 turn out to be very small; the cancellation



5.2 Four-quark operators in the Chang-Masiero-Murayama model 129

~u,c,d
ICs |
3000+ 3000
2500: 2500:
2000: zooo:
1500: : 1500:
1000: 1000:
500E e BO0E
300 400 500 600 700 800 900 300 400 500 600 700 800 900
m; mg;
g g

Figure 5.3: Absolute value of the short-distance coefficients C~'§, at the high scale My .

in C’g is partially counterbalanced by the factor 3 multiplying the penguin function, so
that still C¢ > C’g,f). CY is the largest short-distance coefficient.

With these elements at hands we can return to the the issue of isospin violation.
It is now clear that this is expected to be a minor effect: because of the assumption
0 = 0, in fact, there is only one additional contribution to C’;Z with respect to C~'g4, which
is anyway small; on the other hand, because of the assumption mg = mj; at the high
scale, the box functions L;(x dprs Tiin ;) and Li(x dnrin® ng) are almost equal, eliminating
the possibility of having sizeable isospin violation between the up-type short-distance
coefficients C’Z“ and the down type ones C’Zd Of course, the condition mg = m ; is suggested
by the idea of choosing a universal soft quark mass at the high scale, but it is not imposed
by any GUT relation, or by phenomenological constraints. It would therefore be interesting
to investigate the effect of having mgz # mj. Because this possibility is not (yet) fully
implemented in the Mathematica code of [283-286], we leave the analysis for a future
work. Here we note only that, because of the interference pattern between the penguin
and the box function, the effect of having mg # mj should be not too sizeable. On the
other hand, an analysis of a similar scenario, in which one has new physics with isospin
violation between the up and down type short-distance coefficients, is analysed in chapter
6, where we consider the possibility of having new physics in the electroweak penguin
sector.

This analysis shows that, within the standard conditions usually considered in minimal
supergravity scenarios, like the assumption of a universal soft mass for the squark at high
energy, there is no room for a large isospin violation in the model. Since the various
é’iq with same ¢ but different ¢ are almost equal, their effects sum up, giving a total
contribution which has the structure of the mirror QCD penguins. They have therefore
to compete with the Standard Model QCD penguin, whose magnitude is one order of
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Figure 5.4: Absolute value of the short-distance coefficients C’Z, at the high scale M.

magnitude larger. One has however to keep in mind the possility of having a large new
weak phase associated with the new short-distance coefficients, which is most likely to
reveal its presence in CP asymmetry obsrvables. As a visual summary, in pictures 5.3 -
5.7 we show the absolute value of the short-distance coefficients in the mj; - mg plane.

Renormalization group evolution

The short distance coefficients, calculated so far at the high scale g = Mz* must be
evaluated at the scale ; = my by means of the renormalization group equations. Because
of the small isospin violation, it would be a good approximation to combine C’f into QCD-
like mirror operators; then, one could use immediately the anomalous dimension (up to
the NLL level) of the corresponding QCD penguin operators to evolve C; to the low scale.
We prefer however to provide a more general result, deriving the leading logarithmic (LL)
anomalous dimension for Q~37___76. This will be useful in view of an analysis where a larger
isospin violation is present, e.g. in case of mg # m;.

Each pair of operators (Q4,Q%), (Q2,Qf) evolves independently under the renormal-
ization group evolution. Their anomalous dimension at LL reads (in units of ay/(47))

3,4 _Ni 6
Vox2 = 6° IE (5.14)

“In fact, it would be more correct to consider us = O(may,, Mg, Miag,Mg) ~ 500 GeV, as stated
in the previous section. We assume here ug = Mz, following the Mathematica code of [283-286], which
gives as output the MSSM parameters at the scale us = Mz. This choice leaves out only a potential
mixing of the operators between p = 500 GeV and g = Mz, which however should be small, since
as(Mz)/as(500 GeV) ~ 1.26.
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Figure 5.5: Absolute value of the short-distance coefficients ég, at the high scale My .

for (Q%,Q%), while in case of (Qf, QF) we have

5,6 Ni —6
Voro = ¢ : (5.15)
2X2 0 —6Nc+ Nic

With ag(my,)/as(Mz) ~ 1.88, we obtain

~ 1.12C{(Mz) — 0.28 C(My),

(ms)
I(myp) ~ —0.28 CI(Myz) + 1.12CY(My),
(mp) =~ 0.92CE(Mz),

(ms)

~ 0.35CZ(Mz) +1.96 C{(My). (5.16)

As in chapter 5 we can use the 2-loop NDR scheme anomalous dimension matrix (ADM)

[53,263],
21 2f 7 2f
3,4;2—loops __ — 2 T 9 32 + 3 (5 17)
Tax2 I TR TR T '
2 T3 2 9
137 15 22 100 3 22
5.6:2—loops _ | 6 T 3NZ _ 3N.\f —g Netx; + 50 (5.18)
2x2 - s .
—5Ne— . +dng —FENE 4R + g + P Neny — 5oy
to obtain

Ci(myp) ~ 1.11 C(Mz) — 0.25 CF (M),

C(myp) ~ —0.25CL(Mz) + 1.11 C{(My),
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Figure 5.6: Absolute value of the short-distance coefficients C'g, at the high scale My.

Ci(myp) ~ 0.93CE(Myz) +0.07C¢(Mz),
Cd(my) ~ 0.37CH(Mz) +2.04C¢(My). (5.19)

The 2-loop result differs less than 10% from the one loop result. Since it is not completely
consistent, because we do not have the 1-loop correction to the initial conditions at the
scale My, we will not consider it. Next, we have to take into account that the new
operators mix with the mirror QCD penguin operators. The structure of the ADM reads

Yox6 Osx6  O10x6 O1ox6

| 96x6 Y6x6 Otox6 Oioxe
v7= ~34—p

iy , (5.20)
06x10 Y6x10 Viox1o 010x10

~56—p 56
06x10 Yex10 010x10 V10x10

where we used the same notation as in (4.10). In this case ;4o is block diagonal, with
five identical 2 x 2 blocks given by 'yg’fQ; similarly, vfgx 10 1s block diagonal, with five
identical 2 x 2 blocks given by 7352- We have 5 copies of each 2 x 2 matrix, because we
have to take into account the possible 5 operators ngﬁ with ¢ = u,d, s, ¢,b. The matrices
’Nygi;g and 'Nyggzg describe the mixing of the operators Qg___(j into the mirror QCD penguin
operators. We find in this case that no mixing with the Standard Model QCD penguin
arises. One has [731_15) |7 = (PR T 5 T35, [’72?58 |7 = (Pf§|T36 T | D26 T ), with

R .
I‘34 _ 3N¢ 3 3N¢ 3 , (521)
00 —n2- —2 2 2
3N, 3 3Nc 3
- 00 0 0 0 O
56 = I, (5.22)
0033 —35 387 —3
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Figure 5.7: Absolute value of the short-distance coefficients C’gg, at the high scale My .

Solving the full RGE leaves (5.16) unchanged and generates the mirror QCD penguin
operators with short-distance coefficients

Cilmy) = CPM(my) <1.87Z C(Mz) +0.75>  Cl(My)

—0.07) " CE(Mz) - 067 ég(MZ)) . i=3...6. (5.23)

Since both the Standard Model QCD penguin coefficients and C’??’...’G(M z) are small, the
penguin mixing effects are small. We include them here in order to have cancellation of
the scale dependence with the corresponding NLO contribution to the matrix elements of
the QCD mirror operators.

We conclude this section considering the evolution equation for C~'77 and C’gg. We set
C~'77 to zero at the high scale, because we didn’t calculate the photon penguin, and in the
literature evaluations exist only in the mass insertion approximation, which may not be
good here, due to the large mixing among squarks. Even if a precise evaluation of C~'77
would be interesting in view of the enhanced contribution to B — V'V decays, we leave
this calculation for a future work. We note however that, in general, (3'77 has a small effect
on hadronic B decays, since it gets suppressed by qem /.

Because of the mixing with Cg,, and since C1(Mz) = 0, we get at the low scale [53]

8 14 16

Cro(my) = 5 (n% — 0% ) Gy (M), (5:24)

as(Myz)

sl Similarly, we obtain

with n =

Cig(m) = 03 Csg(M), (5.25)
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so that Csy(my) < Cyy(Mz).

Constraints from AM,

In the CMM model large flavour effects are already constrained by the bounds on the
particle spectrum [279-281,283-287]. Once these limits are taken into account, the pre-
dicted flavour violation in processes like the b — sv and 7 — pvy decays can be reduced
below the current experimental level by considering minor cuts in the parameter space.
In this context, we concluded that effects in non-leptonic decays are expected to be small.
It is therefore important to check whether constraints from other flavour processes reduce
further modifications in these decays. We focus here only on the B, — B, mass differ-
ence, because this process involves diagrams similar to those appearing in non-leptonic B
decays. We leave for a future work a more thorough comparison with the b — sv and
7 — pvy decays. Correlation with other processes is not immediate as in the large tan
scenario. Here we cannot relate directly the short distance coefficients of non-leptonic and
other flavour processes, because diagrams with gluinos and squarks in the loops do not
enter e.g. in leptonic or semi-leptonic decays. It is however possible to compare results
of different processes by means of the RGE, starting from the same set of fundamental
parameters. In case of the b — sv and 7 — uy decays we take into account the constraints
obtained in [279-281,283-285,287| whose study is still in progress [286].

For a comprehensive review of the B, — Bs mixing we refer to [291,292]. We provide
here only the basic elements to calculate the mass difference. We follow the analysis
developed in [287]. The oscillation of a PY — P? meson system can be described by a
Schrodinger-type equation

d [ |P°(t ' PO(t
A (1200 _ [age iy (12200, 526
dt \ |PO(1)) 2 |PO(t))
where M and T'Y are two 2 x 2 hermitian matrices. They describe the four transitions
PY/P% — PY/PY via virtual and physical intermediate states, respectively. The physical

states |PY) and |PY) are obtained by diagonalizing M* — LT'P. Here we are interested in
the local contribution to the off-diagonal element of M,

1 _
P 01/ AF=2| 0
My = 5 (PP|He =2 |PY), (5.27)
because defining the B, mass difference as AM,; = M}, — M;, one has
AM, = 2|ME|; (5.28)

in 5.27 Mp indicates the average meson mass (Mp, + Mp,, )/2.
The effective Hamiltonian HtﬁfF =2 is given by a sum over effective operators and in
general it can be written in terms of eight effective operators,

8

., GZM?E ; ;
Hal =" = ﬁ Z Cp(up) Qp(pr), (5.29)
i=1
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Figure 5.8: Absolute value of the new contribution to AMSCMM in the CMM model.

defined e.g. in [251]. Here pp ~ Mp.
In the Standard Model only one of these operator contributes,

QB = (quubr) (Gryubr), (5.30)

that originates from box diagrams with the exchange of a W bosons and top quarks. The
corresponding short-distance coefficient reads

CYM(up,) = 4Up, (g, ) (X5)*18So(24), (5.31)
where the factor
U, () = o]/ |1+ 2220 1 (5:32)

encodes the (up,)-dependent part of the short-distance QCD correction up to NLO, while
np accounts for their (up,)-independent contribution. For the definition of all the other
parameters entering in (5.32), including their numerical value and the loop function Sy (z;),
we refer to [287], according to which we choose our inputs. The matrix element of QEJL
is given by

2
(BS|Qp"|B)) = SME, f5,Bp. (1), (5.33)

where fp, is the decay constant of the meson. The scale dependence of Up, (u) cancels
that of Bp,(p); one introduces therefore the renormalization group invariant parameters
Bp, = Up,(1)Bp,(1t). This results in

12 1272

Mg, f5,Bp,(\))*npSo (). (5.34)



136 Chapter 5. Non-leptonic B decays in a supersymmetric grand unified theory

In the CMM model the dominant new contribution is given by gluino box diagrams,
like the ones in figure 5.1 (a) and (b) where the s and br quarks appear as external states
in the lower line. This contribution gives rise to the operator

QY™ = (GrYubR) (TrYubR)- (5.35)

The corresponding short-distance coefficient at the high scale pug reads

1672 o?(My) >
CEM ) = Gy "z 2o RODROLR) 1R Lol Zi,g): - (5-36)
I,J=1

and the loop function reads

Y ey - 2P, y). (5.37)

L =

Because of the absence of a penguin contribution and the different box function it is
not possible to correlate directly AMp, with the non-leptonic short-distance coeflicients.
Therefore, we compare them using the same set of basic parameters. The short-distance
coefficients in (5.36) can be rearranged as in (5.12), exploiting the mass degeneracy of the
first two generations, and the unitarity of Ry:

_ 1672 a2(Mg)
G%MI%V 2m

CEM (us) [(Ra)so(Ra)sal

2
g

. {LO(xJRg, xd~R§) — 2L0($JR§, .%'BRg) + L()(.%'BRg, xl;Rg)} , (5.38)
then the new contribution to AM; in the CMM model reads

a2 (MS ~
(MlB25)CMM — 86 5 )]\4’35 fésBBs
Mg

e~ 21985 cos? 0 npng
4 T

: {Lo(ngg7 Ting) — 2Lo(2 4,5, T4, 5) + Lo(g, 5, chRg)} , (539

where the additional factor npng/r arises when expressing the short-distance coefficient
at the scale mp,,

|
Ci" (ns,) = U, (n5.) — 16 O™ (1), (5.40)

see [287] for further details. In figure 5.8 we show AM, in the mj - mg plane, assuming
that only (M5:)MM contributes to it, 5.e. AMSMM = 2|(MB+)CMM| n the region where
the non-leptonic short-distance coefficients are large, AM, SCMM is comparable in size with
the Standard Model contribution, AMSM = 18.42 ps~!. Despite the strong experimental
constraint on AMj, a new contribution as large as the Standard model one is still possible,
because of the relative phase between the two terms. Depending on the set of parameters
used, only a constraint on the phase |2¢p,| can arise. Here we consider the experimental
results

AMSP = (1778 £0.12) ps ™!, ¢=P = (—0.777020) U (—2.367037) rad, (5.41)
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Figure 5.9: Comparison between theoretical prediction and experimental result for AMg and ¢s.
The band around the experimental result correspond to the 3 o uncertainty; the theoretical error
band represents the 1o uncertainty.

where the phase is defined as
Bs

M12
s = aAlg—m———), 5.42
¢ g (1 (5.42)
and
AM, = 2|(ME)S™M 4 (ME:) MM, (5.43)

In figure 5.9 we show AM; and ¢5 as a function of 2¢p,, compared with the experimental
results within its 3 sigma range. In figure 5.9 we fix mz = 370 GeV, m; = 1800 GeV. The
very narrow experimental uncertainty on AM; is evident, which implies the constraint

(14 £ |26p,] < 2.4)rad. (5.44)

The phase ¢5 gives a weaker constraint. These results agree with [287], when compared
with the values of mg, m; used there. We will take the constraint (5.44) into account
in our phenomenological analysis in section 5.4. Our conclusion is that there are no
large additional constraints on the non-leptonic short-distance coefficients, at least from
the AM; mass difference. We note also that since the loop function Ly appearing in
ngAM does not depend on the up-type squark masses, AM; is not able to give additional
constraints in case of mg # mj. Since this condition affects only the quark sector, non-
leptonic B decays remain the only low energy process that could test this possibility.

We conclude this section by giving, in table 5.1, the numerical values for the new short
distance coefficient, at the low scale m;, compatible with the constraint on the light Higgs
boson mass. The value chosen corresponds, at the high scale, to the point mz = 370 GeV,
mg = 1800 GeV considered above.

5.3 Hadronic matrix elements for B — M; M,

The matrix elements of the operators in (5.3) can be derived easily from the results ob-
tained in chapter 4. In the following we assume 6 = 0, so that only AS = 1 transitions
are modified. Accordingly, the index D will be always D = s, and therefore we suppress
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|C~‘1§L707d| |C‘VZ7cvd| |C~ngc7d7s| |C~ngc7d7s| |C~’7'y|

w=my | 0.00062 | -0.00134 | 0.00017 | -0.00168 | -0.0028
5D ~s.b ~ ~ ~

C5” | 1Cq7 2] |CE] |Csg

w=my | 0.00030 | -0.00138 | 0.00005 | -0.00157 | -0.0198

Chapter 5. Non-leptonic B decays in a supersymmetric grand unified theory

Table 5.1: Absolute value of the short distance coefficients C'f at the scale my. The full short-
distance coefficients are obtained multiplying the modulus listed here by e~ *¢5s .

it from the notation. Inserting it back in the equations is straightforward. The inclusion
of the new current-like and the mirror QCD penguin operators can be taken into account
defining the following transition operators:

T8 = Spulon (MyMy) A((lgeu)[aD)) + as(M My) A([g.D) )]

+ [oB(M M) + a5(MiM,)] > A([gsDllaq))

q=u,d,s
+ [h (M My) + 65 (M1My)] Y A([gsq)(aD))

q:u7d75

+ o gy (MiMz) Y gqu([q‘sD][q‘q])

q=u,d,s

3 o
+aZ,EW(M1M2) Z §qu([QsQ][qD])
q=u,d,s

+ > b, (M) A((g.D)(gg)

q:u7d75

+ Z al, (M1 M) A([gsq][g D)),

q:u7d75

(5.45)

and

T = Opu [bl(M1M2) > B([aqI[d'u][DY]) + ba(Mi M) Y B([aq)[q'D][ab))

+ [P M) + B (M M) | S B[ D[ab)

+ [P M) + BV M) | S B[] DY)

8B oy (MiMo) 3 e B(aa') 2 Dl[ab)

q,9

8 oy (M M) 3 Seg B(ad'|[7a][DY)

q,9
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+ O [b51<M1M2> " B((au][7'q)[Db]) + bso(MiMs) S B([aD][7 ¢ [b])

+ o (MaMa) + ey M1 8) | 3 B(laDla'qlab)

+ |t (00) + B, (M M)| S Blladlg 41(D8)

(M1 M) 3 SegBaD)ld )]

B (M1 M) SegB(aald'd) DY)

+, () S é([q-q'] ' Dllab)) + B, (MiM2) 3 B(laq')a'al[ DY)

+ By, (M1 M) Z B(gd [ Dllav]) + B@4q<M1M2; > Bllad g DY), (546

where the sum over ¢, ¢ is over u,d,s. The expression for the coefficients 5/5’4(M1M2)
has been given in (4.30). The expression for &, (M1 My) is identical to (4.30), provided
one substitutes aj ,(M; Ma) with dquNq(Mle). Comparing with (4.30), we observe that
the matrix elements of the operators Q7 obey the same modified helicity hierarchy (4.32)
as the mirror QCD penguin ones, when M;Ms = VV; this is a consequence of the fact
that the two types of operators have the same Dirac structure, but only different flavour
content.

The NLO expression of the coefficients ! has been given in (4.33); the one of the
coefficients a?, 18 similar, but there are no penguin contraction contributions. One has

-1 5
ay, (M1 Mz) = <Cf + %) Ni(Ma)

C

q 2
Cjzvzil CZ‘:S |:‘72(M2) + 4£C ﬁZ(MlMQ) , (547)
where the definition of the quantities Ni(Mz), f/i(Mg), fIi(Ml M>) has been given in section
4.5. The insertion of the operators Qf into the diagrams of figure 4.4 gives an additional
contribution to the penguin correction of the mirror QCD penguin operators, whose scale
dependence cancels the one from the evolution of the mirror short-distance coefficient in
(5.23). We find

~ Crog 2
SPY (M Ms) = N, { > Cq[ —+§ Gj}g(sq)]
q=s,b

Py () {310g7_ag42<8q>] }

q:u7d7s7c7b
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~ Crag ~ 4 m 2 N
OPg (M My) = 471:N { Z 3 |:N6(M2) glogfb T3~ Gf\c@(sq)}
¢ q=s,b

+ > (éff +é§) [N6(M2) glog% - G{WQ(sq)] } (5.48)

q=u,d,s,c,b

where s, = 0 for ¢ = u,d, s, while s, = (m./mp)* and s, = 1. Gﬁb(s) equals Gy, (s)
of (2.91) for MyMy = PP, PV, VP, VOV’ and G}, (s) for VEVE, while G’{b(s) equals
G, (s) of (2.95) for My My = PP, PV, VP, V'V, and is zero for VEV*. The annihilation
contribution of the mirror QCD penguin operator has been given in (4.47); the annihilation
contribution of the operators Qf has the same structure, provided one substitutes the
coefficients BgA(MlMg) with l~)§q74q(M1M2), where the index ¢ is added, to intend that the
short-distance coefficients appearing there are the Cj,.

5.4 Non-leptonic decays

With the results of sections 5.2 and 5.3 at hand, we are now able to face the question
whether the new contributions arising in the CMM model are observable in non-leptonic
B decays. To this end, we compare the new amplitudes with those present in the Standard
Model. The essential features can be deduced from (5.45), (5.46).

e In principle, each dquq is an isospin violating contribution, and it should compete

with the electroweak penguin amplitude of the Standard Model. However, since

the various & .

sums up, and in the end they give a contribution similar in structure to the mirror

with same 4 but different ¢ are numerically very similar, their effect

QCD penguin amplitudes. This is a direct consequence of the results found for the
short-distance coefficients in section 5.2. Consequently, they have to be compared
with the larger Standard Model QCD penguin amplitude of and of.

e The same is true for the “proper” mirror QCD penguin amplitudes dg} 4, So that they
have to be compared with of and of as well.

e Given the results illustrated in the two items above, one expects modifications mainly
in QCD penguin dominated B decays. Recalling that the new contributions are
present only in case of AS = 1 transitions, this means that modifications could arise
in case of B — 7K, B — I_(n(/), B — KK decays, and the corresponding PV, VP
and V'V modes.

e The sensitivity to the new contributions could be enhanced by the right-handed
nature of the transition involved. Because of this feature, in fact, one expects a
different correlation between e.g. the branching ratios of decays into PP, PV, VP
and V'V final states, with respect to the opposite case in which the new physics
would have the same helicity as the Standard Model operators. Moreover, the new
contribution to the positive helicity amplitude in case of decays into V'V final states
is expected to be of the same order as the new contribution to the negative one, and
one has to check if this can affect the angular observables of these decays.
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e The important element to take into account in the analysis is the potentially large
new weak phase. While the (CP averaged) branching ratios are not sensitive to a new
phase, its effects are more likely to appear in the CP asymmetries. Because of the
large uncertainties associated with the direct CP asymmetry, more interesting here
is the time dependent CP asymmetry® [282], which has a relatively small theoretical
uncertainty, since it is proportional to the real part of the hadronic amplitude (6.12).

In the following we comment in more on detail the numerical results collected in tables
5.2 and 5.3 for the «; coefficients. Numerical results are obtained using the parameters
listed in table 2.2, or as otherwise explained in chapter 2. The short-distance coefficients
are evaluated at the scale = my = 4.2 GeV.

B — PP, PV

In table 5.2 we show the numerical results of the «; amplitude coefficients defined in (5.45)
for the decay modes B — K®n() K¢, evaluated using the values of the short-distance
coefficients collected in table 5.1 The values of the mirror QCD penguin short-distance
coefficients can be derived using (5.23). Similar results can be found for the other relevant
decay modes B — 7K, pK,mK*. Since \C’Zﬁ\ > TC§’5\, we obtain &, > a4 . The effect of
dgq on the total amplitude is therefore negligible, being two orders of magnitude smaller
than ozg, the Standard Model amplitude with the same flavour structure, and 3 orders of
magnitude smaller than the dominant penguin amplitude off. The new contribution &}, is
of the same order of magnitude as the electroweak penguin short-distance coeflicients, even
if it is always smaller than the large electroweak coefficient ag’EW. As explained above,
however, du, has to be compared with oy, which is always one order of magnitude larger.
For this reason, small modifications are expected in the branching ratios, because the new
amplitudes have to compete with the Standard Model amplitudes «of, which in turn are
multiplied by the large CKM factor )\,(38). In case of time dependent CP asymmetries,
however, because of the presence of the new weak phase, the new amplitudes & have to
compete with the o} amplitudes, which in turn are multiplied by the small CKM factor
A®). This suppression compensate the difference between &), and «f, making the time
dependent CP asymmetries quite sensitive to the new amplitudes.

Since the factorization properties of the ay, and oy are similar, the ratio between the
two amplitudes stays fairly constant between the different PP, PV and V'V final states, so
that the same level of modification is expected in the various decay modes. In addition, we
also note that the mirror QCD penguin amplitudes are always very small and negligible,
as expected from (5.23), with the exception of &4 which is of the same order as .

B—-VV

Results for the amplitude coefficients of the decays B — K*¢ (B — pK*) are collected
in table 5.3. In general, the new contributions follow the same patters as for the PV
decays. It is therefore more interesting to inspect the inverted helicity hierarchy of the

both the direct and the time dependent CP asymmetries are defined in chapter 6, (6.7), (6.11) and
(6.12).
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K75 K1 K¢
@ 0.966 +0.021i [7K] | 0.981 4 0.021i [pK] | 0.973 +0.021i [rK*]
o 0.351 — 0.084i [K7] | 0.260 — 0.084i [K*7] 0.323 — 0.084i [K p]
ol —0.0013 + 0.0046i 0.0027 + 0.0046i 0.0006 — 0.0005i
oy —0.095 — 0.040i 0.038 + 0.008i —0.031 — 0.0174
o gy —0.0089 — 0.0002i —0.0091 — 0.0002; —0.0082 — 0.00013
o gw —0.0016 + 0.0006i —0.0025 + 0.0008i —0.0024 4 0.00073
a4 /e~Bs | 0.00024 +8.3-1077 | 0.00020 — 8.3 -10"7i | —9.5-10"7 +4.9-1077;
a4 /ees | —0.00190 — 0.00044i |  0.00034 — 0.00009i 0.00115 + 0.00016i
a4, /e Bs | —0.00006 — 0.00023i |  0.00027 + 0.00023i | —0.00003 — 0.00003i
ay,/e~es | 0.00360 + 0.00005i | 0.00142 — 0.00005/ | —0.00106 — 0.00006i
ad,/e""Bs | —0.00006 — 0.00023i |  0.00027 + 0.00023i | —0.00003 — 0.00003i
ay,/e=™ss | 0.00360 + 0.00005i | 0.00142 — 0.00005i | —0.00106 — 0.00006i
&y, /e~ Bs | 0.00027 — 0.00023i | —0.00006 + 0.00023i | —0.00036 — 0.00002i
ay,/e”Bs | 0.00378 +0.00002; | 0.00127 — 0.00002i | —0.00124 — 0.00003i

Table 5.2: Numerical results for the c; coefficients of some representative AS = 1 decay channels.
In case the amplitude coefficient does not exist for the decay considered, as in case e.g. of the tree
amplitude o, we provide results from the B — 7K, pK,nK* decays.

new transverse polarization amplitudes. In order to estimate the plus-helicity amplitude
we take the upper limit of the form factor, Ffvl = 0.06, as in section 4.6. We obtain
that the coefficients dj, d;; are larger than the corresponding ones in the PP, PV modes
and the other helicity amplitudes. Moreover, olj[q is now of the same order as aj[; with
the assumption above on Ff i o?;fq < af. However, if a smaller form factor is taken,
o?;fq can easily become the largest penguin contribution to the amplitude. This would
affect the azimuthal angular distribution of the AS =1 B — V'V decays However, since
the transverse amplitudes are small in absolute terms and have large uncertainties, these
effects are small, and probably unobservable. We leave a more precise analysis of the

angular observables to a future work.

One can easily derive expressions for the branching ratios, CP asymmetries and other
observables. In Fig. 5.10 and 5.11 we provide a few examples, which support the consid-
erations written above. Modifications to the branching ratios are small, and always much
smaller than the theoretical uncertaintes, so that it is unlikely to be able to observe such ef-
fects in experiments. Larger modifications arise in case of the time dependent CP asymme-
tries. The golden channels here are the decays B® — K%, B — K%, whose time depen-
dent CP asymmetry has the smallest theoretical uncertainty, and the modification due to
the new contribution is expected to be of the same order, or even larger. The graphs repre-
sent the observables as a function of ¢p_,. One should note that, because of the constraints
from AM;, ¢p, is constrained to lie in the range (0.7 < |¢p,| < 1.2)U(1.9 < |¢B,| < 2.4)
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(K" ) (K" ) (K" )+
a1 [p[?*] 0.987 4 0.021¢ 1.101 + 0.041: 1.077 + 0.0005
a9 [I_(*p] 0.240 — 0.0842 —0.173 — 0.169¢ —0.082 4 0.001:
oy 0.0001 — 0.00052 —0.0023 — 0.0010: —0.0017
oy —0.026 — 0.0152 —0.044 — 0.0172 —0.034
O‘g,EW —0.0084 — 0.0001% 0.0044 — 0.0003z —0.0095
aZ,EW —0.0017 + 0.00077 0.0015 + 0.00147 0.0007
ay 5.04-1077 —4.89 1077 -1.10-1077 —0.00002 — 0.000014
oy —0.00109 — 0.00018% —0.00001 — 0.000027 | —0.00248 — 0.00174%
asy, 0.00005 + 0.00003: 0.00001 0.00192 + 0.000572
oy, 0.00112 4 0.000041 0.00011 0.01470 + 0.001041
Qs 0.00005 4 0.000031 0.00001 0.00192 + 0.000571
ayy 0.00112 4 0.000041 0.00011 0.01470 + 0.001041
o 0.00038 + 0.000021 0.00004 0.00553 + 0.000511
0 0.00127 4 0.000011 0.00012 0.01523 4 0.000511
Table 5.3: Numerical results for the a; coefficients pertaining to the three helicity am-

plitudes of B — VV decays. To compare the absolute wvalues of the helicity am-
plitudes the numbers for the (00,——,+4) parameters must be multiplied by Ag+y =
i%mBﬂb (mpAE =K my FE K" m FP2KT). The estimates above use FY "' = 0.06 in or-
der to compare with the maximal Standard Model ++ amplitude. In case the amplitude coefficient
does not exist for the decay considered we provide results from the B — pK* decays. The Standard
Model coefficients are equal to that in table 4.2, except in case of the positive helicity. In table
4.2 we provided the leading order expression for it, while here the full NLO result is considered,

according to the definitions given in section 4.5.

rad.

5.5 Conclusion

In this chapter we have considered a well motivated supersymmetric grand unified sce-
nario, in which the large neutrino mixing angles give rise to a large mixing between the
right-handed quarks. In the model, supersymmetry is a key ingredient, not only for
the stabilization of the electroweak scale, but also because it allows the mixing among
right-handed quarks to become physical, thanks to the flavour-changing couplings arising
between quarks, squarks and gluinos. The construction of a whole chain of grand unified
theories up to the Plank scale allows to describe the low energy observables in terms of a
few fundamental parameters, so that the model is predictive and gives specific signatures
and correlations. In this scenario, bounds from the particle spectrum, such as the lightest
Higgs boson M, limit the possibility of having large flavour violation; however, sizeable
effects are still expected, in particular in case of 7 — u7y, b — sy and AM,. The large
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br - srp mixing suggests possible large effects in non-leptonic decays too, in particular
since a new weak phase arises. This motivation is at the basis of the present analysis.
We compared non-leptonic decays with By meson mixing, and found that the latter does
not constrain significantly new contributions in these decays. On the basis of the results
found in [279-281,283-287] we conclude that also 7 — u7y, b — sy decays do not give (yet)
strong additional constraints, once the Higgs boson mass bound is taken into account. We
find that the new contributions to non-leptonic B decays are predicted to be small. This
is because the new short-distance coefficients appearing in the model can reach at most
the order of magnitude of the electroweak penguin coefficients, but they exhibit a small
isospin violation, so that they have to compete with the larger short-distance QCD pen-
guin coefficients. We found that a larger isospin violation could arise when relaxing the
condition mg = mj We leave however the analysis of the case mg #m j for a future work.
Here we were interested in deriving results within the “standard” minimal supergravity
scenario, which assumes a common soft mass for all the squark. In this set-up we expect
small modifications of non-leptonic branching ratios, though we find larger deviations in
case of the time dependent CP asymmetries, which are in reach of the future LHCb and
B factories. Order one modifications can also arise for the B — V'V positive helicity
amplitudes. In this case however the positive helicity amplitudes are themselves a small
effect compared with the longitudinal helicity amplitude, and they are affected by large
uncertainties, so that it is more difficult to find observables sensitive to this effect. We
reserve to perform a more detailed analysis of the B — V'V decays angular observables in
a future work.
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Figure 5.10: The first four pictures represent the branching ratios of the QCD penguin dominated
modes B — 7= K% p~ K9 7= K*0, p~ K*0; the last two pictures represent the time dependent CP
asymmetries of B® — m0K% p°K°. The coloured band represent the theoretical error; the central
line the Standard Model prediction; the wavy line the prediction in the CMM model.
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Figure 5.11: Branching ratios of the QCD penguin dominated modes B® — K%', K%' K%,
left, and the corresponding charged modes B~ — K~ n', K*~n/, K~ ¢, right. The last two pictures
represent the time dependent CP asymmetries of B® — K%', K°¢, which show the largest deviation
from the Standard Model prediction.



Chapter 6

Non-leptonic B decays with new
physics in the electroweak penguin
sector

6.1 Introduction

Another approach to the search for new physics in non-leptonic B decays is to look for
actual discrepancies between the experimental data and the theoretical predictions. In this
case one proceeds in a model independent way, trying to find patterns in the data, which
may point to a particular new physics scenario. The main limitations of the approach
are on one hand the statistics of the experimental data, which however is expected to
improve as long as more data becomes available; on the other hand, the uncertainties on
the theoretical predictions may set limits on the predictive power of the methods.

To clarify the last issue, we recall from chapter 2 that the most difficult part of the
decay amplitude to be evaluated is the hadronic matrix element, which involves QCD
interactions at or below the scale my;. To overcome this problem, various methods have
been developed. One of the most used in this type of analysis is the exploitation of QCD
flavour symmetries, which was described briefly in chapter 1. Within this approach, one
tries to relate the matrix elements of different decays, in order to extrapolate them from
decays which are measured with greater precision, and that are supposed to receive no (or
very small) new physics contributions, like the tree level dominated B — 7m decays. As
anticipated in the introduction, the drawback of this method is that the matrix elements
are not calculated from first principles: consequently, only a few sets of decay modes can
be predicted, since, for instance, matrix elements of transitions to PP, PV and V'V states
cannot be related.

On the other hand, the method of QCD factorization used in this thesis has some
limitations, too, as explained in chapter 2, because of the presence of large subleading
contributions, which are not calculable within the method and need to be parameterized
phenomenologically. Despite this problem, the QCD factorization approach allows one
to make reliable predictions, because the orderliness of the method itself tell us in which

147
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cases one should be careful and interpret the result with more regard, because e.g. a soft
phase could arise, which would fake the presence of a new weak phase.

Taking these considerations into account, the purpose of this chapter is to perform
a model independent analysis [128], using as a starting point the discrepancies between
experimental data and theoretical predictions recently found in the B — 7K decays.
Many analyses where performed on these modes, using both SU(3) flavour symmetries and
QCD factorization for the evaluation of the hadronic matrix elements, which point in the
direction of new physics in the electroweak penguin sector [293—-310]. However, the present
experimental results do not allow us to draw firm conclusions. It is therefore important
to consider other decays, which could also be affected by new physics in the electroweak
penguin sector. To this class belongs e.g. the PV, VP, VV modes corresponding to
the B — K decays, i.e. the B — pK, B — nK* B — pK* decays. These decays
where analysed e.g. in [311, 312, 318], but the experimental data on these decays does
not allow yet to clarify the picture. We point out here that there could be as well other
interesting decays of the B, meson to look for, namely the By — ¢m and the B, — ¢p
decays, which could give more insight. Contrary to the B — mK decays these modes are
pure isospin-breaking transitions, and therefore they are expected to be very small within
the Standard Model [313], with a branching ratio of order a few 107 [67,179]. Their
structure is very simple and they are the only non-leptonic B decays which are dominated
by electroweak penguin contributions, so that they are very sensitive to new physics in
this sector. Besides, they cannot be calculated by means of flavour symmetries, so that
the QCD factorization method is here essential. While there are not yet experimental
analyses on these decays, our work shows that their branching ratio could be 2 to 4 times
larger than in the Standard Model, if new physics in the electroweak penguin sector is
present. If confirmed, this prediction can help in clarifying the discrepancies found in the
other decay modes.

6.2 Analysis of the B — mK modes

In recent years tensions were found, at the ~ 2 ¢ level, between theoretical predictions
and experimental results, in the B — 7K decays. These differences, however, have de-
creased since the first time they were found, so that the picture is not yet clear, in order
to claim for new physics. As a starting point, therefore, our aim is to review the theo-
retical prediction of QCD factorization for these decay modes, comparing them with the
current experimental status. The main features of these decays can be understood in the
approximation defined in [67], in which one neglects the annihilation contribution pro-
portional to A, all the electroweak penguin terms except aj gy and all the electroweak
annihilation contributions. The first assumption is justified because the annihilation terms
proportional to A, are strongly CKM suppressed with respect to the ones proportional
to Ac; this amounts to set 51 = B2 = 35 = [ = 0. Similarly, all the neglected terms in
the electroweak penguin sector are strongly suppressed with respect to o5 pw - With this
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approximation, the amplitudes of the B — 7K decays read
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where the various symbols were defined in chapter 2. We recall that &§ = of + 35, so that,
with the approximation above, 35 is the only annihilation contribution entering the decay
amplitudes. In (6.1) we have written the decay amplitudes in such a way as to collect
the dominant common penguin contribution, and we have explicitly indicated the terms
proportional to the weak angle ~. In this way it is immediate to rewrite the amplitudes
in terms of the following ratios:

- )\1(18) (651 o )\1(18) Rﬂ_[(az
T == || 7o re = — >
AP | &g AP aq
()] au _3
A R.z5
TP = | == Of4, TEW = M7 (6.2)
AP | &g aj
where R_; = Ag,. /A, . Explicitly, (6.1) becomes
AB—HW—KO = Aﬂf()‘ES)&écl (1 + TPC_W) s
\/§AB_~>7TOK_ = Aﬂf()\((:s)ézi (1 +rgw — (ro +7c — rp)eM),
Aposmii- = AggADa (1= (rr —rp)e™),
\/iAgo_moj(o = — Aﬂf()\((:s)ézi (1 —rgw + (rc + Tp)eh>. (6.3)

The utility of this notation is that the common penguin amplitude often drops out when
considering ratios of physical observables. Moreover, the coefficients r; can be related
directly to physical quantities because they are physically meaningful, contrary to the
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flavour amplitudes «; whose absolute phase cannot be determined. The coefficients r;
are in general small; rp, rc, and 7p are small because of the CKM suppression factor,
which is of order A2R, /(1 — A\%) ~ A2 ~ 0.05. Among these coefficients, rr is the largest,
and represents the colour-allowed tree-to-penguin ratio. In QCD factorization it has the
smallest uncertainty, because the coefficient a; is proportional at tree level to the large
short-distance coefficient C, while the one-loop correction, which is the major source of
uncertainty, is proportional to the smaller coefficient C5. This is opposite to r¢, which
represents the colour-suppressed tree-to penguin ratio. In case of the coefficient as in
fact the role of C'y and Cs are interchanged, so that the one-loop correction is much more
important, but contains the uncertainties from the Gegenbauer moments, the masses mg
and m., and the divergent twist-three contribution to the spectator scattering correction,
parameterized by the phenomenological parameter Xg. In our analysis this term will be
the main source of uncertainty. The penguin ratio rp is the smallest one, because of the
QCD factorization prediction of ~ af, and it can often be neglected with respect to the
other ratios. Finally, the electroweak-to-QCD penguin ratio is not CKM suppressed, but
it is of the same order as rT because of the small electroweak short-distance coefficients
with respect to the QCD penguin ones. Using the inputs in table 2.2, we obtain

re = 0.1879:9 4 0.007+5:020;,
re = 0.075005 — 0.016¥5:65%4,
rp = 0.01870:005 4 0 00410002;
rew = 0.14500% +0.005+0:01%i. (6-4)

These patterns are useful to better understand the origin of QCD factorization predictions.
In table 6.1 we compare the theoretical predictions and the experimental results for a series
of observables useful to our analysis. Considering first the branching ratios, one notes
that, because of their large uncertainties, it is often more useful to consider ratios or sums
of them (“sum rules”), which are suggested by the isospin symmetries which relate the
amplitudes in the Standard Model. In this way one minimizes the theoretical uncertainties
and highlights possible discrepancies originated by (isospin-breaking) new contributions.
In this respect, it is useful to consider the following ratios [19,55,314,315],

Br(B~ — 7K~) + Br(Bt — 7K ™)
Br(B~ — 7~ K°) 4+ Br(Bt+ — 7t K0)

R. =2
~ 1+ ’rEW’z + ‘TT‘Q + ‘TC’z + QRG(TEV\/) + QRG(TTTE)
- 2Re(TT + TC) cosy — 2Re (TEW(T’? + ré)) cosy + -,

_1Br(B - 7tK)+Br(B? - 7 KT)
" 2 Br(B% — 70K9) + Br(BY — 10K0)

~ 1+ |7“T|2 — |7“EW|2 — |rc|2 — 2Re(rr) cosy + 2Re(rgw) — 2Re(rc)

+ 2Re(rgwre) cosy — 4Re(rr) (Re(rgw) — Re(rc)) cosy + - - -,
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I'(B° = m°K% + (B~ — 7K ™)

R = _
I'B- =7 K% +T(B%— ntK~)

~ 1+ |rgw|? + |rc|? — Re(rgwrs) cos vy — Im(rgwri) siny
—2Re(rgwre) cosy — 2Im(rgwre) siny + Re(rord) + - -+, (6.5)

which have small uncertainties. In the Standard Model, R. and R, are expected to
be a bit larger than one, see table 6.1, while R is expected to be close to 1, since the r;
parameters appear only in quadratic form. The difference of these predictions with respect
to the experimental results have decreased during the years and now they agree within
the experimental and theoretical errors, even if the central values are still different.

More interesting are the discrepancies one finds when considering the CP asymmetries.
Parameterizing the Standard Model amplitude as

AB = f) x14+de™™, (6.6)

the direct CP asymmetries reads

Br(B — f) — Br(B — f)
Br(B — f) +Br(B — f)
2Im(d) sin vy

= ~ 2Im(d)si 6.7
1+ 2Re(d) cosy + |d|? m(d) sin v, (67)

ACP =

where the last expansion is allowed by the smallness of the parameter d, which is always
doubly CKM suppressed, as one can see explicitly by comparing (6.6) with (6.3). Using
(6.7), one obtains

Acp(B™ = 7 K°) ~ 2Im(rp)sin~y,

_ _ rT+ 1o .
A B = 'K) ~ =21 —_
cp( T ) m<1+rEW>smfy,

Acp(B® = 77 K~) ~ —2Im(ry)sin~,
R0 0 70 rc :
Acp(B” - m K") ~ 2Im (7> sin 7. (6.8)
1—regw

The corresponding numerical results are collected in table 6.1. The result for Acp(B~ —
7~ K?) is a well known prediction of QCD factorization and it tells us that, because of
the smallness of rp, Acp(B~ — 7~ K%) ~ 0. More generally, in view of the comments we
wrote in section 2.2.3, 2.3.5, the important prediction here is not the precise value of the CP
asymmetries, but the fact that they are all predicted to be small, not exceeding the 10%,
because of the absence of a mechanism able to generate large strong rescattering phases.
This generates a conflict with the experimental data, in particular when considering the
following difference between direct CP asymmetries:

AAcp = ACP(B_ — WOK_) — ACP(BO — 7T+K_)

rc TTTEW .
~ =21 — | =1 _— 6.9
[m<1+7“1~:w) m<1+7“Ew)] S (6.9)
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which, as a consequence of (6.8), it is predicted to be small, while the experimental result
is seven times larger. Taking errors into account, this makes a deviation of 1.50, which
is not yet a strong indication of deviation from the Standard Model, despite the large
difference in the central values, because of the large error on the theoretical prediction.
The picture becomes more unclear, when Acp(BY — 7°K") is taken into account: this
is because, according to (6.8), (6.9), in the Standard Model one predicts a correlation
AAcp ~ —Acp(B? — 7°K%)!, which is not seen in the experimental data, see table 6.1,
because the value shown there is a correlated average of the opposite result from Babar
and Belle, [335,336]:

(—0.13£0.13+0.3), Babar

6.10
(0.14 £ 0.13 £ 0.6), Belle ( )

ACP(BO — WOKO) = {

The experimental picture is completed by the time dependent CP asymmetry Scp, which
is defined by

Br(B(t) — f) = Br(B(t) = f)

~ = Scp sin(Ampt) — C, Ampt), 6.11
Br(BY(t) = f) L Br(BO() = f) — crsin(amst) = Cep cos(Amst) (6.11)
where Cop = — Acp is the direct CP asymmetry, up to a sign. In terms of the parametriza-
tion (6.6) we have
Scp >~ sin 28 + 2Re(d) cos 25 sin 7, (6.12)
which gives
Scp(BY — 1°K%) ~ sin 26 + 2Re (L) cos 23 sin~y. (6.13)
1-— TEW

In this case, the theoretical prediction has a ~ 1o deviation from the experimental value.

Given this analysis, the observed discrepancies are just “tensions”, which could be ac-
counted for in the Standard Model, considering the uncertainties of the QCD factorization
approach. Omne can, however, take these results at face value and interpret them as an
indication of new physics contributions. Many works in the literature have analysed this
possibility, [2908-310], with the conclusion that the data could be explained better in a
scenario with new physics in the electroweak penguin sector, with a large new weak phase.
To see this, let’s assume that a new contribution with the structure of the electroweak
penguin, but with a new weak phase ¢, arises, r{zwe_i‘sz. Then the B — wK amplitudes
get modified according to

AB_*HT_KO = Aﬂf()‘gS)OAQCl (1 + rPe_w) )
V2Ap- g = A gAPag (1 +rgw — (rr + 70 —7rp)e” 7 + rﬁzwe—z‘az> :
Apo i = Agg A0S (1= (rr —rp)e™™),

V2 Apo 00 = — A_gAPaS <1 —rpw + (rc +rp)e” " — rﬁwei52> . (6.14)

'the second term in (6.9) is much smaller than the first one, because of the product of the two small
factors rrrew.
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Observable Theory | Experiment
Br(B° — n'K?) 5.481503 9.870:

Br(BY — 7t K™) 13.4122 19.475°
Br(B~ — 1K) 9.1875 7 12,9708
Br(B~ — 7~ K") 15.0135%:6 23.1170
R.(TK) 1.2370:35 1.1219:07
R, (1K) 1227538 0.997007
R(rK) 1034005 | 10756

Acp(B® — 1K)
Acp(BY = 7T K ™)
Acp(B™ — 1K)
Acp(B™ = 7 K?)
AAcp

Scp(BY — 7YK?)

—0.0231 0658
—0.006"0093
0.02070%
0.0050-008
0.02670 0%

0.06
0.807 09

—0.010+919
00980013
0.05010 052
0.009*(033
0148027

0.17
0.57 017

Table 6.1: Theoretical versus experimental results for the B — wK decays. The experimental
data are taken from [44]. The original results can be found in [325-336].

The amplitudes contain a new weak phase, and they can be written in general as
AB = f) 14+ de™™ +dye . (6.15)
In terms of (6.15), the direct and the time dependent CP asymmetries now read

2Im(d) siny 4+ 2Im(dy) sin ¢ + 2 Im(ddy,) sin(y — ¢)

A =
P = 1+ 2Re(d) cos v + 2Re(dy) cos ¢ + 2Re(ddy,) cos(y — @) + |d|? + |dn|?
~ 2Im(d) sin~y + 2Im(dy) sin ¢, (6.16)
G — sin 2/ + 2Re(d) sin(y + 28) + 2Re(dn) sin(p + 25)
PTIF 2Re(d) cos v + 2Re(dn ) cos ¢ + 2Re(ddy;) cos(y — ¢) + |d|? + |dn|?
2Re(ddyy) sin(y + ¢ + 28) + |d|? sin(2y + 28) + |dn |* sin(2p + 2)
1 + 2Re(d) cos v + 2Re(dn) cos ¢ + 2Re(dd};) cos(y — @) + |d|? + |dn|?
~ sin 23 + 2Re(d) cos 23 siny + 2Re(dy) cos 23 sin . (6.17)

Using (6.16), (6.17) the direct CP asymmetries in (6.8) become
Acp(B™ = 7 K% ~ 2Im(rp)siny,
Acp(B™ = m°K™) ~ —2Im e siny + 2Im(riy) sin 4.,
1+ rgw
Acp(B® = 77 K~) ~ —2Im(ry)sin~,
r

Acp(B? — 7°K%) ~ 2Im <7C

) siny — 2Im(rgy) sin 4. (6.18)
1 —7rgw
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As a consequence, the difference AAcp reads

AAcp ~ —2 [Im (1_:7wa> —Im <%>} siny + 2Im(rgy ) sin 4. (6.19)
The main point here is that, contrary to the Standard Model electroweak contribution,
the new one is not suppressed by rr, so that a large new weak phase could indeed give
a significant contribution to AAcp. Moreover, the correlation with Acp(B? — 7°K?) is
maintained, so that this scenario predicts also a large (negative) direct CP asymmetry
for B® — 79K, in accordance with the Babar result. At this point, however, we can
note the drawback of this hypothesis: the new contribution always appears together with
ra, so that, in principle, similar results could be achieved in the Standard Model, if an
enhancement of the colour-suppressed tree-to-penguin ratio is present, as suggested by the
large branching ratios Br(B — 7°7%) and Br(B — 7°K"). We recall, however, that in
QCD factorization it is anyway difficult to get such a large phase. An aid in clarifying
this ambiguity could be given by the time-dependent CP asymmetry: one has

Scp(B? — 19K%) ~ sin 23 + 2Re <T70> cos 23 siny
1 —rew

— 2Re(rfy ) cos 2[3sin d,. (6.20)

The “hadronic hypothesis” of an enhanced r¢ leads to a large value of Scp(BY — w°K?),
close to one [310]; on the other hand, the hypothesis of new physics in the electroweak
sector can contribute in lowering Scp to values closer to the experimental data, depending
on the sign of Re(rkyy) and sin(d; 4+ 23). Finally, we observe that since rc and rgw give
the same contribution to R., R, and R, both hypotheses considered here bring them to
values closer to the experimental results, so that they cannot add much information for
the solution of this ambiguity.

6.3 Consequences on other decay modes

6.3.1 The B, — ¢m, B, — ¢p decays

Because of the present inconclusive status of the B — wK decays, the only way one
has in order to sort out the puzzle is to analyse other decays where new physics in the
electroweak sector could have a sizeable effect. On one hand, this means to consider the
B — pK, B — mK* and B — pK* decays, because they have the same flavour structure
as the B — wK decays, but, in particular in case of the PV, VV decays, the dominant
penguin contribution & is smaller, so that they are more sensitive to modifications in the
other terms of the amplitudes. On the other hand, the B decays B, — ¢m, By — ¢p are
dominated by the electroweak penguin amplitude aggw and they appear as the golden
modes to probe new physics in the electroweak sector. The structure of these decays is
very simple; in the approximation described at the beginning of section 6.2 their amplitude
reads

A 3
AB, oMy = %2 ()\28)042(¢M2) + iAgs)aa,Ew(quz)) , (6.21)
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Figure 6.1: Ratios r¢. and rrx. Real part, blue, and imaginary part, red.
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Figure 6.2: Ratios rgp and r;pl. Real part, blue, and imaginary part, red.

where Ms = 7, p depending on the decay considered. In the V'V case, an index h for the
helicity amplitudes has to be added to A and the flavour amplitudes «; in (6.21).
In the Standard Model one finds

Br(Bs — 7%¢) = 0.157031 - 107, Acp(Bs — m°¢) = 0.27156,
Br(Bs — p°¢) = 0.43702% . 1076, Acp(Bs — 1°¢) = 0.1810-53. (6.22)

Moreover, it will be useful to consider the branching ratio of the decay into longitudinally
polarized vector mesons p and ¢,

Br(Bs — p°¢) = 0.367025 - 1079, (6.23)

as well as the ratios

Br(Bs — p¢)

~ —9 33+0.10 BTO(BS — p0¢)
Br(Bs; — w0¢) '

— = TP 9807037 6.24
—0.08> BT(BS N 7T0¢) —0.25 ( )

in which the form factor cancels, and which have relatively small uncertainties compared
to the branching ratios in (6.22). Besides the electroweak flavour amplitude, from (6.21)
we see that these decays receive a contribution from s, too, in the same way it happens
for the B — 7K decays. Once again, therefore, given the large uncertainty on this
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coefficient, one has to face the possibility of having an enhanced amplitude from both a
new electroweak contribution, or from an enhanced hadronic contribution to as. In order
to deal with this ambiguity, we focus on the QCD factorization prediction for the ratio of
the two parts of the amplitudes: defining

)\(5) 9 Oéh
TZM2 = % 3—672 (6.25)
Ae A3 Ew
one finds
Re(ry,) = —0.41703%, Tm(rg,) = 0.1379:30,
Re(rzx) = —0.58J_r8:§§, Im(rzx) = 0.15f8:%§,
0 0.39 0 0.29
Re(ry,) = —0.39%032, Im(rg,) = 0.13%73,
Re(r, ) = —0.20705, Im(r, ) = —0.1574733. (6.26)

(6.26) tells us that the part of the amplitude proportional to ag can never be larger than
the electroweak contribution ag gy, within hadronic (and CKM) uncertainties of QCD
factorization. This result is confirmed by a parameter space scan: in figure 6.1 we show
on the left the real (blue) and imaginary part (red) of 74, for 3000 points in the space of
the QCD factorization input parameters: the scattered points range in the error intervals
of (6.26). For comparison, in (6.26) we have included the value of the same ratio for
the B® — 7YK° decay, which appears also in the right plot of figure 6.1. In this case
the ratio is a bit larger, so that the effect of a hadronically enhanced as could be more
relevant. We note, however, that this is true only for the real part of the ratio, confirming
our expectation that it is difficult to get large soft phases in QCD factorization. In any
case, because of the different parameters involved in the By — m¢ decay, we observe a
clear dominance of the electroweak flavour amplitude. In figure 6.2 we show the same
ratio for the p¢ final state. While the situation is similar for the longitudinal helicity
amplitude, a slightly larger uncertainty arises in case of the negative one, and this reflects
the well known problem that the transverse helicity amplitudes do not factorize at leading
order (see discussion at the end of section 2.2.2), resulting in a larger uncertainty. In
figure 6.3 we show the branching ratios Br(Bs — 7'¢), Br(Bs — 7’p) for the same
points: one can see that they range in the intervals Br(B, — 7’¢) € [0.10,0.30] - 1076,
Br(Bs — 7%p) € [0.35,0.90]-107%, in agreement with the QCD factorization errors reported
in (6.22). This analysis allows us to conclude that a new electroweak contribution of the
same order as the Standard Model one, O‘é,EVV ~ a3 gw, could easily enhance the branching
fraction of these decays by a factor ~4, which is not possible to obtain from an enhanced
g, within QCD factorization. The resulting branching ratios then would be of order
~ 1076 and therefore easy to observe.

6.3.2 B — pK, B — wK* and B — pK* decays

These decays have the same flavour structure as the B — 7K decays, but the dominant
penguin amplitude &j is predicted to be smaller. Naively, this is because ag vanishes at
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Figure 6.3: Branching ratios Br(Bs; — ¢7°), Br(Bs — pr?).

tree level when My = V. As a consequence, effects of the other flavour amplitudes are
enhanced. Quantitatively, one can estimate the expected enhancement by inspecting the
value taken by the ratios r; in case of these decays, whose decay amplitudes are given by
(6.1), (6.3) with obvious substitutions of the 7 and K indices. Within the input values of
table 2.2 we obtain?

ro(pK) = —0.4270:32 — 0.1670: 754,
ro(pK) = —0.23701% — 0.0275:504,
rp(pK) = 0.01970005 + 0.002700054,
rew(pK) = —0.411022 — 0.1670-3%4, (6.27)

ro(mK*) = 0.407035 + 0.0570 334,
ro(mK*) = 0.107512 — 0.02+597;,
rp(rK*) = 0.01875:507 +0.00673955 4,
rew(TK*) = 0.277028 +0.03709%4, (6.28)
rir(pK™) = 0547055 — 0.3075 501,
rd(pK*) = 0.137032 — 0.151 5104,
rp(pK™) = 0.01775508 + 0-006+8 0047
M (pK*) = 045703 — 0.25° 03 (6.29)

The ratios are now larger, as anticipated. Note also that in case of B — pK decays
the ratios r1, rc and rgw have opposite sign with respect to the the other two cases.
Starting from these results, one can deduce the theoretical predictions for the ratios R,
R,, R and the CP asymmetries collected in tables 6.2, 6.3, 6.4. The addition of a new
electroweak amplitude would modify the decay amplitudes according to (6.14) and the
CP asymmetries according to (6.18), (6.19), (6.20), with obvious replacement of 7K with

2in case of B — pK™ the superscript 0 is added, to indicate that we refer to ratios of the longitudinal
amplitude coefficients.
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Observable Theory | Experiment
Br(B° — p9K9) 3147372 54710
Br(B? — ptK™) 4.291515 8.6777
Br(B~ — p"K~) L584HG) | 38150705
Br(B~ — p~ K9 3.61+5:9 8.0%17
R.(pK) 0.88+046 0.957028
Ry (pK) 0.6810-28 0.80702
R(pK) 1215050 | L12%547

Acp(BY — pPK°) | 0.00675-198 0.01+9:20
Acp(B® = p*K7) | 0.22701 0.1510.08
Acp(B™ — pPK~) | 0391934 | 0.37701
Acp(B™ — p~K°) | 0.009708% | —0.12+547
AAcp 0.17047 0.221913

Scp(B® — p°KO) 0.457029 0.5415:2%

Table 6.2: Theoretical versus experimental results for the B — pK decays, taken from [{4]. The
original results can be found in [387-348].

pK, nK* and pK*. One could therefore analyse the experimental results in tables 6.2,
6.3, 6.4, to see if this data, too, can be accomodated better within a scenario with new
physics in the electroweak sector. Since the purpose of this chapter is to focus first on
the B, decays, we leave a more detailed analysis of the B — pK,7K*, pK* modes for a
future work. Nevertheless, we will consider these decays as constraints on the new physics
scenario described in section 6.4, as explained in section 6.5.

6.4 A viable scenario: the flavour-changing Z° penguin

The only way to perform a more quantitative analysis is to consider a specific new physics
scenario. In principle, one could assume that new physics is likely to appear in one single
operator, (“dominance of an individual new physics operator”, [295]), but this is indeed
not the case in some of the most common extensions of the Standard Model. Despite the
fact that we have performed also this type of analysis, we prefer to focus here on a specific
new physics scenario. We will show that in this case one finds most of the times specific
signatures and correlations, which would not appear from a model independent analysis
in which only one operator is varied.

There are various models in which new physics is expected to appear in the electroweak
penguin sector of the theory. In generic supersymmetric models, for instance, gluino box
and penguin diagrams can contribute to the electroweak penguin operators; in chapter 5
we have seen that this is e.g. the case in the CMM model, if the condition mg # m is
satisfied at the high scale. Another possibility is to consider the existence of additional
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Observable Theory | Experiment
Br(B° — 70 K*0) 1401122 24707
Br(B? — 7t K*7) 4.98;%:3% 10-31_%&
Br(B~ — 7YK*") 4-25—3:32 6-91_%:3
Br(B~ — n~ K*0) 5.2313:33 9.940:5
Re(mK*) 1.627018 1.3970-49
Ro(nK*) 1777240 2.1510:2)
R(7K) 111792 0.911924

Acp (B — w0 K*0)
Acp(BY — 7T K*7)
Acp(B™ — ' K*7)
Acp(B™ — 7~ K*0)
AAcp

—0.031329
—0.09%575)
—0.02%575
0.009* 4055

0.15
0.07%51¢

—0.1575 15
028532
0.0415:39
—0.038%504

+0.30
0.27+930

Observable Theory | Experiment

Br(B? — p°K*0) 1751558 56710

Br(B? — ptK*7) 4.4713:39 0t52

Br(B~ — p"K*") 4.031352 0tot

Br(B~ — p~ K*0) 4.6373:3¢ 9.2708
0

+0.32
—0.2470:32
+0.11
0.3370-11
40.18
0.3510-13

+0.013
0.002*0:03

0.19
0.097919
0.32
0.2079 58

+0.16
—0.01+316

159

Table 6.3: Theoretical versus experimental results for the B — mK* decays, taken from [{4]. The
original results can be found in [3537-3/8].

Table 6.4: Theoretical versus experimental results for the B — pK* decays, taken from [{4]. The
original results can be found in [337-348].
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“horizontal” gauge symmetries, which would give rise to the presence of extra Z bosons,
which could mediate new four-quark FCNC. Similarly, extra gauge bosons arise in models
of extra dimensions. In all these scenarios the new contribution to the electroweak penguin
operators arises from integrating out the new heavy particles, and due to the dimension
six of the four-quark operators one expects the new contribution to scale like 1/M%,
where M)Q( represents the mass of the new particles appearing in the loops. Another
interesting possibility is to have a model with a Zsb coupling. Such a possibility arises, for
instance, in models with a fourth generation, or in models with an extra gauge symmetry,
through the Z-Z’ mixing. For a more exhaustive list of models where a new Z3b coupling
could arise, we refer to [316]. This scenario is particularly interesting, because the Z3sb
coupling has dimension four, so that its magnitude is expected to be proportional to
some symmetry breaking terms, but it does not need to contain any 1/Mx suppression In
other words, it is formally non-decoupling, even if it should be noted that the requirement
of naturalness in the size of the SU(2);xU(1)y breaking terms suggests that also the
adimensional coupling above should decouple in the limit Mx /My — oo. Because of the
simplicity of this scenario, which can be described with the introduction of only two new
coupling constants, we will focus in the following on this model, analysing quantitatively
the modifications predicted in the B — 7K and the By — ¢, ¢p decays.

6.4.1 The model

We start with a brief description of the model, following closely [288]. The flavour-changing
Z Jidj couplings can be accounted for by the effective Lagrangian

£l = _4coi Oy > dr [RE7AMA = 5) + B A+ )] dy Zy, (6.30)

I£J
where I, J are generation indices, as usual. Here we are interested in the two (complex)
couplings /ilf and mlﬁ. Since the flavour violating couplings are expected to be small, the
flavour-diagonal couplings of the Z bosons are to leading order the same as in the Standard
Model. As a consequence, at the electroweak scale one can write the following effective

hamiltonian:
Hep = G—\/g Ky (5b)v—a + K’ﬁ(gb)vw} > [CH@a)v-a+ Ch(@a)val (6.31)
q
where
Ct = % — %sin2 Ow, Cp= —%sin2 Ow,
cd = —% + %sin2 O, = %sin2 Oy . (6.32)

These effective couplings can be matched with the standard form of the four-quark oper-
ators appearing the weak effective Hamiltonian. One obtains corrections to the Standard
Model short-distance coefficients as well as new contributions to the mirror operators:

b ) s
$Cyluz) = ——b Gz = ——TA
6(-A") 6(-A")
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SM 5C;/C; Ci/Ci
4 1.08126 0.0 0.0
Cy | -0.19031 0.0 0.0
Cs3 | 0.01369 | —0. 2306 9 10 T —0. 0066 9 10 5
Cy | -0.03565 | —0.0245545= 9 10 T —0.001 5575== 9 10 1
Cs | 0.00870 | —0. 012W —0. 297W
Ces | -0.04188 | —0.0045545== 9 10 T 0. 023W
Cz | -0.00009 | +28.2095515== 9 10 T | —94. 744W
Cs | 0.00047 | —2. 0466 5. 10 T 6. 872W
Co | -0.00972 | —1.0005515== 9 10 - 0. 298W
Cro | 0.00173 | —1.2805575=7 9 R 0. 382W
Table 6.5: Short-distance coefficients at the scale my.
2 kb3 sin? Oy ~ 2 kb3 cos? Oy
0C7(uz) = —g% Cr(pz) = gRi(s)
(=A7) (=A)
2 kb5 cos? Oy ~ 2 kb sin? Oy
5Coluz) = LW Gy(uy) = -5 TR IW (6.33)

3 (=A%) 3 (=A)

Having the values of the short-distance coefficients at the high scale pz ~ myy, it is
straightforward to obtain their values at the low scale uj ~ my by means of the RGE. Since
the strong and the electromagnetic interactions are chirally invariant, the Standard Model
four-quark operators and the corresponding mirror operators have the same evolution
under the RGE. Here we use the two-loop anomalous dimension, following [53, 65|, as
described briefly in section 2.3.2. Because of the mixing between different operators, at
the low scale all the QCD penguin and the electroweak penguin short-distance coefficients
are modified. Similarly, QCD and electroweak mirror coefficients are generated. The
former are controlled by the parameter /-c , while the latter depend on m’ﬁ In table 6.5 we
provide the ratios 6C;/C;, C;/C; at the scale my. The normalization of the x%* ' coefficient
is fixed in order to have a new contribution of order one to the coefficient Cy. The largest
new contribution arises for the electroweak coeflicients, in particular in case of dCy and
C7.

6.4.2 Hadronic matrix elements for B — M;j; M,

The evaluation of the hadronic matrix elements is straightforward, using the results of
chapter 2 for the Standard Model operators and the results of chapter 4 for the mirror
operators. Since the mirror operators have the same flavour structure as the corresponding
operators in the Standard Model, their contribution to the amplitude can be obtained
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ag,EW dg,EW
af + dal — ab — dab —af + ab if MMy = PP
ah + dah + ab + dak ap + ab it MhiMy =PV
ay + dafy — ab — dab ay — ab if MiMs =V P
ab + 6ab + a + dab —aph — ab if My My =VOV0
af 4 8ab + al + dab | — M (@h + ab) | if MyMy = VEVE

Table 6.6: Contribution to the dominant electroweak penguin amplitude in the modified Z° sce-
naro

adding a &; coefficient for each «; appearing in the transition operators in (2.37) and (2.51).
The relation between the mirror penguin amplitudes &34 and the coefficient a3 456 has
been given in (4.30). The relation between asgpw 4pw and argg 10 can be easily deduced,

and reads
[ —ab(MMo) + ab(M; M), if MyM, = PP,
ab(My My) + ab(M; M), if My M, = PV,
A (M1 My) = ab (M My) — ab (M, M), if MyM, = VP,
—ah(My M) — a2(My My), if My Moy = VOV,
— A @h (M M) + ab(My M), if MyMy = VEVE
( —ahy (M My) — TQ/IQ ag (M My), if M1 M, = PP,
aly(My My) + ri® af(MiMs), if MM, = PV,
Ay (M1 M2) = o (My My) — i ag (M, My), if MiMy=VP, (6.34)
—aRy (My M) + vz GE(MyMs), if My My = VOVO,
P (@b (M M) + 72 GB(My My)) ,  if My My = VEVE,

The NLO expression for the coefficients a; has been given in (4.33), and the various terms
involved in these expressions have been discussed afterwards. With these results at hand,
it is easy to derive the amplitudes for the decays of interest.

6.4.3 Phenomenology of non-leptonic B decays

Given that there are two independent free parameters in the model, we can consider three
simple scenarios, namely /’il}f £ 0, nljf = 0; /ilf =0, mlﬁ # 0; and /’il}f = mlﬁ % 0. In the
last scenario we fix /’il}f = mlﬁ in order to have only one complex free parameter for each
model. Our purpose is to fit these complex parameters from the B — 7K decays, and to
study the effects in the B and other decays. We parameterize the complex parameters as
K2 = 2 exp(—id,), and fit z and 6.

Each scenario presents specific signatures, which allows one to distinguish easily among
the three possibilities. The interesting point here is that /ilf and m’ﬁ involve new physics
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with opposite chirality: m’f rules b — s left-handed transitions, as in the Standard Model,
while /ilﬁ involves b — s right-handed transitions. The operators contributing to the two
transitions are related by a parity transformation, which involve the following relation
between their matrix elements [177]:

(M Ms|Qy|BY = —(=)PMints (M My|Qy|BY, = ai(MyMy) x CPM +6C; — (=) C,

(6.35)
where Py, ar, is the parity of the final state. The relations in (6.35) are at the bottom of the
different sign patterns between (6.34) and (2.44), which in turn produce different effects,
when the two cases /ﬁ%‘" # 0 or /’il;;? # 0 are considered. In table 6.6 we show explicitly
the effects of (6.35) on the electroweak amplitude coefficients aspw and asgw, where we
denote by a; the Standard Model contribution, by da; the new contribution proportional to
/il]f and by a; the new contribution proportional to n’}g. The information contained in this
table becomes clearer, when the values of the short-distance coefficients collected in table
6.5 are taken into account. This additional information, which is strictly model-dependent,
tell us that the main contributions come from ag, dag and from a7;. Moreover, da7 is small,
but it gives a contribution which is comparatively larger than the corresponding Standard
Model coefficient ay. With these remarks at hand we can draw the following predictions:
in case of new left-handed physics (Iilf # 0), the new contribution dag has always the same
sign patterns with respect to the Standard Model contribution; one expects therefore a
similar effect in all the PP, PV, VP, VV decays, unless some “accidental” enhancement
occurs, like the one expected for PV, V'V decays due to the absence of scalar currents.
In case of right-handed new physics, instead, (/ilﬁ # 0), the main new contribution ar
has different sign patterns in the PP, PV and in the VP, VV decays: this means that,
if e.g. one fits a phase which gives a destructive interference in the PP decays, the new
contribution will interfere constructively in case of V P, V'V decays and the effects of new
physics will be enhanced. This is exactly the case for the B, — ¢, ¢p decays, but also for
the B — mK* decays®. Considering now dar, we note it contributes with opposite sign to
VP and V'V decays. This means that this contribution will interfere constructively in case
of e.g. the B, — ¢ decay, and destructively for the B, — ¢p decay, or viceversa. In case
of right handed new physics, the same effect is obtained through ag, which has similar
patterns. These effects can be tested clearly by means of the ratios in (6.24). Finally,
it remains to consider the case in which x}* = m’ﬁ # 0 (parity symmetric new physics).
Because of the patterns of the /il]f and /ilﬁ discussed above, we immediately deduce that
this scenario is not interesting for the B, — ¢, ¢p (and B — mK*) decays, because the
new contributions have the same magnitude, and they cancel, so that no (or very small)
modifications arise. In this case, some interesting information may be deduced instead
from the B — pK decays.

In Figs. 6.4-6.6 we give the results for the branching ratio of the By decays in the three
scenarios discussed here. It is easy to observe that for a new electroweak contribution
around two times the corresponding Standard Model amplitude one gets an order one
enhancement of the branching ratios, depending on the phase §,. The dependence on the

3the electroweak amplitude is a function of azpw(K*T).
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Figure 6.4: Relevant observables for the By decay modes in the first scenario, k5 # 0, kb = 0.

phase and the results for the two ratios Br(” (B, — p°¢)/Br(B, — n'¢) agrees with the
qualitative prediction derived in this section.

6.4.4 Constraints from semi-leptonic B decays

The modified Z° scenario affects also the semi-leptonic B decays B — X 71—, B — X,vv,
which have to be taken into account in our analysis. We focus in particular on B —
Xsete™, which has recently been observed, [349-351] and which provides the strongest
constraints. We follow here [288] and assume that the Standard Model contribution is
negligible with respect to the new one. The effective Hamiltonian for this process reads

_Gr

o = 5 RE(5b)v—a + n?i(gb)m] > [Ci(ee)v-a+ Chlee)vial, (6.36)

q
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Figure 6.5: Relevant observables for the By decay modes in the second scenario, k5 = 0, k% # 0.

where 1
Cc§ = -5 sin? Oy, C% = sin’ Oy (6.37)
Normalizing the decay rate to the semi-leptonic rate I'(B — X.e”.) one obtains

T(B— Xeetem)  |sh2 + w32
T(B — Xee ) f(me/my)|Vip|?

((C5)? + (CR)?) m 157 (kg + IKE1?) . (6.38)

where f(m./mp) =~ 0.5 is the phase space factor for the semi-leptonic decay I'(B —
Xce V), and |Vp| &= 0.04. The measured values for the decays considered are [§]

Br(B — Xgete ) =4.7113.107% (B — X.e 1) = 0.1047001, (6.39)

at 30 we get the constraint

3.4-107% < /|KY12 + kY2 < 7.6 - 1074, (6.40)
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Figure 6.6: Relevant observables for the By decay modes in the third scenario, k% = K% # 0.

which is indeed very stringent. Recalling from table 6.5 that one gets a new electroweak
contribution dag as large as the coefficient ag for /ﬁ%‘" ~ 6.9-107*, we see comparing with the
upper limit in (6.40) that not much room is left for a new electroweak contribution much
larger than the corresponding Standard Model amplitude. We underline here that, given
this result, a better correlation with the semi-leptonic decays is required, in particular
in view of the recent works in this field [321-323]. On the other hand, we note that the
strong constraints above would not apply to other models, such as a scenario with an extra
gauge boson Z’, because in this case the leptonic charges under the new gauge group can
be taken arbitrarily small (leptophobic Z" models) [320]. In section 6.5 we will provide
the result of the fit both with and without taking into account the constraint (6.40).
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6.5 Fitting the data: numerical results

6.5.1 The fit

The idea of the fit is quite simple: we calculate, within the new physics model, the
expectation value for a set of observables, which are therefore a function of the parameters
/’il}j p> b€ of z and .. We compare then the value obtained at each point in the z-6.
plane with the experimental measurements. The points in the z-0, plane for which the
experimental and the theoretical results are closest are more likely to be realized, i.e. they
represent the parameters according to which the theoretical prediction describes best the
experimental measurements. Technically, this comparison is realized by evaluating at each
point the x? function, defined as

. . 2
Z (xz the(;2 -Tzexp) ’ (6.41)
i i exp

where x; theo represents the theoretical prediction of a physical observable like a branching
ratio, and x;exp represents the corresponding experimental measurement. o;exp, represents
the experimental error, i.e. the 10 experimental uncertainty: ;exp = 0jexp-

The non-trivial part of the analysis is the implementation of the theoretical error, for
which we follow [324]. The point is that the use of the x? function in the fit assumes a
gaussian distribution of the variables involved. This is indeed the case for the experimental
measurements, which are assumed to be distributed like a gaussian around the central
value ; exp, with standard deviation 0;exp. The same assumption cannot be made for the
theoretical estimates. They depend in fact on a series of input parameters, like the form
factors, the decay constants, etc. which have a flat distribution around the central value;
actually, the meaning of the theoretical error is only that the corresponding observable
can take any value inside the error range, which by itself does not imply any distribution
at all. According to [324], to which we refer for further details, the problem of combining
theoretical and experimental errors can be solved by considering the following xs:

(‘xie p —ZLith |_U'th )2 :
9 = ;2 E— if ’xz exp — xitheo’ > Ojtheo;
X E 1 exp

(6.42)
i 0 otherwise.

Since the theoretical error range is asymmetric in case of the observables of interest, we
generalize (6.42) to

2
(zi theo — 04 theo, inf — L4 exp)

if Tiexp < (xitheo — Ojtheo, inf)7

2
( ( 9i exp ))2
2 _ E Zi exp — (%4 theo T0i theo, :
X = L : Jego LERe. b if Tiexp > (-Titheo + O theo, sup)a (6’43)
- i exp
i
0 otherwise,

where 0; theo, sup and 05 theo, inf represent the theoretical upper and lower error respectively,
0j theo, sup

(Titheo) —g, pee it - Using 6.43 it is possible to define confidence levels (CLs) by means of
the function

1 o0
CL = / et/ Naot /21 g (6.44)
Vv 2NdOfF(Nd0f/2) AXQ(:’/mod)



168 Chapter 6. Non-leptonic B decays with new physics in the electroweak penguin sector

where ymoq represents the theoretical parameters upon which the function x? depends,
like the form factors, quark masses, etc., and the function Ax? represent the normalized
x? after its minimum has been subtracted: Ax? = x? — min(x?). Ngof are the degree of
freedom of the problem; in this case Ngof = 2. Using this input in (6.44) we obtain

A2 (ypod)
2

CL=e" (6.45)

Setting CL = 1 — 68.27/100, CL = 1 — 95.45/100, CL = 1 — 99.73/100, CL = 1 —
99.99/100 we individuate respectively the 1o, 20, 30 and 5 o confidence level. In our x? we
include the ratios R., R,, R, the CP asymmetries Acp(B? — 7°K?), Acp(B~ — 7~ KY),
Scp(BY — 7°K?) and the CP asymmetry difference AAcp.

Here we are interested in fitting the parameters z, ¢, from the experimental information
on the B — 7K decays, and to look for consequences in the By decays. We consider
therefore the other decays discussed in section 6.3.2 as constraints: this is necessary since,
as explained there, large modifications are expected in these decays, which already rule
out regions of the z-0, plane. In more detail, we set

CL if { (% theo + Titheo, sup) > (Tiexp — 20 exp, inf)
CL= V(Zi theo — O theo, inf) < (-Tiexp + 20 exp, sup)’ (6.46)

0 otherwise,

i.e. we consider a 20 constraint on these decays. Finally, we perform two fits: one in
which we don’t take into account the constraint from semi-leptonic decays, and one in
which we add the constraint from (6.40), considering it as an additional theoretical input
in the x? function.

6.5.2 Results
K5 #£0, /-@’}f =0

In figure 6.7 we show the result of the fit without (left) and with (right) the semi-leptonic
constraint. In figure 6.8 we show the parameter space region excluded by the B —
pK,mK* pK* decays, according to (6.47). These modes gives some constraints on the
first fit, but none in case of the second one, because the semi-leptonic decay provides the
strongest bound, as expected. The result of the first fit is

2=19.6-10"%, 5, = —90.7°, (6.47)
which corresponds to the following value for the observables in the B — 7K modes:
R, = 118703 Acp(B® — 1°K%) = —0.037008,
R, = 119703 Scp(BY — 7°K") = 0.3470:35

R =1.02730, AAcp = 0.06709%. (6.48)
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Figure 6.7: Confidence level regions in the z-6, plane, according to the first scenario considered,
without (left) and with (right) the constraint from semi-leptonic decay.

One observes a better agreement with the experimental data. Based on this result the
predictions for the B decays are

0.50 0.60 —
Br(Bs — ¢1°) = 0477050 [theo 058 |t - 107°,

+0.56 +0.37 —6
0-4870,26|the070.38|ﬁt -1077,

oy}
e
e —~
vl [
vy
1
)
[}
S
I

Br(Bs — ¢p°) = 0.607355 ) peo T334 - 1076,

. +0.41 +0.72
= 1.2970.23’th6070.40‘ﬁt7

;= 1.03402L | oo T 2 5. (6.49)

These results have to be compared with the Standard Model prediction (6.22), (6.23)
and (6.24). The branching ratio of By — ¢n¥ is enhanced by a factor 3 with respect to
the Standard Model, while there is no sizeable modification in the B, — ¢p® decay. On
one hand, this is an unfortunate circumstance, because the latter is easier to measure
in experiments. On the other hand, being able to measure both decays would give the
possibility of inspecting the ratios of the two decay rates, which, according to (6.49), differ
significatively from the Standard Model prediction. This difference is indeed an effect of
daz, which contributes to the two decay amplitudes with opposite sign, as explained in
section 6.4.3. In (6.49) the theoretical error is calculated in the standard way, summing
in quadrature all the errors from each theoretical variable; the “fit error” is obtained
by calculating the maximum and the minimum value taken by the observable inside the
20 region individuated by the fit (Fig. 6.9), and subtracting the central value of the
observable.

Taking into account the constraints from semi-leptonic decays, one obtains a smaller
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Figure 6.8: Region (blue) excluded by the experimental data of the B — pK,mK*, pK* decays.

new contribution:

z=6.1-10"%, 5, = —91.0% (6.50)
which gives
R.=1.18"0%, Acp(B® — 7°K°) = —0.0370 08,
R, = 1237027 Scp(BY — 7°K%) = 0.53701%,
R=1.0110% AAcp = 0.057507, (6.51)

and the prediction for the B, decays reads

Br(B, — 7%¢) = 0. 23+8 %g‘theo 858’& 1079,

Brl(Bs — p°¢) = 0.3570:35ltheo T 57 lse - 107,
(

Br Bs — PO¢) = 0. 44+8 Allg|theoir8:;§|ﬁt . 1076,

Br(Bs — p°¢) +0.99)  +5.05
Br(B. 5 nig) Lol ostlieo Sl
)

~0.29 0.38’ﬁt‘ (6-52)

Br(Bs — m0¢)

As a consequence, modifications in the By modes are smaller and the decays are probably

difficult to observe.
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Figure 6.9: Branching ratios of the By decays inside the 2 o region, without (up) and with (low)
the constraint from semi-leptonic decay.
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Figure 6.10: Region (blue) excluded by the experimental data of the B — pK,wK*, pK* decays,
second scenario.
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Figure 6.11: Confidence level regions in the z-0, plane, according to the second scenario consid-
ered, without (left) and with (right) the constraint from semi-leptonic decay.

In case of right-handed new physics the fit of the 7K system points to larger values of
the coupling /ﬁ’ﬁ. Constraints from the B — pK,7K*, pK* decays are consequently more
important (Fig. 6.10), and they rule out a significant region in the z-0, plane, which would
be favoured by the B — 7K decays. After this constraint has been taken into account,
the result of the fit, shown in Fig. 6.11, is

2=16-10"%,  §, = —87.3°, (6.53)
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which is larger than the outcome of the previous scenario. The predicted values of the
observables in the 7K system are

R. = 1157032, Acp (B — n°K?%) = —0.1610:73,
R, = 1.20503, Scp(B” — 1K) = 0.3970 35,
R = 1007558, AAcp = 0.237015. (6.54)

The predicted value for the B, decays are

>, 0 1.16 0.18 —6
Br(B, — 7% 1977595 theo Vet - 107°,

( )
Brl(By — p°¢) = 1937012 oo t982]5c - 1075,
( )

Br(Bs — p°¢) = 2.087112] 100 79324, - 1076,

Br(Bs — p%¢)
Br(By — m0¢)
Br(B, — p°¢)
Br(Bs — m0¢)

- +0.08 +0.97
= 1.0570.07|theofo.03|ﬁt’

= 0.9750 07 |theo 005 st- (6.55)

In this case much larger branching ratios are obtained, around one order of magnitude
larger than in the Standard Model. This is a consequence of two factors: on one hand,
the larger value obtained for \Fcl]’f]; on the other hand, the fact that in V P decays the new
contribution interferes constructively with the Standard Model amplitude, for the value
0, found by the fitting procedure. Given such a large deviation, these results should be
analysed with more care, in particular a complete analysis of the B — pK,nK*, pK*
decays should be performed, even if they were considered as constraints in the fit above,
because large deviations are expected in those channels, too.

When the semi-leptonic decay data are added to the fit, however, we find again strong
bounds on the ’/’ilﬁ‘ coupling, which is constrained to be three times smaller than the
previous result:

z=5.4-107%, 5, = —110.2°. (6.56)

The outcome in the 7K system is

R.= 123103, Acp(B® = 1°K°) = —0.0710 41,
R, = 1301032, Scp(B” — 1K) = 0.687( 15,
R=1.02"553 AAcp = 0.097097, (6.57)

and in case of the B decays we obtain
Br(Bs — 7°¢) = 0.335070|heo T 73a¢ - 107°,
Br(B; — p°¢) = 0.5010:35 theo 015 st - 1077,

Br(B; — p°¢) = 0.58701] ltheo T0.76lft - 107°,
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Br(B, — p¢) 10.36]  +0.30
Br(B. = nlg) L0017 ltheo il

Br’(B, — p’¢)

_ 1 484018
Br(B, — ) 14870 13 lbheo 0’8 i (6.58)

The B — X 71~ decay limits the possibility of having a large enhancement of the B, —
70, pp° branching ratios. Eventually, an indication of deviation from the Standard Model
could be given by the ratio of the two decay rates. The effects found for /ilﬁ = 0 are in any
case larger with respect to the scenario with /ilf = 0, also when the semi-leptonic decay is
taken into account.
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Figure 6.12: Confidence level regions in the z-0, plane, according to the third scenario considered,
without (left) and with (right) the constraint from semi-leptonic decay.

This case is not particular interesting in view of modifications in the Bs decays. Nev-
ertheless, we report here the results for completeness. We find

z=64-10"% 5, = —89.7°. (6.59)

Confidence level regions as well as constraints from B — pK,7K*, pK* decays are shown
in figures 6.12, 6.13. Then

R, =1.1719%, Acp(B® — 719K = —0.0973%
R, =1.18102 Scp(B® — 1OK0) = 0.331023
R =1.02799% AAcp = 0.13F010, (6.60)

and the By, — ¢n%, ¢p° branching ratios read

Br(BS — T ¢) = 0. 15+8 (%411|theoir8:885|ﬁt : 10_6’
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Figure 6.13: Region (blue) excluded by the experimental data of the B — pK,nK*, pK* decays,

third scenario.

BI“O(BS — PO¢) =0. 35+8 %gltheoo 004" —0. 01’ﬁt 1079
Br(Bs — p’¢) = 47+8 %Z’theo—Fg:(l)g‘ﬁt 1075,
Br(Bs — p¢) 0.5 0.73
Br(B:——Hr%) 3. 05+0 40 |theo+o.19|ﬁt’

+0.01

Br'(B, — p%
¥ = 2. 32*8 09|theo 0.04/fit-

Br(Bs — m¢)
Taking into account the semi-leptonic decay, we get

z=4.0-107%, 5, = —91.9°,

so that
Re=119%0%5,  Ace(B® = n"K®) = —0.077( 3,
R,=124703  Scp(B® — °K°) = 0527011,
R=101100,  Adcp = 0.09571,

and the B, — ¢7°, ¢p° decays read

Br(By — 7%¢) = 0.15" 04 ltheo 0001 |6t - 107°,

+0.03

Br'(By — p°¢) = 0.3670: 70 theo 00005 it - 107,
Br(Bs — p°¢) = 0.45507] theo 003l - 1077,

: ) =2 91+0 31‘theo+o 03’ﬁt:

(
Br(Bs — m¢

(6.61)

(6.62)
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Br(B, = p"¢) +0.11 +0.005
Br(B, > m0g)  >o2-0oaltheoo02 - (6.63)

6.6 Conclusion

In this chapter we performed a new physics analysis following a complementary approach
with respect to the work described in chapters 4 and 5. Instead of analysing non-leptonic B
decay in the context of a specific new physics model, we started analysing the experimental
results, looking for actual discrepancies with respect to the theoretical prediction. The
motivation for this work were a series of recent papers [298-310], where it was pointed
out, using flavour symmetries of QCD for the evaluation of the decay amplitudes, that
discrepancies with the experimental measurement suggest the presence of new physics in
the electroweak penguin sector of the theory.

As a first step, we performed again the study of the B — wK decays, in which the
discrepancies were found, and updated the analysis by considering the most recent exper-
imental results and using QCD factorization for the evaluation of the amplitudes. The
outcome is that the discrepancies have decreased in the latest experimental averages, and
now they could be accounted for in the Standard Model, assuming an enhanced colour-
suppressed tree contribution, possibly with the exception of the direct CP asymmetry
difference AAcp = Acp(B~ — K ~) — Acp(B® — 7 K ), whose experimental average
deviates ~ 1.5 0 from the theoretical prediction. Given the difficulties of obtaining a large
rescattering phase in QCD factorization, which could be at the origin of the large AAcp
observed, and given some inconsistencies in the experimental data, we tried the road to
consider this result as an indication of new physics in the electroweak penguin sector, and
we looked for consequences in other decays.

In this context, modifications are expected in particular in the B — pK,7nK*, pK*
decays, which have the same flavour structure as the B — 7K decays, and in the By —
¢m, ¢p decays, which are electroweak penguin dominated. We focused in particular on
the latter, because their amplitude is very simple and their branching ratio small; the
observation of these decays with a branching ratio 2-to-4 times larger than their Standard
Model expectation would be a clear signal of new physics in the electroweak sector.

In order to make quantitative predictions, we considered an actual model in which
one has new physics in the electroweak sector, namely the modified Z° penguin scenario.
We took into account both the possibilities of having left-handed and right-handed 562°
transitions, and we estimated the value of the corresponding couplings by minimizing the
differences between theoretical predictions and experimental data in the B — 7K decays.
The results obtained were used to estimate the branching ratios of the By decays. An
important point was the inclusion in the analysis of the B — pK,7K*, pK* and the semi-
leptonic B — X I*1~ decays as constraints on the free parameters. While the former give
weak constraints, the latter was found to give the strongest bound: taking it into account,
only small deviations are expected in the By decays.

More in general, because of the interference patterns we found that the B — VP, VV
decays are more sensitive to right-handed new physics than to left-handed one. Given
that the bare results of the fit points to a new large contribution in the electroweak
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sector, of order 1-to-2 times the electroweak amplitude of the Standard Model, it would
be interesting to extend this analysis to other new physics scenarios, in which constraints
from semi-leptonic observables are weaker, such as models with extra gauge symmetries,

or supersymmetric models.
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Chapter 7

Conclusion

In this thesis we have considered various aspects of non-leptonic B decays. These processes
are very interesting because they allow us to test various aspects of the Standard Model,
and also to look for new physics. The decays are driven at the quark level by the transitions
of the b quark into lighter quarks, and therefore their analysis allows us to extract the
matrix elements of the CKM matrix. Even if this task is made nontrivial by the dominant
effects of low-energy QCD interactions, nowadays many different strategies to address this
problem have been elaborated, and, in the end, this turns out into a better understanding
of low-energy strong interactions, too. The comprehension of QCD interaction in non-
leptonic B decays allows us not only to extract with better accuracy the CKM matrix
elements, but also to perform new physics searches. This is because the virtual transitions
that convert the b quark into lighter ones occur at the electroweak scale, and we have
various reasons to believe that new physics should manifest at scales just above it.

Our work focused on aspects of non-leptonic decays both in the Standard Model and
beyond. After a general introduction, we have devoted chapter 2 to an exhaustive de-
scription of QCD factorization, i.e. the method used in this thesis to calculate the decay
amplitudes of these processes. The successive chapters focus on our work.

More in detail, chapter 3 concerns a study of B decays into charmonium states and
a light meson. This work is an extension of [125], and was motivated by previous pa-
pers [191,192], which found that QCD factorization does not work for these decays even
at leading order in the Aqcp/my expansion. We have revisited the problem, showing that
factorization can be achieved, if the bound state scales of charmonium are considered. The
latter are in fact perturbative in the heavy quark limit, and this allowed us to develop a
formalism, based on effective field theory techniques, in which the charmonium states are
treated as non-relativistic bound states. In this framework one has to consider charmo-
nium production through colour-octet operators, whose inclusion allows us to absorb the
divergencies found in the matrix elements of colour-singlet operators, which were the only
ones included in previous analyses. The numerical analysis performed afterwards shows
that for reasonable choices of the input parameters the main features of the data, i.e. large
corrections to (naive) factorization and suppression of the x.2 and h. final states, can be
reproduced, even though the suppression of .o is not as strong as seen in the data. The
formalism developed for this analysis may be of some interest for a better comprehension
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of other non-leptonic B decays, because some of the divergences arising in the B — H M,
decays are endpoint divergences which appear in the evaluation of the spectator scatter-
ing. These divergences afflict also e.g. non-leptonic B decays into two light-mesons and
it is not known how to address them in the general case. In our work we have provided
a first example, in which endpoint divergences can be removed by absorbing them into
the matrix elements of colour-octet operators. In chapter 3 we have extended the work
presented in [125] by including the case of S-wave, adding the twist-3 contribution to the
spectator scattering, and providing a full numerical analysis including these new results.

The successive chapters contain analyses of non-leptonic B decays in models of physics
beyond the Standard Model. In chapter 4 and 5 we have considered two specific models,
in order to test the sensitivity of these decays to new physics. In more detail, in chapter
4 we have reported the results obtained in [126], where we considered the MSSM with
large tan 3, an interesting minimal flavour violating theory, which however can exhibit
large deviations from the Standard Model. In chapter 5 we have considered an interesting
supersymmetric grand unified scenario, in which effects of the large neutrino-mixing angles
appear in the mixing among right-handed quarks. In both cases we find that effects in
non-leptonic B decays are small, when constraints from leptonic decays in the first case,
and from the particle spectrum and lepton flavour violation in the second case, are taken
into account.

Finally, in chapter 6 we report about the ongoing work [128] in which we took the
opposite approach, i.e. we looked for actual discrepancies between theory predictions and
experimental results, which are found to suggest the possibility of having new physics in
the electroweak penguin sector of the theory. We considered therefore an actual model
in which new physics arises in this sector, namely the modified Z" penguin scenario, and
we fitted the flavour-changing couplings of the model from the experimental data of the
B — 7K decays. Our interest was primarily to look for effects in other decays, such as
the B — pK, B — nK* and B — pK* decays, and the B, modes By — ¢, By — ¢p. In
chapter 6 we focus principally on the latter, taking the former as constraints. We find that
sizeable modification in these decays can arise, even if they are reduced consistently when
constraints from semi-leptonic decays are considered. Since there are other scenarios, such
as models with extra gauge bosons, where these constraints do not apply, we concluded
that further analyses on these decays could give interesting results.



Appendix A

Effective Field Theory Review

Effective field theories are a powerful tool in quantum field theory, since they provide a
systematic formalism for the analysis of multi-scale problems. This is particularly im-
portant in QCD, where the value of the running coupling «ag(p) can change significantly
between different energy scales. The purpose of this appendix is to review the effective
field theories that are useful in the treatment of the heavy-quark systems considered in
this thesis.

The application of effective field theory to heavy-quark system is mandatory, since
they present a natural separation of scales, mg > Aqcp, where mg represents the mass
of the heavy quarks. In particular we consider both mesons formed by an asymmetric
configuration Qg, where @) represents the heavy quark and ¢ a light antiquark (such as
the B mesons), and systems formed by a pair of heavy quark-antiquark QQ (such as
the charmonium states, H). The two systems present quite different features, since the
latter develops weak-coupling bound states in the heavy-quark limit, while the former
don’t. Moreover, the small expansion parameter for the two system is different, being
A = (Aqep /my)Y/? for the first, and v for the second, the velocity of the heavy quark.
Indeed, the two systems are described by two different effective field theories, the heavy-
quark effective field theory (HQET) for the Qg system, and the non-relativistic (NR) QCD
for the QQ states.

The decay of heavy-quarks usually leads to a set of light energetic hadrons, in the
rest frame of the decaying meson. This provides again the presence of two well separated
scales, given by the energy of the light mesons, £ ~ m¢/2, and the hadronic scale Agcep.
The elaboration of an effective field theory describing light energetic mesons is however
nontrivial, because only some of the components of the light mesons momenta p* are large,
while p? ~ 0. In contrast to HQET, integrating out those large momentum components
leads to a nonlocal theory, that does not admit a local operator product expansion (OPE).
The generalization of the OPE to this case has been achieved with the so-called soft-
collinear effective field theory, (SCET), which deals with light energetic mesons.

SCET, in the two formulations I and II that involve different momentum scales, is at
the basis of the theoretical understanding of non-leptonic B decays. In the following we
provide a short review of their fields content and scaling, as well as other fundamental
features. HQET, that is required for the treatment of the B meson, is automatically
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Momentum scaling | Terminology
(1,1,1) hard
(AN semi-hard
(1, 02) hard-collinear

(A2,22, %) soft
(1,22, \%) collinear

Table A.1: Terminology for the various momentum modes relevant to exclusive B decays, as
defined in [150]. The momentum componenets are given as (nip,pi,n_p), but mass dimension
has to be restored by multiplying with appropriate factors of my.

included. The exposition will follow closely the formulation of SCET given in [84, 150];
we will not consider here the hybrid momentum-position space formulation elaborated
in [81,83]. In the subsequent section we provide also the basic information about NRQCD,
that is necessary for the theoretical treatment of the charmonia systems considered in
chapter 3. More extensive review of NRQCD can be found in [121-124].

A.1 SCET;

Fields

In table A.1 we enumerate the relevant momentum regions appearing in exclusive B decays,
according to their scaling with respect to the small parameter A\ = (Aqcp Jmy)t/2. The
SCET] Lagrangian and operators are built from hard-collinear light quark fields ¢, hard-
collinear gluon field A¢ and soft light quarks, heavy quarks and gluon fields, denoted by ¢,
hy, As, respectively. It corresponds to a theory in which only the hard momentum region
is integrated out. No distinction is made between hard-collinear and collinear momenta,
and this is the reason why we use here the label C to indicate a generic (hard)-collinear
momentum, instead of hc.

For illustration we focus only on one collinear sector, defined by the momenta decom-

position
o

n
n_ n
P = (np)= + P+ (np) +

75

so that the individual components of a collinear momentum have the following scaling

(A1)

behaviour,

nyp ~ my, DL~ A, n_pn~ mpA2, (A.2)

such that p? ~ m?\? as required. Here ny are the usual light-like vectors, n? = n%r =0,
nyn_ = 2. In the following we set mj = 1 in scaling relation such as A.2, understanding
that the dimension of any quantity is restores by inserting the appropriate power of my.

A soft field varies significantly only over distances of order z ~ 1/A2, so derivatives
acting on these fields scale as

Optps ~ N, (A.3)
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where we have indicated by ¢s a generic soft field. Hard-collinear fields have significant
variations over n_x ~ 1, and x| ~ 1/\; derivatives acting on them scale therefore as

ny0pc ~ éc, dLpc ~ Ac, n_0¢c ~ N¢c. (A.4)

We first want to derive scaling rules for the fields; this is read off from the corresponding
propagators in momentum space. In case of the hard-collinear quark field, it can be
decomposed into two fields, containing the two large and small components of the original
spinor. One has

vo=€@) @), )=o), @) =), a5

where (#i41t+)/4 are projection operators, and 7t_¢ = 1.1 = 0. The propagator for the ¢
field then reads

n_ny

4

nin_ 4 _ .
(0]TE(x)E(y)[0) = (0| e (x) o (y)|0) = = / To e P ipey) (4 )

4 (2m)% 2 p? +ie
For hard-collinear momentum p the r.h.s is of order A?; from this and the analogous
equation for n with ny and n_ interchanged, one finds

E~A, o~ N (A7)

The small 7 field is usually integrated out from the Lagrangian. In a similar way one
obtains that a soft quark field scale as

s ~ N, (A.8)
while in case of hard-collinear and soft gluon fields one has
nyAc ~ 1, Ao~ n_Ac ~ X2, AR~ N2 (A.9)

the scaling of hard-collinear and soft gluons is the same as the corresponding momentum
components, and this assure the homogeneity of the covariant derivatives, iDggbC = (10" +
gAL) b, iDE¢s = (10" + gAL)¢s. It remains to consider the field for the heavy quark,
whose interactions with hard collinear fields are integrated out. Since the heavy quark
interacts only with soft gluons, it is appropriate to remove the large component myv of a
heavy quark with momentum pg = mpv + k, as in HQET, introducing the field

- ﬂeimwa(x), (A.10)

hy(x) 5

which varies significantly only over distances o ~ 1/A?, since k is soft. The momentum
space propagator is 1/(vk), so
hy ~ X3 (A.11)

as for the massless soft quark field.

To conclude this section, we provide the scaling rule for the integration element d*z,
which is needed for the derivation of Feynman rules from the effective action. It can be
shown that in case of an interaction involving hard-collinear fields, or both hard-collinear
and soft fields, the scaling is d*z ~ 1/\*, while in case of soft fields the scaling is 1/A%.
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Gauge transformation

The theory has a residual gauge invariance from the gauge functions U(x), that can them-
selves be classified as hard-collinear or soft. The proper gauge transformation under which
the theory stays invariant can be individuated noting that soft fields cannot transform un-
der hard-collinear gauge transformation, because this would turn them into hard-collinear
fields; the latter instead can be multiplied by both hard-collinear and soft U(z). We refer
to [84] for a throughout discussion about the derivation of the residual gauge transforma-
tion under which the theory is invariant; we summarize here the result, which reads

hard-collinear:  Ac = Ug Ac Ul + = Uc Do, UL| €= Ucé,
g
As — As, q—q,
(A.12)
soft: Ac = Uy Ac UL, § = Uy,
Ay = U A UF + 20, [0,01] 1 Usq,
Lagrangian

The derivation of the SCET| Lagrangian is rather technical. One of the important results
is that the Lagrangian derived from tree-level matching is not renormalized at any order in
ag. The usual approach is to derive first a Lagrangian that is gauge invariant, but whose
terms are not homogeneous in A. In a successive step each term is expanded in powers
of A, so that the Lagrangian can be written in the end as a sum of terms with definite
scaling in A\. We will sketch this procedure only for the collinear part of the Lagrangian,
since this allows us to show some important elements entering the SCET formalism, like
the Wilson lines. The Feynman rules derived from the SCET] Lagrangian can be used to
calculate diagrams like the one in fig. 2.13.
The staring point is the Lagrangian for massless quark

Lo = e (i +ie) e, (A.13)

where ¢ is the four-component spinor introduced in A.5, and the covariant derivative
contains the sum of the hard-collinear and the soft gluon field. Inserting the decomposition
A.5, one obtains

5025%

where the ie prescription is indicated explicitly, to show that the prescription from the

in_DE+ Al in, Dyt €GP, +ion AP Ti)E,  (AL4)

original Lagrangian is attached to the transverse derivative. The subsequent step is to
integrate out the small field 7. Since the Lagrangian is quadratic this amounts to solving
the classical equation of motion, which gives
et L
r)=—"———"—""—i x). A.15

nw) = -1 P ) (4.15)
The result is highly non-local, due to the inverse differential operator acting on the hard-
collinear quark field. This point is at the basis of the difference between SCET and other
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effective field theories that admit a local OPE [78]. One can see this comparing A.15 with
the similar solution for the small component of the heavy quark field H, in HQET; in this

casel,

H,

1 1 — iv-D
oy i D P (

>n i hy, (A.16)

2my, e 2my,

i.e., since the derivative in the denominator produces a power of the residual momentum
v - k, the result is “almost local”, and it can be expanded in an infinite series of local
operators (OPE). In SCET however this is not the case. The solution comes from the
introduction of Wilson lines

0
W(z) = Pexp (zg/ dsniAlx + sn+)> , (A.17)
— 0o
where P denotes path ordering, and A = Ac+ As. These objects obey the useful relations
1 1
inyDW =Win,0 — =W ———— W A8
s TS I D tie inyo+ie (A.18)

and this allows one to turn the inverse covariant derivative into an ordinary derivative,
i.e. an integral, through the relation

1 0
The result is
0
n(z) = —%mupl £(z) = z‘% W (x) /OO ds [WT iDL g} (z+sny).  (A.20)

Inserting A.20 into A.14 one simply obtains

0
Lo =E&(x) m,D% () +¢/ ds [ai—aw} (z) [Wu L%g] (x+sny), (A.21)
—00
here D indicates a covariant derivative acting to the left. This is almost the final expression
for the hard-collinear Lagrangian, except that it does not respect a proper power counting,
since terms of different order in A are mixed up. In order to avoid double counting, it is
important to expand all objects in the effective Lagrangian such that the power counting
is consistent. For instance, the different components of the covariant derivative acting on
hard-collinear fields scale like

iDM = Q0" + gs A, + gs Al ~ (1,0, 0%) + (1,0, 0%) + (A2, 0%, 0%). (A.22)

While for n_D all the three contributions are of order A?, for n,D and for D, the
contributions involving the soft gluon field are power suppressed and should be neglected
at leading order. Similarly, in the definition of the Wilson line W the contribution of
the soft gluon field in the exponent is power suppressed and should be neglected, i.e.
W = We + O(N\). Finally, in interactions with hard-collinear fields, soft fields must

'we do not enters into the details of HQET, for which we refer to [79,80].
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Q

Figure A.1: Tree level matching of the heavy quark current, picture taken from [84]

be multi-pole expanded in order to ensure a proper power counting. This can be seen
considering e.g. the phase factor associated with the coupling of a hard-collinear field
with incoming momentum po to a soft field with incoming momentum pg, producing a
hard-collinear field with outgoing momentum py.:

Sing 2 /d4:c do(x) pc () ds(z) ~ /d4w ¢ WemPep) T g (0) $re(0) 65(0).  (A.23)

The combined momentum in the exponent scales like a hard-collinear momentum, since
(p — pe — ps)* ~ (1,A,A?). A leading contribution to the action comes therefore from
o* ~ (A2, A7 1). However, the phase factor involving the soft momentum can be Taylor
expanded:

e st — TPt T (1 _jp | x| —ipe Ty +...), (A.24)

where the terms inside the brackets scale like 1, X, and A2, respectively. It follows that in
interactions with hard-collinear fields we should expand soft fields as

bs(z) = (1+ 21 -8 +...)ps(a_). (A.25)

Using these results, the Lagrangian A.21 can be rewritten as
Lo = €(z)in - De(x)€(z) + &(x) gsn— - As(z-) &()

0
+ (5 upCLWC)(x) %*z / dt (Wg Doy 5) (z + sns). (A.26)
—00
It is easy to check that each term in A.25 scales like A\*, which when integrated with the
measure d*z ~ \™* gives a leading contribution to the action.

At leading power there are no terms in the Lagrangian containing interactions of soft
quark fields with hard-collinear fields, but there are interactions among soft and hard-
collinear gluons. In principle, one can derive the higher order terms and include the soft
part of the Lagrangian. Since the final result is rather lengthy, we will not report here a
complete expression for the SCET| Lagrangian, for which we refer instead to [84]. In the
following we prefer to focus on the derivation of the heavy-to-light current, that enters in
the definition of the leading operators (2.63).

Heavy-to-light current

Weak interaction processes are mediated by flavour-changing neutral currents, which in
QCD have the general form J = ¢I'Q, where @ is a heavy quark, ¢ a light quark and
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I" denotes some Dirac structures. Such a transition is at the basis of exclusive B decays,
and it is therefore important to obtain an expression for this current in SCET. At this
purpose, the first point to note is that the emission of an hard-collinear gluon from the
heavy quark puts it off-shell by an amount of order m%. These states do not appear in
SCET}, and must be integrated out. The matching process is shown in fig. A.1, and it

correspond to the evaluation in position space of the current

Jocp(z) = ¢(z)T i . <_9A(x)) i :

= ij —m Jg—m

(- 94el@)) Q)

= ¢ MVT T (1 — m gAC> Q.. (A.27)

The task is to derive an expression of A.27 in terms of only the fields entering the SCET;
Lagrangian, and to expand in the end in powers of A. The calculation is rather technical
and we refer for this to [84]. The final result is that the heavy-to-light current can be
organized as

[@(2) T Q)] g — ™™ {TW 4+ 5B |

— pimva {J(AO) L gAY 4 g(A2) 4 g(BY) +J(32)}7 (A.28)

where 0, 1, 2... represent the power in A of the various terms, and the split of the current in
the A and B parts is done for convenience, because the two terms are separately invariant
under the reparametrization of ny, as explained in [84]. Expressions for these terms are
given in [84] up to order A?; here we provide the expression for the leading order of the
type A and B currents, that enter directly in the definition of the leading SCET operators
2.63:

JAO = ETWe hy,

—£r Z—TZ i1 e We hy. (A.29)

A.2 SCETq

Fields

In SCETy; hard and hard-collinear modes are integrated out. This means that the initial
and final states appearing in the theory can have invariant mass only of order \*, and
therefore it is suitable for the description of exclusive decays. (SCET], that admits initial
and final states with invariant mass of order A\?, can be used to describe inclusive processes,
or as an intermediate matching step between QCD and SCETy;.). The theory contains
collinear light quark fields &, collinear gluon fields A., and soft light quark, heavy quark
and gluon fields, denoted respectively ¢s, h, and A,. The scaling of the fields can be read
off as before from the corresponding propagator in momentum space; soft fields have the
same scaling as in SCET7, while collinear fields scale as

gc:

d47¢+ QzZ)C ~ )\2) nJrAC ~ 15 Alc ~ )\2, anC ~ )\4- (A30)
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In this case the integration measure in the action is always of order 1/)%.

Soft and collinear fields have significant variations over different length scales in the n_
and ny directions; consequently, they have to be multipole-expanded in products of soft
and collinear fields, as in case of SCET]. The multipole expansion we need here is however
different, due to the different scaling of the collinear fields. In this case the definition is

¢s(x) = ¢s($—) + n;; [n+8¢3] (3:,) + ...,

nix
6e(x) = el + D I 00 (e1) + .. (A.31)
where
T = n+x%+xl, Ty = n,x%—i—ml. (A.32)

Gauge transformation

The theory is invariant under collinear and soft gauge transformations, defined as the
restriction of gauge functions U(x) to the corresponding spatial variations.

The implementation of gauge transformations in the effective theory is not unique,
since field redefinitions or applications of the field equations can be used to alter the
gauge-transformation properties. Considering that in SCETy; collinear and soft fields
decouple at leading power in the A\ expansion, and that the product of a collinear and a soft
field gives an hard-collinear momentum mode, so that general soft gauge transformations
acting on collinear fields (and vice versa) are not allowed, a natural choice for the gauge
transformation is [150]

€ = Vsl Ac = DAL+ U [0,U1],
he = Ushy, s — Usgs, m-»mm@+§mpﬂﬂ. (A.33)

Lagrangian

The derivation of the effective Lagrangian is again rather technical, but straightforward.
It can be organized as a two matching steps from QCD to SCET}, and then to SCETyy.
Here we focus on the main features of the effective Lagrangian, referring to the literature
[87,88,150,151] for the complete results. The main feature of the SCETy; Lagrangian is
the decoupling of soft and collinear interactions at leading order in the A expansion, so
that the one has

LO=r,+ L, (A.34)

with

(Do m)) .

1 ~ (. .
L. = -3 tr (Bl M) + &, <m_Dc + (i) . —m) iniD.

1
L = —5 tr (FW,SF;W) + Qs (ZES — m) qs + EHQET, (A.35)
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with m ~ A? the mass of the light quarks. Soft-collinear interactions arise only at order
A2; we refer to [150] for an expression of higher order terms. The main point is that
these higher-order interactions do not enter in the dynamics of exclusive B decays: this
is because scattering processes of the type s + ¢ — s+ ¢ do not occur (the transition is
from the B meson, composed only by soft states, to light collinear mesons), and processes
s+ s — ¢+ c are forbidden by momentum conservation in the ns direction. In case of
exclusive B decays therefore all the soft-collinear interactions are restricted to the heavy-
to-light current. At subleading order also the collinear and soft Lagrangian L., L in A.34
receive corrections, that arise from integrating out heavy-quark loops.

Heavy-to-light current

The heavy-to light current
J(z) = e "™ [YTQ] (z) (A.36)

is derived in SCETy writing the heavy- and light-quarks in terms of the various momentum
modes

(0 :fc+nc+€hc+"7hc+(ha

i1Ds 1 - 4
- 7= + gA + 0 A.
me> hv n_ov 2mb (QAJ_C g J_hc) hv ()\ hv)v ( 37)

Q= (1+

where now the presence of the hard-collinear and collinear fields is considered explicitly,
and 7., Mpe represent their small components. The heavy-to-light current is obtained
integrating out the hard collinear quark field first, thus obtaining an expression for v in
terms of soft, collinear fields, and hard-collinear gluon fields. The result is expanded in
power of A, so that one obtains 1) as

¥ =Ec+ N+ Ene +he + s = 9P + 9O 4@ 4 4 (A.38)
1) has been calculated up to order \>, with e.g.

? =¢,
w(g) = (1+ - = gAJ_c %) ds, (A'39)

in_0

while for higher order terms we refer to [150]. The solution for 1 is subsequently inserted
into the gluon field equation, so that the hard-collinear gluon is expressed in terms of soft
and collinear fields. The final result for the heavy-to-light current can be expressed as

J(@) = e [ (@) + I @)+ IF @) + TG @)+ ] (A.40)

where the superscript indicates the A\ suppression with respect to the lading term. One
has e.g.

‘]e(?f) = chcFYSThv’

1 _ 1 7
I = Y A 5 2 A (A.41)



190 Appendix A. Effective Field Theory Review

where W, Y, are collinear and soft Wilson lines,

Wi(z) = Ul() = P exp (ig / D dsm Al 8n+)> ,

Yi(z) = Us(z) = P exp <ig /OOO dtn_Ag(x + tn)> : (A.42)

necessary to have gauge invariant expressions. For higher order terms we refer again
to [150]. The SCET;; heavy-to-light current can be used to investigate the factorization
properties of the heavy-to-light form factor at large recoil. In particular, considering the
matrix element (7|.J é;) |B), one can see that nor .J éfof), neither J éflf) have the right quantum
number to give a matrix element different from zero. Going to higher order in the expansion
one finds that the first term which has the right quantum number appears in Jéfgf), and

has the form

2
- (m qsYs 't TAWch) ﬁ EWe F;—ﬂ;b Vyy TAY:sThva (A.43)
which can be identified with the tree diagram, where a transverse gluon is exchanged
between the heavy quark and the spectator quark; the inverse differential operator is
the hard-collinear gluon propagator in position space. With these results one is able to
reproduce the well known scaling of the heavy-to-light form factor 2.9, 2.10, [148]: one
finds Jéfgf) ~ A% and, restoring the correct mass dimension and using the power counting
for the external states as in 2.60, we obtain

A

3/2
()T O)B)) ~ (x(0)|JL ()| B(p)) ~ X3 ~ my (m—b) L (A4

A.3 Non-relativistic QCD

Fields and Lagrangian

Meson formed by a heavy-quark-antiquark pair, QQ, such as the charmonium states H
formed by a éc pair, or as the bottomonium states bb are best described in the framework of
non-relativistic QCD (NRQCD), or in its further elaboration of potential non-relativistic
QCD (PNRQCD). These effective field theories exploit the hierarchy of scales mg >
mqu > va2, which originates from the fact that in the meson rest frame the heavy
quark and antiquark are non-relativistic and move with velocity v < 1. mgv and va2
represent the scales of the typical heavy quark momentum and kinetic energy, respectively.
The inverse of the momentum scale, 1/(mgv) represents the size of the meson, while mgv?
represents also its binding energy. Typical values of v are v = 0.3 for the charmonium
states and v = 0.1 for bottomonium states, so that the assumptions about the scale
hierarchy are very good for the bb systems and they are still reasonable for the éc systems
considered here.

NRQCD factorizes the large scale m¢ and the only assumption needed is mg > Aqcp.
It does not deal with the large scale hierarchy mgv > mQUQ; for this reason, it has
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to be considered as the first matching step to the potential NRQCD, which is the most
appropriate framework in which perturbative heavy QQ systems, i.e. systems which satisfy
va2 > Aqcp, are studied. In this regime the quark-antiquark pair develops bound states
driven by the dominance of the static Coulomb force, a feature that is not considered
explicitly in NRQCD and which is at the basis of our charmonium treatment in chapter
3.

Integrating out the heavy mass scale mg leads to the Lagrangian of NRQCD, which
in the heavy meson rest frame reads

D? 1
L = (DO + + ——'D*
NRQCD = ¥ <Z QmQ) (0 8m3 (0 (0

di gs ds gs

s g Bw—l- 29 Lyi(D-E-E-D)y
2mg Q
d3'Lgs

q,zﬁ (DXE—-ExD)Y+...

+ antiquark terms

+ Z MFX X'TY) 4+ ... + Liigns, (A.45)

where 1 is a four-component spinor representing the heavy quark, and y represents the
heavy antiquark. The d;(u) are effective couplings which can be calculated in perturbation
theory, since as(m.) ~ 0.24. By adding more operators the full scattering amplitude can
be reproduced to any accuracy in an expansion in ags and v. The NRQCD Lagrangian is
similar to the HQET Lagrangian, except that here we have an antiquark field clone of the
heavy-quark field and a quark-antiquark sector which is absent in HQET. The couplings
in the single heavy-quark sector are identical to the ones in HQET to all order in ag,
provided the same factorization prescription is used. However, the power counting is in
general different. For instance, the kinetic energy term 8*/(2mg) is of the same order
as i0p, because non-relativistic QQ systems have momenta of order mqu and energies of

order mQUQ.

Actually, because the existence of these two scales, the matching precess
is more involved than in HQET. This is because if one fixes the cut-off of the theory A
several times mqu, he has to calculate the effective coupling with a full dependence on v,
that is much more complicate with respect to the final aim of expanding the amplitude in
powers of v. On the other hand, choosing the cut-off A > m( instead of mg > A > mgv
gives wrong results in dimensional regularization, and QCD is not matched correctly onto
NRQCD. This difficulty is related exactly to the existence of the two scales mgv and
mov?.

A correct expansion can be derived using the method of regions [76,77], which explains
how to construct an expansion in powers of v of an on-shell scattering amplitude of heavy-
quarks with momentum mgv and gluons with momentum va One first has to identify
the relevant momentum regions in the loop integrals, which follow from the singularity

structure of the Feynman integrand. For non-relativistic scattering of heavy quarks one
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finds four momentum regions [123],

hard (h): lg ~1~mgq,

lg ~ mQUQ, I ~mgu,

semi-hard (sh): lp ~ 1~ mqu,
potential (p):

soft (3): lo ~ 1 ~mgv?. (A.46)

Both, heavy-quarks and gluons can be hard, semi-hard and potential, but only gluons
(and eventually light quarks) can be soft?. The threshold expansion is constructed by
writing a Feynman diagram in QCD as a sum of terms which follow from dividing each
loop momentum integral into these four regions. The expansion rule is that in every region
one performs a Taylor expansion in the quantities which are small in that region. These
rules can in the end be reformulated as an effective Lagrangian. The hard subgraphs give
the dimensionally regularized couplings of the NRQCD Lagrangian, but the distinction of
semihard, potential and soft momentum implies a manipulation of the NRQCD lagrangian
that is not evident from A.45.

After the hard region is integrated out, the remaining integrals can still be semi-hard,
potential or soft. Since semi-hard heavy-quarks and gluons do not appear as external
lines for non-relativistic systems, they can be integrated out. This constitutes the second
matching step, as it is summarized in the scheme below, which leads to the construction
of the PNRQCD Lagrangian:

Lqcp [Q(h, sh,p), g(h, sh,p,s)] p>mq
.
Lxrqep [Q(hs,p), g(hs,p,s)]  mou < p<mq
.
LpNrqep [Q(p); 9(5)] B < mqQu

In general the PNRQCD Lagrangian can be written as

EPNRQCD - Ei\IRQCD + Enonflocala (A47)

where Lon_10cal collects all non-local interactions. The local interactions are exactly those
of NRQCD, but the interpretation is different, because only potential heavy quarks and
soft gluons are left over, and the interaction terms have definite velocity scaling rules. A
potential quark propagator in coordinate space scales as v3, and therefore a quark field in
PNRQCD scales as v*/2. A soft gluon field scales as v2.

We analyse now the relevant term in Lpyrqep- The leading order term scales as VP

and it is obtained by integrating out potential gluon exchange between a quark and an

2in the NRQCD literature the semi-hard and soft region are defined respectively soft and ultrasoft. Here
we employ the notation semi-hard and soft to match the notation adopted in the thesis, where ultrasoft
regions are never introduced.
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Figure A.2: NRQCD graph which generates the mized non-local-soft interaction in A.50, taken
from [123]. Long- and short-dashed lines represent respectively potential quarks and gluons. The
ziz-zag line represents a soft gluon.

antiquark at tree level. The unperturbed PNRQCD is

10 _ it (a0 2 (0 9
pNrqep = ¥ (1 *‘55&5 v+x | " omg X

+ / dr [WT%} (r) (—0‘7) [XTTAX} 0). (A.48)

One can see that the Coulomb interaction is leading and cannot be treated as a pertur-
bation. In general, it is possible to rewrite the PNRQCD lagrangian in terms of a “tensor
field” [¢ ® x](t, R,r), which depends on the center of mass R and relative coordinate r.
The leading order Lagrangian describes the free propagation of particles with mass 2mg
in the center of mass frame. The propagation of [¢) ® x]|(t, R, 7) in its relative coordinate is
given by the Coulomb Green function of a particle with reduced mass m¢/2. Corrections
of order (ag/v)™ in the calculation of diagrams with Coulomb Green functions need to be
resummed to all orders; the remaining terms can be treated as perturbation in v and ay
to the leading order Lagrangian. Even if the local interactions in A.47 are the same as
those in NRQCD, they have to be multipole expanded, in order to take into account the
expansion rules for soft gluons: when a soft gluon with momentum [ connects to a quark
line with momentum &k — /2 for the incoming and k + /2 for the outgoing quark line,
the quark-gluon vertex and the quark propagator have to be expanded in I/k ~ v. This
implies e.g.

[wAiai w] (z) = Y1 (2)Ai(t, 0007 (@) + vl (x) (@I A (¢, 0)0(x) + ...,  (A.49)

and similarly for all the other terms in the Lagrangian. Skipping the detail of the
calculation, for which we refer to [123], we quote the result for the leading soft inter-
actions terms, which follows from the multipole expansion of the gauge field terms in
Y1(iD® + D?/(2mg))y and from the inclusion of a non-abelian non-local term which

13/2

comes from matching the graphs in figure A.2 on PNRQCD. Up to order v one has

L = go[oTT ] (x) A%4(t,0) + gs [T T 9] (x) ' 0" A% (¢, 0)
_ 19 [¢T(<8_i - 5i)TA1,Z)](IE) A¥\(t,0) + antiquark terms
2mg

- / & [¢TTB¢] (z+7) [XTTCX] () (—0‘7) s FABCH 1A (£ 0). (A.50)
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The first term scales like v'/2 relative to the leading v° order terms in the PNRQCD
lagrangian; the other interaction terms scale like v%/2. Using [2%,8% = —20" and the
equation of motion at leading order in v, which includes the Coulomb potential, the v3/2
interactions combine into the cromo-electric dipole operator (up to higher order terms)
which is responsible for the soft-gluon interaction that converts the colour-octet green
function in section 3.4.2 to the colour-singlet one. Introducing the ultrasoft covariant

derivative DY = 9" —igsA°(¢,0), we obtain

62
p— T 3 0
Lpnrqep = ¥ (x) (1D + 2

— g2 E(t, 0)> ¥ (x) + antiquark terms

b [ [wlin] @+ ) Vi, 0) [ ), (4.51)

where

. Qg ;
Vab;cd(r, 81) = T;l‘)Tcél . (—7) + 5Vab,cd(ra 0 ) (A.52)

This Lagrangian is invariant under soft gauge transformation U (t,0).



Appendix B

Higgs sector in the MSSM with
large tan 3

In this appendix we review the Higgs boson couplings to quarks in the MSSM with large
tan 3, in order to provide the elements for the derivation of the effective Hamiltonian (4.1).

The MSSM presents important loop effects in the large tan 8 limit, because in some
cases the loop factors get multiplied by the large ratio of the two Higgs vacua, v, /vg =
tan 5. These effects are investigated more clearly in the decoupling limit, i.e. one considers
the mass scale of the superpartners Mgygy to be somewhat larger than the electroweak
scale, puw ~ 2Myy . In practice, this approximation works for Mgygy as low as a few hun-
dred GeV, while hierarchy problems require Mgsysy < O(10TeV). Under this assumption
one can integrate out the heavy superpartners and derive an effective low energy theory,
whose couplings are obtained matching them with the full MSSM before electroweak sym-
metry breaking, i.e. in the limit of unbroken SU(2) x U(1) symmetry. The low energy
theory is described by a two-Higgs doublet model (2HDM), in which the up and down
Higgs bosons are coupled to both up and down quarks.

Focusing on the Higgs boson couplings to quarks, integrating out the particles in the
loops of figure B.1 one derives the following effective Lagrangian:

£l = —e; HYd- (Yo+ AgYq) - Pp-qi— H™ d - AY,- Py g +he, (B.1)

with Pr,;, = (1 £75)/2. The coupling A, Y arises at the one loop level, and it is not
enhanced by itself. However, when decomposing the Higgs doublets in (B.1) into their
physical states,

@ _ V4 1 0 T
HYY = = 4+ — (coHY — soh° +isgA° —icgGY),
v =t el
Hé")*:ﬂ+i(saHO—cahO—i05A°—1'35GO), (B.2)
V2 V2

the down quark masses receive large tan S enhanced correction to their tree level value,

mq, = —va/V2ya,, due to the large ratio of the vacuum expectation values [240]: defining

the physical masses as mg,, one has

My, =My, (I1+tanBALYy). (B.3)
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Figure B.1: Vertex corrections in the SU(2) x U(1) symmetry limit, taken from [251]. Diagrams
a) and b) give rise to corrections (A,Ya)"!. Corrections (AgYaq)'! are generated by similar
diagrams with outgoing H™ replaced by incoming H'® and factors p* and A% in diagrams a)
and b) replaced by Ay and p, respectively. Diagrams c) and d) give rise to corrections (AgY,)"L.
Corrections (A, Y,)?! are generated by similar diagrams with outgoing H'Y replaced by incoming
H™ and factors p* and A% in diagrams ¢) and d) replaced by A, and p, respectively.

This relation is at the origin of the Hdd coupling enhancement by one power of tan 3,
when the Yukawa couplings 34, are expressed in term of the physical masses:

1/2 Mg, tan 3

1/2 _
Ia m, Yi; :_23/4GF/ my, tanﬁ. (B4)

1/2 -

Yuy; = 23/4GF/ My, Ydy = _23/4G
An additional enhancement is found in the flavour-changing Hdd coupling, [248, 251].
Without repeating the derivation, for which we refer to these papers, we report here the
result, which can be expressed introducing the effective Lagrangian

Lo = —G}:/221/4{ [X(ﬂﬂ dyPrdrS°® + h-C.}, (B.5)

where SO = h0, H?, A% GV represents the physical Higgs fields. This Lagrangian include
the diagonal and off-diagonal Hdd interaction expressed in [251] in (2.32), (2.33); our
normalization of the coefficients [X7] 1" differs from the one given in [251], since we pull

out a factor G;/221/ 4 for later purposes. The explicit form of the coefficients [X 5] =
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relevant for B-physics is given by

JJ mq S
X3 ==t : B.6
[ d] 1 + gJ tanﬁ an/ﬁxdlag’ ( )
where
xgiag = {COl + €JSa;, —Sa t+ €jCq, Z} ) (B?)

respectively for HY hY, AY (the G° coupling is suppressed); the coupling (JI) = (13),
(23), (31), (32) read then

— V3J*v3[ 2
(X5 = el el VI a2 500 g (B3)
(14 & tan B)(1 + € tan f) &
with
ngf—diag = {Sa—ﬂa Ca—ﬂ) _/L} 5 (Bg)

(here the GY coupling cancels); in case of (JI) = (12),(21) one has

37 (1 + & tan §)*

JI
] T ey Y7 tan® By ging. (B.10)

(X717 =ma, VHV,

eft Tell (1 4 & tan 3)
Note that in previous equations VeIHJ indicates the physical CKM matrix elements, since,
similarly to the definition of the masses, the tree-level CKM matrix elements of the MSSM
lagrangian get modified by one loop corrections too, [248,251]. These expressions are
equivalent to the ones given in (3.22), (3.26)-(3.29) in [251], apart from the normalization
factor mentioned above.

Using the effective couplings defined above, it is possible to construct effective four-
quark operators combining two flavour changing couplings from (B.8) and (B.10), giving
rise to “double penguin” operators, or a flavour changing and a flavour conserving one
from (B.6), giving rise to “penguin” transitions. The various operators can be collected
in the following effective Hamiltonian, which corresponds to the four-quark interactions
represented in the first diagram of figure 4.1:

~1 _ _
Hor =V2Gr Y 13 { (x5 [x§)™" dyPrd; di Prdx
S=HO K0 A0 " S

JI - -
+ [ng*] (X5 4, Prd; dLPLdK} +he;

(B.11)

the short-distance coefficients (4.4) are derived matching the term proportional to the
operator djPrdydpPrdy, with the appropriate flavour content, to the term containing
the operator Qf; in (4.1).

The interactions among the neutral Higgs fields S° = h% HY A° G° and up-type
quarks don’t receive sizeable corrections, and are given by

Log = _G;/221/4{ [Xf]JaJPLUJSO + h.c.}, (B.12)
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with
[Xfo: ! = My, Sa,
[X!}O: ! = My, Ca
(X7 =, ) (~tan™ B4 e + )
[XSO: T, (<) 5. (B.13)

(note that a correction similar to the one in the 3rd term is present also in the 1st and
2nd, but in those cases it is negligible). One obtains penguin-like four-quark operators
joining a flavour changing coupling from (B.8) and (B.10) with the couplings in (B.12).
The corresponding effective Hamiltonian reads

-1 -
Heer = \/§GF Z W { [Xc‘lg] - [Xg]KdJPLd] U Prug
S=HO,0,40 "5

JI _
+ [Xc?q [Xf]KdJPLdluKPLuK}-i—h.c., (B.14)

and comparing with (B.8), (B.10) and (B.12) it is possible to see that the short distance
coefficients are enhanced only by a factor of tan? 3, and therefore they are not included
in the analysis of chapter 4.

The interactions among the charged Higgs fields ST = HT,G" and quarks are given

by
L = 01117/221/4{ (P s Prdy ST+ [PR)" @y Prdy S+} +hc; (B.15)

again, we follow the definition in (2.39), (2.40) of [251], except for the factor G;/221/4 that
is taken out. There is only one coefficient which is tan § enhanced, namely

JI mg, tan 8
PRl = Vv —L——. B.16
This definition is equivalent to the one in (3.47) of [251], divided by the factor G;/221/ 4,
The short-distance coefficients in (4.6) are derived matching the operator Qf; in (2.15)
with

-1 JI LK% _ -
Heff = \/iGFW{ [PER] [PER] UJPR d[dKPR’U,L} + h.c.. (Bl?)
H



Appendix C

The Chang-Masiero-Murayama
model

C.1 The basic idea: Yukawa unification and dimension 5
operators

Grand unified theories develop from the idea of unifying the gauge and matter fields of
the Standard Model in simpler and more fundamental representations, as suggested by the
running of the gauge coupling constants. In these theories lepton and quark interactions
are usually related. The purpose of the CMM model is to construct a phenomenologically
viable theory, i.e., able to catch the main features of the neutrino sector, such as the large
solar and atmospheric mixing angles, and to look for effects in the quark sector, in such a
way to probe the underlying grand unified model itself.

In order to fit neutrino physics, the CMM model is based on a SO(10) group, because
in this framework right-handed neutrinos are naturally accommodated and the light Stan-
dard Model neutrinos generated through the seesaw mechanism. SO(10) breaks, in an
intermediate step, to SU(5), which finally breaks to the Standard Model Gauge groups,
Gsm- Before coming to a description of the symmetry breaking chain in the full model
we prefer to focus on the fundamental properties at the basis of the flavour structure of
the theory: the unification of right-handed down-quark and left handed charged leptons
Yukawa coupling and the way one takes into account that this unification works well only
for the third generation. These features can be described in the context of SU(5).

In a minimal SU(5), the down-quark singlet d°! and the lepton doublet L are embedded
in a 5 representation, while the quark doublet @, the up-quark and the electron singlet u¢
e“ are embedded in the 10; moreover, the two Higgs doublets of the MSSM are embedded
into two separate quintet fields:

]-OI — (QI) u?a 6?),

5= (d§7L1)7

'the theory contains only left-handed fields, so that e.g. d° = dr, u® = ur, and so on.
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5H = H= (3H’Hu)’
5H = H = (gH,Hd); (Cl)

SU(5) is broken to Gsy by a Higgs field in the adjoint representation, 24y = ¥, whose
VEV is proportional to the hypercharge, (¥) = o diag(2,2,2; —3,—3). In this model, the
Yukawa couplings read

Wy = Y{”€acac107°105 H® + Y57104°5 1, Hy, (C.2)

where a,b,... are SU(5) indices, and I, J flavour indices. The second coupling is at the
origin of the well-known unification of down-quark and charged lepton Yukawa couplings
Yge: if Yg,. are defined in such a way that the weak doublets are on the left and the
singlets on the right, one has

Y, =Y/, (C.3)

at the high scale M ~ 10'7 GeV. This relation works well for the third generation, but
not for the lighter ones. The problem can be solved by including corrections, which are
generated by higher-dimensional Yukawa operators, suppressed by powers of the Plank
scale. With the particle content considered here, there are two operators of mass dimension
five contributing to the down-quark and charged lepton masses, namely

D _ o YXe
Y1095 ;,—2 H, + Y1J1095 ;. —2 H,; (C.4)

Mpy Mpy
when SU(5) is broken, one has to consider in (A.4) the VEV o of 3, and the relation (A.3)
is modified to

o ~
Y, =Y + 5M—mY"2' (C.5)

Now the down-quark and the charged leptons Yukawa matrices cannot be diagonalized
simultaneously anymore; instead, in the basis where the charged leptons are diagonal, one

has
g ~
U DUl =D, +5— Yo, (C.6)
Mp,

where D; denotes the diagonal Yukawa matrices, and U; and U, are rotation matrices for
the down-quark fields. The good agreement of the bottom and tau masses at the GUT
scale indicates that the matrices U;, U, have a nontrivial 1-2 block only,

* *x 0
U;, U, ~ * 0 (C?)
0 0 1

The effect of this additional rotation may be seen only in observables involving the first
and second generation and in [287] it was found to be severely constrained by the precise
measurements in K and By physics. In case of non-leptonic B decays, they affect only
the AD = 1 transitions, and their contribution is negligible. Our analysis in chapter 5 is
therefore focused on the effects of the large br-sr mixing, that affect the AS = 1 decays.
Having analysed the central ideas at the basis of the flavour sector of the theory, we turn
now to describe how they are implemented in the CMM model.
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C.2 The model

The model is based on a SO(10) group. Being SO(10) a real group, one has to work
a bit to obtain complex representations for the matter fields, which in the end can be
accomodate into 16 spinor representations. All the matter fields, together with the right-
handed neutrinos are embedded into one 16;, namely

16[ — (101551)11) = ((Qlau?)eg)a (d?aLI))NI)a (08)

where we have indicated the successive decompositions into SU(5) and then into the Stan-
dard Model multiplets. The chain of symmetry breaking goes as follows: a pair of spinor
Higgs fields, 165 + 165 ,breaks SO(10) to SU(5), which is then broken to Gsyv by an
adjoint field 455 = (245,10y,1051y): in fact, both the SU(5) adjoint 245 = ¥ and
the singlet 1y acquire a VEV, being the latter (denoted by vy ~ 107 GeV) one or-
der of magnitude larger than the former, (o ~ 10'® GeV). Gy is in the end broken
by the Standard model Higgs field, contained in two 10y = (x,55) = (x, (3m, Hy)),
10"y = (5m,*) = ((3w, Hy), *) representations. The Yukawa couplings of the model read
45510/ 1616

A 4 16,Y416;
Pl P1

Wy =16;Y1716,;105 + 16,Y2/16, (C.9)
The CMM model is non-minimal, in the sense that one introduces two Higgs representa-
tions, the 10y and 10, to give mass to the up and down quarks, respectively, so that
there is no top-bottom Yukawa unification. Moreover, the down-quark Yukawa couplings
originate from a dimension 5 operator, which, as discussed before, stand for a series of
inequivalent effective operators in which the down quarks are coupled to both the adjoint
field 3 and the singlet of 45, so that the Yukawa matrix Y5 has to be understood sym-
bolically. This choice is necessary in order to have a nontrivial flavour structure. The
matrices Y1 and Yy are in fact symmetric, and in the CMM model one hypothesizes they
can be chosen diagonal (this assumption is motivated by the observed values for fermion
masses and mixing and it might be a result of family symmetries.). The remaining matrix
Y, therefore has to be asymmetric, in order to allow for fermion mixing, and it contains
all the flavour information. The magnitude of the second mass term is determined by the
VEV of the SU(5)-singlet component of 45, vy, so that the strong hierarchy between the
t and b, 7 masses follows from the vy /Mp; suppression factor (the model does not require a
large tan 3.). The smaller VEV ¢, which is proportional to the hypercharge, is important
for the modification of the light generation Yukawa couplings, as already seen.

In the basis where Y7 and Yy are simultaneously diagonal the superpotential can be
rewritten as
45710/ 16516y

H 1 16;DY16;

Wy =16,D{’16,,105 + 16,(V;D,V/ )"/ 16, — »

. (C.10)

where the matrices D; indicate diagonal matrices as before. The second term more ex-
plicitly reads
455107

(@) (ViDaV, (. ) =52t

(C.11)
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and therefore V; and V, can be identified respectively with Voxm and Vpyng, up to
phases. As discussed in section C.1, the breaking of SU(5) by the 455 Higgs field modifies
the relation (C.3) to (C.5), more precisely, one obtains

Y,=Y] + 5053?(,. (C.12)
0

With these corrections, the large atmospheric mixing angle cannot be translated any more
directly to the quark sector. The CKM matrix diagonalizes YdYT7 whereas the PMNS
matrix diagonalizes Y. Y{. The effect of the additional term in (C.12) can be taken into
account parameterizing it with the additional rotation introduced in (C.6), so that the
diagonalization of the down-quark Yukawa matrices read

Yy =V; D4Ry, (C.13)
with
Ry = (U, V)", (C.14)
with U, a unitary matrix. Here we follow the parametrization of [287], i.e.
U1 Ug O cos et —sin@ei(¢1_¢2+¢3) 0
U,=| Uy U O = | sinfei?2 cos fei?s 0 , (C.15)
0 0 e 0 0 e

with 6 € [0,7/2]. Moreover, we assume the tribimaximal form of the leptonic mixing
matrix, i.e. we assume the mixing angles 615 = arcsin(l/\/g) ~ 35°, 013 = 0°, and O3 =
45°. In the up-basis one can absorb six phases from Vj, so that one can identify V;, = Voxw.
The same cannot be done for V;, because the phases would only be moved from the down-
quark Yukawa matrix to the down-squark soft breaking masses. One needs therefore to
parameterize V; with six phases; explicitly, for 613 # 0, one has

V, =
5 L s
\/;613610‘ 5C13€" s13€(0tes)
eic (_L S e—z‘é) ei(—a1+as+as) (L g e—z‘é) 1o eil—artastas)
6 V3 13 V3 /6 13 V2 13
ios (L _ 1 e—z‘a) pi(—a1+az+as) <_L_ g api0) L pi(—a1tastas)
NG V3 13 V3 NG 13 V2 13

(C.16)

where ¢13 = cos 013, s13 = sinfy3. In 013 = 0, the phase § drops out from V;. From(C.14)
we obtain, for 613 =0,

1
Ri=
2U11 €' — Uypgets U €11 — Uygei@s i(datas)
V26102 (U + Urgel@=o1)) /26102 (Uyy + Ungel(@701)) —y/2¢l(04mentartes)
VBU el mertastas) V3BUpgel(—ertastas) V/3ei($a—artaztas)

(C.17)
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dr.1p dR,j.c

=iv2gs T4 Ralrs v (1 +75)

Figure C.1: The flavour-changing quark-squark-gluino coupling.

The effects of Ry become physical due to the induced mixing in the down-squark soft
breaking masses, as shown in (5.2). As a consequence, one has flavour-changing squark-
quark-gluino vertices, whose Feynman rules are reported in figure C.1.
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