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Abstract

In this thesis we test the validity of the Standard Model of particle physics by
studying the exclusive rare decays B — K®*)/*/~. We calculate the angular
distribution of the decay B — K*/¢~ in the most general basis of effective op-
erators. We obtain results for the angular distribution in the kinematic region of
low hadronic recoil. Based on our results for the angular distribution, we pro-
pose observables which exhibit no or only very weak dependence on hadronic
matrix elements. Beyond CP-averaged observables, we also investigate direct
and mixing induced CP asymmetries at low hadronic recoil. We conclude our
investigation of exclusive decays by studying the decay B — K/(¢t¢~, where
we find a relation between the CP asymmetry of the rates of B — K™ ¢t¢~.
Standard model results for a majority of our analytic results are given. Beyond
that, we perform a model-independent analysis based on available experimen-
tal data and obtain constraints on the Wilson coefficients Cy and C,, as well
as lower bounds on the zero-crossing in the B — K*{*¢~ forward-backward
asymmetry. Based on recent LHC data we find two disjoint solutions for the
Wilson coefficients. One of the solutions is in good agreement with the Stan-
dard Model, but sizable deviations are still allowed.

Zusammenfassung

In der vorliegenden Dissertation tiiberpriifen wie die Giiltigkeit des Stan-
dardmodells der Teilchentheorie an Hand der exklusiven seltenen Zerfille
B — K®¢t¢~. Dazu betrachten wie die Winkelverteilung der Zerfallsrate
des Zerfalls B — K*¢*{~ unter Beriicksichtigung der vollen Basis effek-
tiver Operatoren. Weiterhin berechnen wir die Winkelverteilung fiir die kine-
matische Region mit groflem hadronischen Riickstoff. Auf Basis der vor-
angegangenen Ergebnisse zur Winkelverteilung konstruieren wir neuen Ob-
servablen, welche nicht bzw. nur schwach von den hadronischen Matrixele-
menten abhdngen. Zum Abschluss unserer Analyse exklusiver seltener Zerfille
studieren wir den Zerfalls B — K¢/, wobei wir Zusammenhidnge zwis-
chen den CP-Asymmetrien der Raten beider Zerfille B — K*)¢*¢~ aufzeigen.
Zusitzlich prasentieren wir unsere numerischen Ergebnisse im Standardmod-
ell fiir einen Teil der zuvor diskutierten Observablen. Uber die analytische Ar-
beit hinaus untersuchen wir modellunabhingig die verfiigbaren Experimen-
taldaten, um damit die Parameterbereiche der Wilsonkoeffizienten Cy und C,,
einzuschranken. Auf Basis dieser Untersuchung berechnen wir eine untere
Grenze fiir die Vorwirts-Riickwirts-Asymmetrie der Zerfallsrate von B —
K*¢*¢~. Unter Beriicksichtigung aktueller LHCb-Daten ergeben sich zwei dis-
junkte Losungen fiir die Wilsonkoeffizienten. Eine der beiden Losungen stimmt
mit den Standardmodellervorhersagen gut iiberein, allerdings sind grofse Ab-
weichungen immer noch erlaubt.
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1. Introduction

Since the days of Rutherford the investigation of the fundamental interactions between
elementary particles has been a driving force for Physics and physicists all over the
world. We have come to an understanding that nature can be described by a set of four
fundamental forces: gravity, electromagnetism, the weak nuclear force and the strong
nuclear force. The latter three can be modeled on microscopic scales, or equivalently at
high energies, by quantum field theories. However, a quantum theory that successfully
models gravity has not yet been developed. Unification of electromagnetism and the
weak force into a combined electroweak force was a major milestone on a road that is
expected to lead to the unification of all four forces into one Grand Unified Theory. This
road is paved with a multitude of models that aim to improve on our understanding of
the current model, the Standard Model of particle physics. Although the [SM] has
passed many experimental tests so far, such as the successful prediction [1] of the bottom
quark [2] and the top quark [3} 4], we do know that it has also a number of shortcomings.
Its failure to describe the fact that neutrinos do have nonvanishing masses and thus are
capable to mix and oscillate [5] is certainly one of the vexing problems. The lack of a
candidate particle that constitutes dark matter[6] is another. It is an ongoing scientific
endeavor to formulate new models which encompass the predictive power of the
while simultaneously explaining the differences between [SM|predictions and nature.

In a large number of the successful tests of the[SM} experiment and theory compete to
measure and predict observables to ever higher precision. This race towards precision
physics is ongoing, and especially the parts that suffer from contributions by the strong
interaction prove to be quite daunting and daring. Among these, weak decays that
involve transitions from bottom (b) to strange (s) quarks are of special interest, since they
arise only at the one-loop level in the It is therefore expected that New Physics
effects are easily noticeable, since they do not need to compete with leading terms.
Here, the rare semileptonic decays b — s¢*¢~ provide a particularly promising and rich
phenomenology. The first observation of an exclusive b — s¢*¢~ decay was reported by
the Belle collaboration [7]. Over time, BaBar [8] and CDF [9] confirmed this observation,
and more observables beyond the branching ratio were studied as well. With the advent
of first results from the LHCb collaboration, one of the main experiments at CERN’s
Large Hadron Collider (LHC), we have the opportunity to go further down the road,
towards finding hints of the[SM[s successor.

In this thesis, we investigate mainly the interesting class of exclusive semileptonic rare
b decays. The theory description of exclusive decays involves non-perturbative hadronic
matrix elements which describe the transition to the final state meson. Hence, their cal-
culations are affected by a larger theory uncertainty than the calculations for inclusive
decays which can be calculated perturbatively. Here, we understand inclusive decays
as processes for which the final state strange hadron is not fully specified. The situa-
tion is the opposite from the experimental point of view, and as a matter of fact only
experiments at eTe™ colliders can measure inclusive processes at all. However, the first
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generation of B factories KEKB and PEP-II (and their respective experiments Belle and
BaBar) have already been shutdown. In the case of KEKB, an upgrade to a second gen-
eration B factory is ongoing since 2010, and first data taking with the upgraded Belle II
detector is expected late in 2015 [10]. Therefore, theorists must make the best out of the
available data, especially data on exclusive decays from experiments at hadron colliders.
With the shutdown of the Tevatron and its experiments CDF and DO late in 2011, LHCb
is the only running experiment capable of measuring (exclusive) b — s¢*¢~ decays. The
results from LHCb’s 2011 run alone yield the most powerful constraints on the effective
couplings in b — s¢*¢~ decays so far. Improving upon the theoretical handling of ex-
clusive b — s¢™¢~ decays to make full use of the available data is therefore an important
endeavor.

The layout of this thesis is as follows. We begin in Chapter [2| by examining the un-
derlying theory to model-independently describe b — s transitions, and how the parton
level decays relate to the observable processes involving b hadrons. We continue in
Chapter 3| with the phenomenology of the decays B — K*¢*¢~ and B — K(*(~ in the
kinematic region of low hadronic recoil. Here, we pay special attention to the construc-
tion of observables that strongly benefit from the characteristic properties of the afore-
mentioned decays at low recoil. After that, we calculate and present numerical results
for the these observables and their theory uncertainties within the in Chapter 4, In
Chapter 5| a model-independent analysis of the effective short-distance couplings that
govern b — st ¢~ decays follows suit. We conclude in Chapter @



2. Theory of b — s¢™¢~ Transitions

Within the change of flavor is always associated with W+ boson exchange, i.e., with
a charged current. However, in the[SM] Flavor Changing Neutral Current me-
diated processes arise at the one-loop level [11]. In this chapter we review the theory
of |AB| = 1[FCNGCs in the (Section and within the framework of an effective
field theory (Section [2.2). Following that, we discuss the transition from the partonic to
the hadronic environment in Section [2.3] We conclude the chapter in Section 2.4]by con-
sidering the implications of long-distance Quantum Chromo Dynamics effects in
form of intermediate bound states — in particular the radial excitations of the ¢c bound
states — on both the theoretical and experimental handling of semileptonic b — s¢*¢~
transitions.

2.1. Standard Model FCNCs

The[SM|of particle physics is a renormalizable Quantum Field Theory with a local gauge
symmetry based on the symmetry group

Gsm = SU3)e x SU(2), x U(1)y . (2.1)

It can be described by the following Lagrangian density

L= Gl — i A, 41+ BB + 6,61 (2.2)
— LY g + (D) (D*¢) — V(¢),

where we omit gauge-fixing and ghost terms. We do no discuss these terms, as well
as the technical points of field quantization since they are not relevant to the work pre-
sented in this thesis. For a detailed description we refer to the literature, cf. e.g.[12].
Within Eq. we use the covariant derivative

. /Ua A(l . . )\A A
D, =0, —1g &5 A igY B, — 1957(;# (2.3)
and the field strength tensors
Al = 0, AL — 0,A% — gle™Ab A (for the SU(2)1) (2.4)
B, = 0,B, —0,B,, (forthe U(1)y) (2.5)
G, = 0,Gy — 0,G} — g fPCGHGY (for the SU(3)c) . (2.6)

The quantities g, ¢’ and g, are the coupling constants of U(1)y, SU(2);, and SU(3)¢ in
this order. The o® and A\ denote the Pauli and Gell-Mann matrices, respectively, and
g% and f4BC denote the structure constants of the nonabelian groups SU(2);, and the
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Name Symbol SUB3)c SU2)L, Y
Gauge Fields
Gluons G, A=1,....8 8 1 0
SU(2),, Fields A% a=1,23 1 3 0
Hypercharge Field B, 1 1 0
Matter Fields
Left-handed quarks QL = (uy,dr) 3 2 +1/3
Right-handed up quarks UR 3 1 +4/3
Right-handed down quarks dr, 3 1 —2/3
Left-handed leptons Ly, = (v, eL) 1 2 -1
Right-handed charged leptons ER 1 1 -2

Symmetry Breaking Fields
Higgs field o) 1 2 +1

Table 2.1.: The field content of the The columns SU(3)¢c and SU(2)y, refer to the
group representations in which the respective fields live, while the column Y
lists the hypercharge of the respective fields. For the sake of readability we
have suppressed the family indices of the matter fields.

SU(3)c, respectively. The nonvanishing structure constants give rise to self-interaction
between the gauge fields associated with the respective groups. Moreover, the Dirac
spinors 1 represent the matter fields — quarks and leptons — and we suppress any in-
dication of multiplet or generation affiliation. The subscript L (R) denotes a left-chiral
(right-chiral) projection of the spinor. The vector fields A}, (¢ = 1,2,3), B, and G/Z
(A =1,...,8) represent the three SU(2);, gauge fields, the hypercharge gauge field and
the eight strong gauge fields, respectively. The hypercharge operator Y is related to the
electric charge operator @ and the weak isospin operator I3 via

Y
5= Q—1Is. (2.7)
The complex-valued scalar field ¢ and its potential

V(g) = —p2|8]* + A|g|* (2.8)

break the gauge symmetry spontaneously by means of the Higgs mechanism [13} 14,15,
16].

The electroweak part of the was first proposed by Glashow and Weinberg[11] and
Sala in 1961 and 1967, respectively, and awarded with the Nobel Prize in Physics in
1979. Using data from their 2010/11 runs with an integrated luminosity of ~ 5fb~1,
the experiments ATLAS [18] and CMS [19] found indications of a Higgs mass
peak around 123 — 125 GeV. The most prevalent component of both their searches is

IThere is no written record of A. Salam’s contribution to the electroweak part of the SM. However, he
discussed the workings of a SU(2) xU (1) gauge theory in a graduate course at Imperial College, London
[17].
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My my M Me mp my

~0.003 ~0.006 ~01 ~13 ~42 ~170

Table 2.2.: The approximate quark masses in GeV based on experimental measurements
[22]. Due to the nature of the strong interaction, the definition of the quark
masses inherently depends on the used renormalization scheme. We intend
this table only to illustrate the large hierarchy between the masses, which
spans five orders of magnitude between the top and the up quark.

the decay channel h — <7, which is further backed up by searches in the channels
h — ZZ* — 000’0 and h — WW* — (ul'V/. Besides these radiative and leptonic decay
channels, CMS and the Tevatron experiments [20] CDF and DO have taken into account
decays into b jets. In combination with the LEP results [21], the experiments exclude a
like Higgs for masses < 600 GeV at 95%CL, with the exception of a small window
around the aforementioned mass peak. No determination as to the nature of this appar-
ent Higgs boson has been achieved yet. Both ATLAS and CMS hope to gather sufficient
data in their 2012 runs, in order to find or exclude an[SMHike Higgs boson with a signif-
icance of more than 50.

In principle, the theory as described above could be considered complete when using
the aforementioned field content with just one generation of matter fields. However,
experiments have shown conclusive evidence — e.g. discovery of the 7 lepton [23] and
discovery of Z decay into three types of neutrinos [24] — that the matter fields appear in
at least three distinct families, i.e., three sets of matter fields with identical gauge prop-
erties but of different masses. We refer the reader to Tab. R.I|for details of nomenclature
and properties of the various gauge and matter fields. As a consequence, discrimination
by mass is the only viable way to distinguish between these fields, and this gives rise
to the concept of flavor. Disregarding the lepton sector, we switch from the basis with
states @ and d to the so-called mass basis by simultaneous orthogonalization of the quark
mass terms

LDw {ﬁLYuaR n 5LYddR} 2.9)
— v [ﬁLUuDuVJaR +d,UgDgV] &R} (2.10)
= v [arDyug + drDgdR} | (2.11)
with
vD,, = diag(my, me, my) vDg = diag(ma, ms, my) . (2.12)

The quark masses are given in Tab. Here the Y, 4 represent the 3 x 3 Yukawa matrices
for up-type and down-type quarks, respectively, and v is the vacuum expectation value
of the Higgs field ¢. We denote the diagonalized Yukawa matrices by D,, 4, and the uni-
tary orthogonalization matrices for left-chiral and right-chiral quarks by U, 4 and V;, 4,
respectively. We remark that two independent unitary matrices U; and V; arise when
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diagonalizing Y;, since the latter are in general not Hermitian.

Within the framework of the changes of flavor are realized by coupling of the W=
gauge fields to a charged fermion current. We suppress charged currents in the lepton
sector, which are not relevant to this work. For the quark sector and in the mass basis,
charged currents are described in the Lagrangian by the term L.,

/
LD Lo = _%VUQZ-HWJWPLQJ» +he., (2.13)
with
Al 'A2 1 4+ 2
W = pTt L ot =T =W (2.14)
V2 2

to which only the left-chiral doublets couple, while the right-chiral singlets do not. This
discrimination based on chirality implies maximal parity violation in charged current
decays. First considered in 1956 [25], parity violation was experimentally confirmed
only one year later by Wu et al. [26]. Within L., the relative coupling of a genera-
tion j = 1,2,3 down-type quark to a generation i = 1,2, 3 up-type quark is given by
the matrix element V;; = (U, UJ;)ij» The matrix V' is known as the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. The inverse process (up-type quark i to down-type quark j) is
described by the Hermitian conjugate part within L., and thus its coupling is given by
V;;. Since exactly one up-type quark index and one down-type quark index are relevant
to selecting a matrix element, we can rewrite the indices in terms of i = u, ¢,t and
j =d, s,b, and the|CKM|matrix then reads

Vud Vus Vub
V=V Ves Vo | . (2.15)
Via Vis Vi

In 1983, Wolfenstein proposed [27] a parametrization in terms of four real-valued pa-
rameters A, A, p,7n. Of the former only A is of order one, and the remaining parameters
A, p,m < 1. Wolfenstein proposed an expansion in A = 0.22, and to order \* the
matrix reads

1—)%/2 A AX3(p — in)
V= —A 1—A%/2 AN? +0 (M. (2.16)
AN(1 —p—in) —AN? 1

Here we employ the barred quantities p, 77, which are defined via

(p+in)v1— A2\
V1= X2(1— A2X4(p +in))

p+in = (2.17)

and using them instead of the original parameters p, n ensures that the expansion of the
matrix stays unitary to all orders in A, cf. e.g.[28]. For the numerical values of the
Wolfenstein parameters we refer to Tab.
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b ()

Figure 2.1.: Exemplary Feynman diagrams that describe contributions (a) to b — s¢*¢~
decays and (b) to b — sy decays.

In the there are no charge-neutral changes of flavor at tree-level. However, they
can be realized by loop processes where a virtual W boson couples twice to a quark
line, a process which is known as an Amplitudes involving exhibit the
structure (here exemplary for b — s[FCNCE),

A= VgV F(02) + Va VAT () + VagVis (), 1ing = mi /My, (2.18)

where f(7?) denotes an unspecified loop function which is process dependent. Examples
for Feynman diagrams which contribute to b — s[FCNC|amplitudes are given in Fig.
Due to the Feynman rule for the evaluation of loops involving the SU(2);, gauge fields,
loop functions are usually suppressed by a factor of (¢/47)?. Amplitudes that emerge
only at the one-loop level are therefore known to be loop suppressed. Moreover, we can

apply the unitarity relation

VaVis = =V Vis = Vi Vs (2.19)
to remove the factors Vi, Vi from Eq. (2.18):
A= ViV [F0d) = FOe)] + Vao Vs [F (i) = F0m)] - (220)

The above amplitude is simultaneosuly suppressed by the matrix elements and
for degenerate quark masses. This mechanism of suppression is known as the Glashow-
Illiopolus-Maiani (GIM) mechanism [11], and amplitudes that suffer from its suppression
are known to be GIM suppressed. In the SM, one finds V,,, V.%, /Vip Vit ~ (14 2i) x 1072, In
addition, the loop function can be expanded around mgu < 1, and one obtains

Floig) = f(me) = (i, —1e) £1(0) + O (vc,,) (221)

=0 (m2)=0(107") .
On the other hand, the difference of loop functions [f(1m?) — f("?2)] is generically un-
suppressed. One therefore finds that the terms o V,,,V}; are suppressed in comparison
to the leading terms by a factor of ~ 107% and can safely be removed as long as CP con-
serving observables are considered. However, these contributions are essential when
considering CP violating observables, cf. Eq. (3.95). In addition to the above loop and
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GIM suppression, one further finds that b — s in the [SM]suffer from mild CKM
suppression due to the numerically small combination V;;,V;% oc A2. Taken together, one
finds that in the SM the decays b — s{v,{T¢~, g} are very rare decays, with branching
fractions of the order 107 (e.g.B — X7) down to 1079 (e.g.Bs — p*p~). While the
branching ratios of these rare decays are very small and thus experimentally challeng-
ing, several of them have been discovered. On the other hand, decays of top
quarks (¢) have not yet been discovered. For them, the GIM suppression is worse then
for b quarks. We show this explicitly for t — ¢[FCNCy, where

At = eX) ~ VigVa f () + Vit Ves f(1103) + VigVea f (1103) (
= VitVey [f(f) — F(m3)] + VisVes [£(3) — F(m3)] (
= ViVand f' () + VisVesin2 f (12) + O (m2) (2.24)
=0 (Nmi) =~ 1071, (

Here the unitarity relation V;};}V.q = —V,; Vo, — V;5 Ve has been used. It follows that in the
the branching ratios are several orders of magnitude smaller than for b — s[FCNG,
and they range from 5 x 10~!2 for B(t — cg) to 10~ for B(t — ¢Z) [29]. Even within
extensions of the the t remain rare, cf. e.g.[30] for a recent study within the
Minimal Supersymmetric Standard Model where B(t — ¢X) < 1078 for X = g,, Z.

2.2. Effective Field Theory

Effective Field Theories, such as Chiral Perturbation Theory [31], Heavy Quark Effec-
tive Theory [32] and Soft Collinear Effective Theory [33], are widely
used tools within the field of elementary particle theory, especially in cases where per-
turbative approaches to face problems. Their common concept is the separation
of different energy scales by means of a set of local field operators O, and their associ-
ated scalar couplings C;, the so called Wilson coefficients. An effective Lagrangian can
be constructed from both the local operators and Wilson coefficients. This effective La-
grangian is systematically expanded in some smallness parameter, e.g., 1/m; in the case
of and a soft momentum scale )\ in the case of This expansion is known
as an Operator Production Expansion . Effective theories are, however, not pre-
dictive theories in their own rights. In order to achieve predictive power, one has to
calculate the a priori unknown Wilson coefficients. In the cases of [HQET|and [SCET] this
can be achieved by comparing the results of the effective theory with those of the full
theory in its perturbative regime, a process that is known as matching.

In the case of semileptonic |AB| = 1|[FCNCs, an [OPE|in 1/M{, is employed to arrive
at the following effective Hamiltonian, see for instance [28],

Het = ——= | Vo Vi Z CiO; + Vi Vi (C (O — O1) +C3 (O — Oy,,)) | (2.26)
\/i 1 #£1u,2u

+---+h.c..
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Here G¥ is the Fermi constant,

AV
Gr = fﬂ%v) | 227)

and we suppress the dependence on the renormalization scale i of both the local oper-
atorﬂ O, as well as their associated Wilson coefficients C,. The ellipses indicate terms
of higher order in 1/M?, (or equivalently in G), which are not taken into consideration
within this work. The structure of Eq. is tailored toward the [SM|results. In
particular, unitarity has been employed by means of Eq. to remove terms
o Ve Vi

In the paradigm of the performed we describe the light degrees of freedom, i.e.,
all fields with masses m < p, as part of the local operators O;, while the heavy degrees
of freedom have been integrated out, i.e., their effects are completely described by the
Wilson coefficients. Taking the as an example, the top quark and the heavy gauge
bosons W, Z0 are integrated out. We note here that by treating the Wilson coefficients
as generalized couplings one can accommodate for the effects of Beyond the Standard
Model particles which are heavier than p in a model-independent way. For non-
hadronic |[AB| = 1[FCNC, it is common to define the following basis of operators,
which is the set of relevant operators whose Wilson coefficients are neither vanishing
nor negligible within the We do not consider the electroweak penguin operators.
The SM basis reads

Oy, = [59, T Pre] [ey*T* PLb] Oy = [87uPre] [y PLb] | (2.28)

Oy = [T Prul [un*TPrb] ., Oy, = [$yuPru] [uy" Prb]

O3 = [s7,Prb] Zq [ Prq] , Os = [ PLb] Zq [y ~PPLq]

O, = [57,T"PLb] Zq [T Prq] ,  Og = [879,717,T* Prb] Zq [y~ T PLq] ,
2

e o et _

0, = me (50" PRrb] F,., Oy = (a2 (S PrLb] [y

2
— Py [50" PRT") G = (57, Peb) [
Oq (471)2mb [so" PRT*D] Gl O (in)? (57, Prb] [ﬁ’y 756] )

Here, the operators O, 4 are defined as in [34]. For the operators O, ,, we use the
definitions of [35]. The chirality structure of the above operators reflects very well the
maximal parity violation through coupling to W bosons in the which arises from
the vector/axial vector (V' — A) nature of the weak interaction. The set of operators
needs to be enlarged when we consider models beyond the i.e.,, models in which
there is no restriction to the V' — A structure. In this work we refer to the SM’ basis as
the union of the[SM|basis with the chirality-flipped operators O}, i = 7,9, 10. Here, the
operators O} are obtained from the corresponding operators O, by the exchange P, «
Pr. Moreover, models beyond the can also accommodate for of (pseudo-

)scalar and (pseudo-)tensor nature. In order to handle such models, we define the SM'+

*While in general only the hadronic matrix elements of the operator O; depend on the renormalization
scale p1, in our choice of the basis Eq. (2.28) the operators O; g exhibit an explicit scale dependence
through the MS mass of the b quark.
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basis which includes the operators

62 2

oY = a2 PPt [ oY) = (467)2 [5Pryb] [P50] (2.29)
2 B _ v 2 '5MV06/3 B —
OT = (42_)2 [SO#Vb] [EO-# 6] ’ OT5 = (:T)QZ [SUMVb} [fo’aﬁf] ’

in addition to those of the SM’ basis. The above definition of O has been chosen to
facilitate the calculation of amplitudes for exclusive decays, as both its hadronic and
leptonic currents coincide with those that occur in O,.. It coincides with the definitions
used in [36}37]. Furthermore, we find for D = 4 dimensions

62
(4m)?

which agrees with the definition used in [38]].

Ops = [So,wb] [l y5L] (2.30)

In order to calculate the amplitudes of b — s¢*¢~ processes, one needs to evaluate
both the matrix elements of the local operators and the Wilson coefficients at a common
renormalization scale .. As 11 is an unphysical quantity, the result would not depend on
the concrete value of 1 if one worked to all orders in perturbation theory. However, as
we can only work to fixed, finite order in the perturbative expansions we can observe a
residual dependence on the value of the renormalization scale. Due to logarithmic terms
of the form

LY = ol <M2> , LY, =alln/ <2> (2.31)
w

with 0 < j < i, the convergence of the perturbative expansion is impaired for
corrections to the matrix elements of the local operators when ;. ~ Myy, and conversely
for the calculation of the Wilson coefficients when ;1 =~ my,. This problem can be solved
by resummation of the most relevant logarithmic terms. Here, one understands resum-
mation of all logarithms L;; as working to leading-logarithm, and resummation of all
logarithms L; ;> j>;—1 as working to next-to-leading-logarithm. In [AB| = 1[FCNCE, re-
summation of large logarithms is accomplished by evolution of the Wilson coefficients
from the high scale 1 to the low scale i, ~ m; as governed by the Renormalization
Group Equations (RGE). This technique is known as RGE-improved perturbation the-
ory, and makes use of the i dependence of the Wilson coefficients C;, which can be
written as

¢ _ dgs _
with the solution [35]
Ci(uv) = Uij (s p0) Cj(10),  Ho = o 5 (2.33)

gS(/‘«b) (A
Usj (o, po) = exp/ dg/%z(g )

gsuo)  Blg) 239
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2.2. Effective Field Theory

Here the anomalous mass dimension matrix of the operator basis y and the beta function
of B are functions of the strong coupling gs. We briefly derive the resummation
of large logarithms to leading logarithm (LL) for a single operator O with anomalous
dimension

2
0)_Ys 4

and its associated Wilson coefficients C. Our derivation of the resummation is based on
Ref. [28], to which we refer the reader for an in-depth discussion of LL and NLL results

in b — s[FCNCk. Using the LO results for the beta function

1 _ pig) = a0 40 (D) O =11~ 2n (2.36)
dln : 1672 s/ 3 '
where n ¢ is the number of active quark flavors, we can rewrite Eq. 1)
¢ __ A€ _ale) (2.37)

dgs  Blgs)dlnp — Blgs)
Inserting the LO results for both g and ~ yields

dc ~(0)
_ _ 2.
TN O (239
The above differential equation can be solved by separation of dC and dgy,,
dc 4 dg,
? - _W gs 3 (2.39)
and subsequent integration. The solution reads
: s (10 7
Cup) =n"Cluo),  withnp oamo) T 250 (2.40)
We can now use the LO results for the running strong coupling
Qg
() = 2L @41
and find that the factor 7 resums all leading logarithms o In* (12 /13):
o [1 IOLIEM ”g} (2.42)
dr ug
©0) . 2 2
1L S o (2m2 i) . (2.43)
2 dm g 13

Within the the Wilson coefficients C; and the anomalous mass dimension matrix ~
associated with the operators of the basis have been calculated to next-to-next-to-
leading order (NNLO) in a5 [35]. In combination with the N3LO-computation of the
beta functions of QCD, this allows the resummation of large logarithms in the RGE up
to next-to-next-to-leading logarithm (NNLL) [35].
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2. Theory of b — s€T £~ Transitions

2.3. From Partons to Hadrons

While the previous sections discuss the calculation of b — s|[FCNCk at the parton level,
the more difficult question is how the latter relate to |AB| = 1 decays of b hadrons. Since
the remainder of this work concentrates on decays of B mesons, we will abstain from
discussing baryonic processes.

We begin with the nomenclature of B mesons, where we stick to the Particle Data
Group convention, and define the B, mesons to contain as valence partons one b quark
and one ¢ = u,d, s antiquark. The antipartner of the B, is labeled B,, where all va-
lence partons are replaced by their respective antipartners. The theory of B, decays is
divided into two concepts of decays, which are known as inclusive and exclusive decays.
In the former, the initial state and parts of the final state are fixed, while the remainder of
the final state is understood to contain all hadronic states that fulfill a certain criterion.
Exclusive decays, on the other hand, fully specify both the initial and the final state.
As an example for an inclusive decay we consider B; — X7, which is understood
as the radiative decays of the By to all hadronic final states that contain at least one s
quark. Both B; — X,y and By — X ¢T¢~ decays can be calculated with very small
theory uncertainties to next-to-next-to-leading order (NNLO) in the strong coupling o
[39,35]. However, the experimental measurement of inclusive rare decays of the By is
notoriously difficult and can so far only be achieved by experiments at electron-positron
colliders such as Belle and BaBar. The advent of the Belle II [40] (and the planned Super-
B [41]) experiment will improve on the measurements of the inclusive decays. SuperB
states the aim of reducing the overall experimental error on B(B — X /T¢~) from 23%
down to 4% - 6% [41]. Conversely, exclusive decays are experimentally clean. In the
absence of neutrinos in the final state, their properties can also be measured by exper-
iments at hadron colliders. In point of fact, the LHCb experiment has so far provided
the most precise measurements in the area of several exclusive rare b decays, such as
B — K**¢~ [42] and Bs; — J/v¢¢ [43]. Unfortunately, the theoretical calculation of
exclusive B decays is hampered by the fact that the necessary hadronic matrix elements
cannot be obtained from perturbative QCD calculations. For the semileptonic decays,
several nonperturbative techniques, such as Light Cone Sum Rules and Lattice
(LQCD), provide mutually consistent results for these nonperturbative hadronic
quantities. For a comparison ofand (preliminary) results for the B — K
matrix elements, cf. Appendices|Bland |C} respectively. However, both techniques yield
results which are affected by considerable uncertainties [44] 45]. In order to reliably
extract information on the underlying short-distance physics, it is of paramount impor-
tance to construct observables of exclusive decays in which the hadronic uncertainties
are partially or even completely removed. In the remainder of this work we will show
that exclusive rare B decays at low recoil provide very clean observables, and are thus
ideally suited as probes of |AB| = 1 short-distance physics.

2.4. Long-Distance Effects

The theoretical description of semileptonic |AB| = 1 decays — as reviewed in this chap-
ter — suffers from pollution through long-distance contributions by the 4-quark operators
O, ¢ and by the chromomagnetic operator Og. Specifically, they arise from intermedi-
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2.4. Long-Distance Effects
¢

Figure 2.2.: Examples of loop diagrams which arise from intermediate quark-antiquark
loops in the process b — s¢¢~. The black squares denote insertions of the
local operators O, , (¢ = ¢) and O3 4 (¢ = u,d, s, ¢, D).

Resonance J/(1S) ' (2S) Y (3770)
M [MeV] 3096 3686 3772
I' [MeV] 0.093 £0.003 0.304 £+ 0.009 27.3+1.0
B [%] 5.93 £ 0.06 0.77 £ 0.08 (9.740.7) x 1074
Resonance 1(4040) 1 (4160) 1 (4415)
M [MeV] 4039 + 1 4153+ 3 4421+ 4
' [MeV] 80 £ 10 103+ 8 62 £+ 20

B¥[%]  (1.07+0.16) x 1072 (8.140.9) x 107* (9.443.2) x 1074

Table 2.3.: Masses M, total decay widths I' and branching ratios B for the decay to
¢+¢~ final states of the radially excited charmonia with J© = 1~. All values
are taken from Ref. [22].

ate production of gq pairs, where ¢ = u, c for the current-current operators O, ,,, and
q = u,d,s,c,b for the penguin operators O; 4. Exemplary Feynman diagrams of
the emerging contributions to leading and next-to-leading order in oy are depicted in
Fig. and Fig. respectively.

The contributions from the current-current operators enter the b — s¢*¢~ matrix el-
ements with numerically large Wilson coefficients C, , and therefore need careful treat-
ment. Especially for the production of cc pairs, one has to consider the resonant produc-
tion of bound states with matching quantum numbers and quark contents, i.e., charmo-
nia with J¥ = 17. Their relevant properties are compiled in Tab.

For the purpose of this thesis, we categorize these resonances as narrow (J/,v') and
wide (1(3770),(4040), 1(4160), 1»(4415)), which can directly be inferred from their re-
spective total decay widths. The narrow resonances are vetoed in the experimental re-
sults by means of phase space cuts. Currently, the collaborations Belle, CDF and LHCb
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2. Theory of b — s€T £~ Transitions

use identical cutsﬂ [46, 47, 42]] for the exclusion of both the J/v and the 1’ resonances:
8.68 GeV?Z < ¢ < 10.09 GeV? and 12.86 GeV? < ¢? < 14.18 GeV?, respectively. How-
ever, the tails of these resonance peaks still affect the observables outside the experi-
mental cuts. A recent study [48] finds for ¢* < mi, contributions to the amplitudes of

up to 5% (20%) for B — K )¢+ ¢~ decays, which stem mainly from soft-gluon effects.
We emphasize that these effects have not been taken into account in the present work.
In the region of large hadronic recoil, Factorization (QCDE) can be employed
to perturbatively compute long-distance effects from quark loops [49]. Although|[QCDH
was originally employed to compute B decays into two light hadronic final states [50],
it can be applied to the calculation of semileptonic rare B decays. The basic result of
[QCDH|is the following (schematic) decomposition of the matrix element M(B — hV')

MB—-h)=C-(+6pRT ® ¢y, - (2.44)

where h stands for the final state meson and V' for either a photon or the electromagnetic
coupling to a pair of charged leptons. Here C' represents the factorizable contributions,
multiplied by the B — h form factor . Furthermore, the hard scattering kernel 7" con-
tributes nonfactorizing terms that are convoluted with the Light Cone Distribution Am-
plitudes (LCDAs) ¢ and ¢}, of both the initial and final state mesons. Both C' and 7" can
be calculated perturbatively. The region of validity for the application of is ap-
proximately 1 GeV? < ¢ < 6 GeV?, which effectively excludes narrow resonances that
stem from either wu or éc loops. Results for B — {K*, p,w} ¢t¢~ [49,51] and B — K*y
[52] have been obtained up to next-to-leading order (NLO) in the strong coupling as.
Since within the virtual two-loop functions Fj; [53] the renormalization scheme of the
quark masses is not fixed, one can choose the quark mass scheme for the intermedi-
ate quark loops. In Refs. [44, 45], the charm quark mass was taken in the MS scheme,
me(me) = 1.27 GeV. However, this choice leads to an early onset of the ¢c threshold ef-
fects at > = 4m? ~ 6.5 GeV?, well below the mass square of the .J /1, m3 /2 9.6 GeV?2.
Instead, in this work we always use the pole mass scheme when computing observables
by means of with mE°"® ~ 1.59 GeV. Here, the onset of threshold effects occurs
only at ¢ ~ 10.1 GeV?, which matches the physical resonance much better.

For the low recoil region, the inclusion of quark-loop contributions is handled by
means of an|OPE}, which is described in detail in Section

3The inter resonance bin of LHCb differs by 0.04 GeV? from the Belle and CDF bin. However, this devia-
tion is irrelevant for this thesis, as the corresponding bin is not used in any of the presented analyses.
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3. Phenomenology of B — K ¢+¢— at
Low Hadronic Recoil

Exclusive semileptonic |[AB| = 1 decays provide a large number of observables which
can be measured both at (Super-)B factories and at the LHC. Previous works on the
phenomenology of these decays focused on the kinematic region of large hadronic re-
coil [49, 51}, 38| 54]. In contrast, in the course of this chapter we concentrate on the
phenomenology of the exclusive decays B — K*)¢*¢~ and B; — ¢¢*¢~ in the kine-
matic region of low hadronic recoil, i.e., for small energy E, of the final state meson,
Es —m < A. Here and throughout, we denote by A a smallness parameter for expan-
sions in 1/my, where A = O (Aqcp). First, we introduce the kinematics and common
notations for both decays in Section Next, we examine the low recoil framework
as put forward in Ref. [55]. It consists of an (discussed in Section and a set
of improved Isgur-Wise form factor relations for the individual decays (discussed in
Section [3.3). Subsequently, we study the spectrum and phenomenological application
of observables within the low recoil region for By, — {K*, ¢} ¢t¢~ and B — K{T(~
decays in Section [3.4/and Section [3.5] respectively.

3.1. Kinematics and Notations

Before we turn to the individual decays B — K*(— Km)¢(*¢~ and B — K{*¢~, we lay
some groundwork by introducing notations and kinematics which are common to both
decays. We begin by assigning the four-momenta p, k, p+ and the polarization vector n
to the participating particles,

B(p) = K(k)*(p1 )0 (p-), B(p) = K*(k,nt* (p1)€" (p-), 3.1)

and introduce the four-momentum ¢ of the lepton pair, which reads ¢ = p4 +p_ = p—k.
For both the vector and the pseudoscalar decay channel, we follow the literature [38]
and define 6, as the angle between the negatively charged lepton and the B meson in
the dilepton rest frame. It is usual to use ¢?, the invariant mass of the lepton pair, as
a further kinematic variable. For the decay B — K{¢™(~, which is a 1 — 3 decay, the
two kinematic variables ¢> and 6, suffice. On the other hand, B — K*(— K= ){T(~ is
a1l — 4 decay. For its description three additional variables are needed. Following the
literature [57] we choose 6+, the angle between the final state kaon and B meson in the
K* rest frame, ¢, the angle between the decay planes of the K-7 system and the lepton
pair in the B rest frame, and finally k2, the invariant mass of the K- system. The angles
are schematically presented in Fig. The full kinematically-accessible phase space is
given by

4m%<q2<(MB—MK)2, —1<costp <1 (3.2)
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

<

Figure 3.1.: Schematic of the kinematic angles within B — K*(— Kr){T¢~ decays.
Figure taken from Ref. [56].

\
\
\
\
\
\

for B — K{*¢~ decays, and by

cosfy <1, (3.3)

4m? < q2 < (Mp —MK*)Q,
1< 6 < 21 (3.4)

-1
cosf+ < 1, 0

NN

for B — K*{"¢ decays. No bounds on k? are given since we consider the K* meson
to decay on-shell, cf. also the details on the small width approximation in Section [3.4.1]
In both cases, my and Mp denote the mass of the charged leptons and the B meson,
respectively. We further introduce the kinematic function

Ma, b, c) = a® + b* 4+ ¢ — 2(ab + ac + be) (3.5)

which is used to calculate spatial components of the used four-momenta. Furthermore,
we use

Be=\/1—4m/q? (3.6)

to denote the lepton velocity in the dilepton rest frame.

3.2. Operator Product Expansion

As previously discussed in Section the theory predictions for exclusive b — s¢t¢~
processes suffer from pollution through intermediate quark loops, especially charm
loops, which contribute via nonlocal electromagnetic coupling to the lepton current
gt = —z’e@yué. Grinstein and Pirjol first noticed [55] that for low hadronic recoil this
nonlocal contribution can be handled approximately like the inclusive production pro-
cess ete” — hadrons, where an applies for large center of mass energy [58]. In
particular, they consider the four-momentum ¢* that flows through the intermediate
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3.2. Operator Product Expansion

charm loop correlator. For a sufficiently slow moving final state hadron, E;, — m S A,
which corresponds to a hard momentum ¢*, they find that the nonlocal contributions

T = i/d4xeiq'z (K[ T{0,(0), 5™ (@)} [B), i=1,...,6,8, (3.7)

can be expanded simultaneously in the bottom quark mass m;, and the invariant dilepton
mass 1/¢? by means of the expansion

= > Y @ /min <(9§k)(u)> : (3.8)

k>—2 ) a
") are power-suppressed by 1/Q*, where Q = my, \/¢2,
and the Ci(f;) are the corresponding Wilson coefﬁcient They find that contributions at
leading order and power-suppressed terms of order m?/Q? rely on the same hadronic
matrix elements as the leading contributions from Oy 4 ;,, which is in agreement with a
later study [59]. Furthermore, all A/Q corrections that arise in the are suppressed
by an additional factor of «. The long-distance contributions up to O(asA/Q, A%/Q?)
can therefore be absorbed into effective Wilson coefficients C%fg. In the notation of Ref. [60],
these read

Here, the effective operators OJ(.

1 4
et = ¢, — 3 [Cg + 3 Cy+20Cs + 8;(36} (3.9)
Qg 7
3 [€-60) Ale?) - G F ><q2>} ,
C§" = Cy + h(0,¢%) E C+Cy+ %c - fc4 +52C; — 3206} (3.10)

L 4 16
— 5h(mb,q?) [703+3C4+7665+3C6} +§ [634_3654_966]

+ 22 |6 (Bl@) +40(6%) =30, (2B(a?) - C(¢?) - R (¢?)]
+8ZL§ [(301 + ;Cz) (14 X)) +2C; +20€5]

and include the NLO[QCD|matching corrections and doubly Cabibbo-suppressed contri-
butions [60] x A, = V,, V. /(V,,Vi5). The latter give rise to CP violation in b — s¢*¢~
transitions in the which is tiny.

In the development of the Grinstein and Pirjol primarily use [55]. Only
in the final step, they reformulate their results in terms of currents, which are ob-
tained by reversing the NLO matching relations between [QCD|and [HQET] Conversely,
the study by Beylich et al. [59] formulates the expansion completely in terms of
currents. There, operators that involve covariant derivatives are removed by apply-
ing the equations of motion. Furthermore, they explicitly compute some of the
power-suppressed contributions, and find that isospin breaking effects arise only at the

! For details of the calculation, we refer the reader to Ref. [55]
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

O(A3/Q?) level and are thus negligible at the present level of both theoretical and exper-
imental accuracy.

As mentioned above, the is assumed to be valid for low hadronic recoil F; —m <
A and up to duality violating effects. The latter are originally estimated [55] to be power
corrections of the order A /Q. Beylich et al. studied the effects of local duality violation by
applying a resonance model [61] to the nonlocal charm quark correlator that arises from
Eq. (3.7). Their ansatz exhibits the well known effect of oscillating and exponentially
decreasing contributions that is known from the behavior of the R factor [58],

_do (ete™ — qq) /dq2
R(¢?) = do (cFe= 5 ) JAE (3.11)

They conclude that integration over a sufficiently large part of the low recoil phase
space smooths out most of the effects of local duality violation. As a lower bound
¢*> > 15 GeV? is proposed, which excludes the v(3770) resonance and lies above the
threshold for open charm production [59]. Furthermore, they estimate the global dual-
ity violation (i.e., duality violation after integration) to be of the order of 2% [59].

However, the performance of the can ultimately only be tested through experi-

..... 5)

mental measurement. In Section we therefore propose new observables H. ;1 ,one

of which (Hg)) is designed to test the magnitude of local duality violation in the low
recoil region.

3.3. Form Factors and the Improved Isgur-Wise Relations

The calculation of matrix elements for processes which involve quarks is complicated
by the fact that is only asymptotically free at large scales ;1 2 m;. Hadroniza-
tion, however, is a process for which the typical scales are of the order Aqcp. Therefore,
hadronization effects cannot be calculated in perturbative In order to cope with
this problem in exclusive processes, one parametrizes the hadronic matrix elements of
the various local currents in terms of so-called form factors. The hadronic matrix el-
ements must fulfill a number of exact and approximate symmetries of QCD, such as
symmetry under discrete Lorentz transformations or heavy quark symmetry, which can
be used to reduce the number of independent form factors. By using symmetry under
parity transformation and transversity of massive vector mesons, it is possible to restrict
the set of independent hadronic matrix elements and parametrize them in terms of the
hadronic momenta and polarization vectors. In this thesis, we only consider semilep-
tonic decays of the form

B — Kete, B — K*ti . (3.12)
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3.3. Form Factors and the Improved Isgur-Wise Relations

In the case of pseudoscalar mesons we can parametrize all nonvanishing hadronic ma-
trix elements as [62]]

2 2
_ Mp — Mg i

(R0 sb|Br)) = B o g2), (31
2 2
(R 53 [BGY) = 72500+ Ry + P56 - 725 () B Mg,
(3.14)
BK 2
(R0 50300 | B)) = 5= 10,0 — (0] (315)

with independent form factors functions f2% (¢?). The equation of motion for the
quark fields,

iDq(x) = mqq() , (3.16)

provides an exact relation between the scalar current in Eq. and the vector current
in Eq. (3.14), thereby reducing the number of independent form-factors to three. Sim-
ilarly, one obtains for pseudoscalar-to-vector transitions [63], such as in B — K* and
By — ¢, the parametrization

25My
(k) @15t 1BR) = - == (") Ao(a’) (3.17)
— 2V 2 *p, O 1.T
T e @19
(V k) s | B(9)) = i |2y Ao () 2 (3.19)

+ (Mg + My) Ay () (g,w = q’f")

q
M2 _ M2
- AQ(Q2)MB+% ((P + k) — %(F - k)u)] ;
(V(k,n)| Gioyq”b|B(p)) = —2T1(¢*)epuporn ™ p kT, (3.20)
(V(k,n)| @iowysa”b | B(p)) = iTa(¢?) (n;(Mp — M) — (0" - @) (p + k))
2
+iT3(¢%) (- q) (qu - M?gq—M%(p + k:)u> . (3.21)

Here Eq. has, again, been used to express the hadronic matrix element of the pseu-
doscalar current in terms of the form factor Ag, which also contributes to the hadronic
matrix element of the axial vector current. Note that by parity invariance the hadronic
matrix element (V (k,n)|gb|B(p)) = 0. For large hadronic recoil, one can apply both an
expansion in 1/Mp and use Large Energy Effective Theory [64], thereby reducing the
number of independent hadronic matrix elements further from seven to two universal
soft form factors, cf. Appendix [B| The validity of these relations is given, as long as ¢? is
not too close to the zero-recoil point. Unfortunately, the latter condition renders them
unusable for studying the low recoil region.
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

In order to find further relations between the individual form factor functions for both
decays, we employ the operator identity

+—
10" (Sioub) = —mpsy,b +i0,,(5b) — 251D b, (3.22)

with my, the MS mass of the b quark, and where we neglect terms proportional to ms, the
strange quark mass. Eq. (3.22) follows dlrectly from Eq. (3.16). By taking the hadronic
matrix elements of both sides of Eq. (3.22) in the case of B — K* (B — K) transitions,
one obtains an exact relation [55)], 144}, 45] between the dipole form factors T, T3, T3 (fr),
the axial vector and vector form factors V, A1, A2 (f1, fo) and the matrix elements of the

=
dimension-4 current 5D,,b. In a further step, the relations are expanded simultaneously
in1/Q, Q = my, /¢2. For B — K* transitions, the results for the improved Isgur-Wise
relations of the dipole form factors read [44]

Ti(¢?) = kV(*) + O (g) , To(q?) = kA1(¢%) + O (g) : (3.23)
1(e?) = na(e?) g +0 ().

in agreement with previous works [55]. We note here that the kinematical factor M3 /¢*
in the results for T3 is of order one in the expansion in 1/() and therefore kept. However,
preliminary results from [LQCD] [65] suggest that large corrections for 73 can arise, cf.
Appendix B Furthermore, for B — K transitions the dipole form factor reads [45]

BE (2 1)) = Mp (M§2+ Mk) [H(M) ffK(q2) o) (ﬂ/}%)] : (3.24)

which agrees with the result in [66]. We remark that in Eq. (3.23) and Eq. (3.24) we
neglect the mass of the strange quark m, and [HQET]|form factors that are subleading in
the expansion in 1/Q). We use further a common scale-dependent factor

@0\ m
k() = (1 +2 g ;(JU) EZi) ]\"4(;‘) , (3.25)

which reflects the renormalization scale dependence of the dipole form factors. Here,
we employ the HQET|Wilson coefficients Cév), D‘gv) [55]
Fvub = CV 57,0y + C 50,0y + O (1)/my) | (3.26)
— —
§iD,b = D\ mpsy,uhe + D\ myquhy + GiDuhy + O (1/my) (327)

which can be calculated perturbatively. Using their perturbative results to NLO in «
55, 32]], we obtain

k=1-2%1 <“> (3.28)

37 my

The performance of the improved Isgur-Wise relations given in Eq. (3.23) and Eq. (3.24)
is subject to a detailed analysis in the Appendices[B|and [C] respectively, where the rela-
tions are confronted with theory inputs from both[LCSR and [LQCD}
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3.3. Form Factors and the Improved Isgur-Wise Relations

For B — K™ at low recoil, we find that the application of the improved Isgur-Wise re-
lations drastically simplifies the structure of the hadronic matrix elements. In particular,
it leaves only dependences on the following combinations of hadronic form factors

V22X

fi(d®) = mv((f)a (3.29)
fil(d?) = V2(Mp + Mk-)A1(¢%) , (3.30)
fO(QQ) _ (M% B MI2{* - q2)(MB + MK*)QAl(qz) - )‘AZ(QQ) 7 (331)

2Mg~(Mp —&—MK*)\/QQ

which are further used in Section and where A\ = A\(Mg, M7, q%). The indices
0, L and || here indicate that the dilepton pair the final state vector meson are in a state
of angular momentum J = 0, 1,2, respectively, and correspond to the indices of the
transversity basis, cf. also Appendix |Al Therefore, these combinations also arise when

expressing By, — {K™*, ¢, p} form factors in the helicity basis [67].
p & D, y
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

3.4. The Decay B — K*¢*¢~

We continue by studying the angular distribution of B — K*¢* ¢~ decays in Section[3.4.1}
and subsequently use it in the examination of existing observables (Section [3.4.2). After
that, we turn to the construction and study of new observables in the low recoil region,

within the[SM] (Section [3.4.3) and beyond (Sections 3.4.6). We conclude our studies

on the phenomenology of B — K*/*¢~ decays by examining the sensitivity of the low
recoil observables towards small NPl effects in Section B.4.7]
3.4.1. Angular Distribution

We calculate the decay amplitude for the resonant production of an intermediate (real)
K* mesorﬂ and thus parametrize the propagator of the K* as

—i (9" = 45)

DY, = , 3.32
K k2 — M2, + iMgT g (3.32)
where we employ I' g+, the decay width of K* — K,
Gicr
T = LB NP | (3.33)

61

as given, e.g., in Ref. [69], with the the effective coupling gx -k, and the momentum of
the kaon in the K* rest frame |p | as given in Eq. (A.3). Then, we apply the small-width
approximation

1 1
—
(k2 — M2.)2 4+ M2.T%., ~ Mg-Tg-

§ (k* — M) (3.34)

to the square of the matrix element, thereby removing the dependence on gx+x and
restricting k% to M2, the mass square of the K*(892) vector meson. We arrive at the
complete differential decay width

dir 3,
- < 0 0 * .
dg?d cos 0yd cos O+ dep 87TJ(q , €08 0p, cos O+, ), (3.35)

The dependence of the decay distribution in Eq. (3.35) on the angles 6, fx+ and ¢ can
be made explicit as

J(q2, 00, 0K+, P) = Jis sin? O+ + Jiocos? O + (Jas sin? Qg+ + Joo cos> Orc+) cos 26,
+ J3sin? O+ sin? 6y cos 2¢ + Jy sin 20 g+ sin 20, cos ¢
+ J5 sin 20+ sin 0y cos ¢ + Jgs sin? O+ cos 0y + Jge cos? O+ cos by
+ J78in 20k« sin 0, sin ¢ + Jg sin 20 i+ sin 260, sin ¢
+ Jg sin? O+ sin? 6, sin 2¢, (3.36)

where the angular coefficients J;,) = Jj(q) (¢*) fori=1,...,9and a = s, c are functions
of the dilepton mass.

For nonresonant decays B — Kj(— K~ n")£+4~, cf. Ref. [68]
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3.4. The Decay B — K*{1¢~

When considering contributions from all operators within the SM’ basis, we derive
the following structure of the angular coefficients:

4 2+5€
—Jis =
31

4 2
1AL+ AF2 + (L & B)] + %Re{AﬁA + A af
+ 457 (|A0l|2 + [Agy*) + (16 — 1287) (| AcL | + |4y *) (3.37)
2 * R *
8y Re{ (4f + Af ) 5 — (AL + Af) u}

4 4m? ”
ZJe = |AL? + |AB2 + q—f [[A¢]> + 2Re{ AT AF*}] + B7|As|?

3 (3.38)
+ (16 — 887) | Aw|* + 8B7| Ay L|* + 16 \/>Re{ Al + Al Az,

L= DL (AL 4 AR + (L o5 B) = 16 (|4 A P Ao A )] 339)

gJZC = —515 (14517 + 149 = 8 (|4w|* + |4 *)] (340)

%J [|A > - |A >+ (L <+ R)+16 (|Atu|2—\AtL\2+’A0|||2—|A0¢|2)} (341)

gJ _ ﬂff Re{ AFAD + (L ++ B) —8v3 (AnAj ) + Ay 43 ) (3.42)

§J5 = \/iﬁg Re {AFAL" — (L & R) - 2v24y 4% (3.43)

_ \/qi [(AH —|—AH ) §+4\@A0||AZ +4V2 (Ag_AOR) Af —4 (AJL__AJE) :tﬁo}}

4
< Jos = 25 Re{ALAﬁ* (L R)

(3.44)
may [ 2 [(at = 4t i — (af - af) 3]}
1
ge]ﬁc =405, Re{QAtoA*S + —= \/; [(A + Ag) Ag + 4AHLAZ<] } (3.45)
+ ﬁ [(A +AR) A5 +4vV2 40, A7 + 42 (4 - AF) Ay -4 (AF - AF) 45}
Ly —Bglm{ALAL*—F(LHR)—FS\fZ[A A A A*” (3.47)
38_\f 041 0,144 L t1L 4140 .
%Jg Bim{ AL AP + (L B)+16 (4147 — Ao 45) } - (3.48)

Within Egs. (3.37)-(3.48) we express the B — K*(— Kn){T¢~ matrix element in terms
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

of the well-known transversity amplitudes [57]

ALE = aNVA {[(cgwg) = (clo+c;0)} y__ | 2;‘24” (c7+c;) Tl}(3.49)

Mp + M-

AN = —NV2(Mp — M) (3.50)
All-a) = (o)) 37 g + (G- e m)

ALR _ngv\/qﬁ{ [(cg - cg,) ¥ (cm - cgo)} (3.51)
X [(M?B — M%. — ¢*)(Mp + Mg+)A; — MAQ]
+ 2;2”’ <c7 - c;) [(M% +3ME. — ) Ty — M%_AMQK*T?,} } ,

2
A =N [2 (Cio — Clo) + q—) (Cp— cgg)] \/;tAO , (3.52)

me (mp + M

which are obtained by assuming factorization. Results for both the large recoil and the
low recoil region can be found by replacing C; 4 with the respective effective Wilson
coefficients C%fg. Additionally, we use the scalar amplitude

)
Ag = —2N (Cg — C%) 4, (3.53)

my + Mg

which was introduced in [69]. Their recent erratumﬁ agrees with our result. Moreover,
we introduce [70] the tensorial transversity amplitudes

[ A
Aol ) = 2NCT(T5) qul ) (3.54)

M3 — M.
Ve

[(M?g +3Mpe — ¢*) To —

Ag|j ¢y = 2NCrrs) Ty, (3.55)

A

Ay Loy = NCxy MZ M,

T5) M er 13| , (3.56)

which arise only after introducing the operators OT’T5. Here, the two indices denote the
transversity state of the two polarization vectors which comprise the rank-two polariza-
tion tensor used in the calculation. The individual transversity states combine to angular
momenta J = 0, 1,2 for the indices (||-L,¢0), (0 L,¢ L) and (0 ||,t ||), respectively. For
the definition of the tensorial amplitudes, cf. also Eq. (A.). The normalization factor N
that is used in all of the above amplitudes reads

Beg®V\

N = GractiVi\ 5oy

(3.57)

3 We refer here to revision v5 or later of the arXiv eprint.

24



3.4. The Decay B — K*{1¢~

For details on our parametrization of the hadronic matrix element in terms of the transver-
sity amplitudes, especially regarding the newly introduced tensorial amplitudes, we re-
fer the reader to Appendix[A]

In order to further study the behavior at low recoil, we now apply the improved Isgur-
Wise form factor relations Eq. to the transversity amplitudes. By doing so, we re-
duce the dependence on hadronic matrix elements from seven to four independent form
factors, up to corrections of order A/Q. From this we obtain the transversity amplitudes
at low recoil

AMR) — _NcHB g (3.58)
Aﬁ(R) _ _ch(R)fH 7 (3.59)
AN — L NeE Ry (3.60)
with the short-distance coefficients
2my M
oL _ ((Cgﬁ B cg) s qb2 B <C$H B c;)) + (Cio - Clo) | (3.61)
2my M
P _ ((CSE £0p) 4 mqb2 5 (o +c§)> = (Coo+ Clo) - (3.62)

Here, we also make use of the low recoil and replace C; o — C&f. For the tensorial
transversity amplitudes, we obtain

Mp + Mg«
/2
Mp — Mg~
/2
MB + MK*
/2
The amplitudes A; and Ag depend only on the form factor Ay and remain the same as

in Eq. (3.52) and Eq. (3.53)), respectively.

3.4.2. Observables in the SM basis

Agl (tLl) = \/§NHCT(T5) fi, (3.63)

Aoj iy = V2NKCp(rs) fis (3.64)

While the angular decomposition of the B — K*/*{~ decay rate provides with the
J; a set of well-defined observables in their own right, their theory predictions suffer
strongly from the uncertainties of the hadronic form factors, the partially unknown
subleading contributions of order A/Mp, and the uncertainties of the Wolfenstein pa-
rameters of the matrix. Much effort has therefore been dedicated toward find-
ing more sophisticated observables which are theoretically cleaner [69, [71]. As far as
spin-averaged measurements are concerned, all of these observables can be expressed
as functions of the J;, whereby the aforementioned dominant theoretical uncertainties
may cancel in parts or even completely.
We start with the single-differential decay rate dI'/d¢?, which can be written as

2J25 + J2c

dr/dq2:2<]15+<]10_ 3

(3.66)
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

No cancellations between uncertainties occur, and thus the decay rate suffers from the
same theoretical problems as the J; themselves. However, there are further observables,
two of which are inspired by the double-differential decay rates

dr 1
ToombaE = 3 (21 + Jie + [2J65 + Jo] cosO0 + [21a, + Jac] cos26,),  (3.67)

a3
dcosOp+dg? 2

From Eq. (3.67) one can infer the observable

([Jls - éjgs} sin? Oc- + [ch - %ch} cos? eK*). (3.68)

1 0 1 dr Jos + 3J6
App(¢?) = —— — dcosf == 2" 3.69
#B(0) = qr/g.2 [/_ . /0 } S cosOdg? T dr/dg (3.69)

which denotes the forward-backward asymmetry of the negatively charged lepton with
regard to the B meson direction within the dilepton center of mass frame. Furthermore,
within Eq. the term o cos2 Ok~ collects all contributions that stem from longitu-
dinally polarized K* states. This can be readily inferred from Egs. - where
the amplitudes Ag, Ay, Ag(R), AL and Ay only enter in combination with a factor of
cos Ok +. One can therefore model-independently define two observables, see Eq. ,
which read

= Tl =57 E{/j’q}bc , Py = ;" 1&‘/5;8 , FLtFr=1, (3.70)
which are the fraction of longitudinally (transversally) polarized K* mesons. Hence,
dF/l i dcos‘;; P ;FL cos” O+ + 2(1 — F)sin® O~ . (3.71)
When further assuming m, = 0 and within the SM’ basis of operators, one finds J;; =
3Jos and Ji. = —Jo., and we can therefore write
1 dr 3

3

=2F (1 —cos?0) +=(1—F)(1 2o+ A 6, .

dr/ag deosrag 47 b= oos0) + g (L= Fo)(L+ cos™6y) + Arp cos
(3.72)

This parametrization is used in the most recent experimental studies by BaBar [72], Belle

[46], CDF [47] and LHCb [42]. Using the same assumption, we find that the triple-
differential decay rate

1 d*T 3

dl'/dq? dcosfydcos O+ dg? 4

+ (Jic + Joc cos Oy + Jo. cos 20y) cos? Qg }

{ (J1s + Jos cos Oy + Jos cos 260,) sin? e« (3.73)

can also be expressed in terms of Fr,, Fr, Arp,

1 d2r 3{3

= gt~ cos20) cos0 74
dl'/dg? dcosf;dcos O dg?> 4 14 ( cos 26;) cos” Ok (3.74)

+ <136FT(3 + cos 26;) + App cos 91> sin? HK} )
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3.4. The Decay B — K*{1¢~

In addition, so called transverse asymmetries A(i), i = 2,...,5 have been constructed
for the large recoil region [71] in order to probe right-handed currents. Their definition
in terms of the transversity amplitudesﬁ reads

AL 4+ [ AR — AP — |ARP 1,

AD = — -3 3.75
T AL+ AT + AT+ [ATE 20 o)
L ALx Rx AR
Agﬁ,) _ ‘AoA” + Af A” :\/ 4Jf —|—5l2J72 (3.76)
- —2J90(2J25 + J3)’ '
\/(]A(ﬂ2+\A§|Q)(|Aﬁ|2+|AE\2) 2c(2J2s + J3)

AW _ [AGAT — AGAT| BEIR + AT (3.77)
T AR AR+ AF A 4JF + pEJ?
L AL% _ AR% AL 2 972 _ 2 2
e AL AL — Al Al ) V1672, — 972, =36 (3 + J3) e
T AR AT + AR+ AR 8.1

The representation of the transverse asymmetries as functions of the J; holds only ap-
proximately, i.e., it holds for m, = 0 and within the SM’ basis of operators. These ob-
servables benefit from strongly reduced uncertainties at large hadronic recoil [71] and
essentially encode short-distance information only. Furthermore, they exhibit a large
sensitivity to effects from right-handed currents. However, when turning to the low
recoil end of the spectrum, we find a distinctively different behavior which will be dis-
cussed in the following section.

3.4.3. Low Recoil Observables in the SM Basis

As shown in Egs. (3.58)-(3.60), at low recoil and in the SM’ basis the transversity am-
plitudes Aﬁ(f% factorize into common short-distance factors Ci’R, which depend on the
leptons” helicities, and functions f;, which depend on the hadronic matrix element and

Ci—0
kinematic quantities. In the SM basis, the short-distance factors further unify C’i(R) ¢

CL(R) where
L,R eff 2 mg eff
CcH't = Cg + KJ?C7 F ClO . (379)

Since the J; parametrize the rate of the spin-averaged decay, it follows that only two
combinations of the O+ can occur. These are

ICL12 4 |CR12 = 2p (3.80)
|CE? = |CF)? = 4ps, (3.81)

*The transverse asymmetry A(T1 ) will not be discussed in this work, since its definition relies on the mea-
surement of the lepton helicities. Therefore it cannot be expressed in terms of the J; at all, since the
latter parametrize the spin-averaged decay rate.
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

which in turn yield for the angular observables

4 4\/5
352 ~2 (205 + J3) =2p1 /1, 35g =2p1fofy Jr =0, (3.82)
32@ (2J3 — J3) = 2p1 i, 23\?&) 2p2fofL Js =0, (3.83)
4
352 =2p1f5 35 =4paf)foL Jo=0. (3.84)

When plugging these results into Eqs. (3.75)-(3.78), we obtain for Arg and F1,
p2 2 2 2 3
AFB =3 X f +f +f s Fr, = , (385)
o <UL ENEESE

and for the transverse asymmetries

-1 f
A _ I A® = 71 3.86
T fi + f”2 T fL ( )
2 fife
AW = 2’)2 fu AD — 142 JIL (3.87)
f|| T P% fH2 + fJZ_

At low recoil none of the above observables is free of hadronic uncertainties. Inter-
estingly, Ag? %) as well as F, do not exhibit any dependence on the short-distance coeffi-

cients to O (A/Q). We remark here that the latter fact makes Ag? ) and Fy, ideal probes to
test theory predictions of the hadronic form factors, be it extrapolations of results
at small ¢® or results of lattice calculations at large 2 [44]. A recent study [73] ex-
tracts ratios of the form factor parameters from available data, and the authors find good
agreement between data and theory predictions. On the other hand, the short-distance
free observables can also be included in a global analysis of the available data on exclu-
sive b — s¢*{~ processes. Here a Bayesian analysis can be employed, by which we can
simultaneously constrain the form factor parameters and reduce the allowed ranges for
the parameters of interest [74]. However, with regard to extracting short-distance infor-
mation, the remaining transverse asymmetries Agﬁl 5) are at low recoil only marginally
better suited than the decay rate, and rather on par with the forward-backward asym-
metry Arp.

In order to fully exploit the structure of the transversity amplitudes at low recoil, we
define [44]

L ALx Rx
H(l) V24 _ Re(Aj AH + Aj AH) (3.88)
V= ec (200 = Jy) \/(|Ag|2 +[ARP) (JAL2 + [ARP)
(2) _ 51J5 N RG(A([)’Ai* — AR*AR) (3 89)
T — - ) .
\/_QJQC (2J25 + J3) \/(|AL]2 + ’ARP) (\A 2 4+ ‘ARP)
Re ALAL* AR*AR

2\/(2J25)2 — J3 \/(|A 2+ [Al12) (1A% 2+ ]ARR)
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3.4. The Decay B — K*{1¢~

Contrary to the transverse asymmetries A in Eqs , we define the HT(F) in
terms of the angular coefficients J; in order to account for amphtudes beyond A%
Within the [SM Ebams of operators we find thaiﬂ

J_HO

HY =sgn fy | HY = 2E aY = 2% (3.91)

With these results the low recoil region provides two important phenomenological qual-

ities. First, the relations ]H}l)] = 1land H}z) = H}S) provide an important test of the
low recoil framework itself, chiefly to test the performance of the OPE. Sizable devia-
tions from this relation would signal either increased deviation from the OPE or pos-
sible contributions from operators beyond the SM basis. The latter is studied in depth

in the following sections. Second, the observables Hg’g) are free of hadronic inputs to
O (asA/Mp,C,\/CyMp), which makes them ideal probes of short-distance physics. In

point of fact, both H. ;2’3) provide theoretically cleaner access than the forward-backward

asymmetry App to the very same short-distance information. In addition to accessing

the short-distance information, the low recoil region also provides clean access to infor-

mation on the hadronic physics involved. In particular, we can form ratios of observ-

ables that do not exhibit dependence on the short-distance couplings, therebxﬁ)bing
3

ratios of form factors f; | || similar to the results for Fy, and Ag? ’3), cf. Eq. (3.85) and

Eq. (3.86). We find that

fo _ \/T _ —Jae _ V2Jy \st (3.92)

fH 2J05 — Jg ﬂJ4 2Jos — J3 J6 ‘

fo \/TZC

JO_ f_Tie 3.93

fi 2J9s + J3 659

fo_ [2hatds | [=Je (20 + J5) (3.94)
2Jos — J3 V2Jy . '

Since the short-distance information only cancels in ratios of the angular observables,
the hadronic form factors f | | can only be extracted in the above ratios and not on
their own.

In addition to the above observables, which are defined for the decay B — K*te,
we can also turn to CP asymmetries of the decay. For this we employ the additional
short-distance combinations pi, p2, which are obtained from p;, po by complex conju-
gation of the weak phases, i.e., the Wilson coefficients and the factor \,. Any CP
violating quantities can therefore be parameterized in terms of the following building
blocks

2myM
Apr =p1—p1 =4Im{Y} Im{Cg + K b B

Apg =p2—p2 = 2Im{Y} Im{ClO} s

AN )}
T (3.95)

Here, the sign of the form factor term f; is +1 for the central values of the form factor extrapolations from
both Ref. [63] and Ref. [48]. However, when varying the form factors A; and A, within their theory
uncertainties, one finds that fo may flip its sign.
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil
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Figure 3.2.: The imaginary parts of Y (solid, blue) and Yy (dashed, red) in the [B5]
including NLO ay-corrections as functions of ¢* in the low recoil region.
The LO result, where ImY = ImYj, is given by the dashed-dotted (orange)
curve. The cé-resonance curve (dotted, black) based on the data in Tab.
shows the imaginary part of Yy from e*e™ — hadrons data [75, 22]. Figure
taken from [60].

where the complex-valued term

2mpMp
PE

Y=Yy +r Yy (3.96)

emerges from the long-distance contributions within the effective Wilson coeffi-
cients (Eq. (3.9), Eq. (3.10)). We decompose the latter as

csf = ¢, + Vs, s = Cy + Yo + MYy (3.97)

Here, we suppress the ¢ dependence of the effective Wilson coefficients and the Y;.
Since the absorptive parts Im{Y;} o sind,, with the strong phase J, drive the mag-
nitude of Ap; 2, we pay closer attention to the Y;. Their q> dependence is shown in

Fig. Note that Yg(u) is real-valued. At leading order in the perturbative calculation,
we can infer from Eq. that Im{Y7} vanishes while Im{Yy} is governed by the one-
loop function h(m, = 0,¢*) and the numerically large Wilson coefficients C; ,. When
taking the NLO matching corrections into account, Im{Yy} experiences strong suppres-
sion by about 50%, and Im{Y} is reduced by about one order of magnitude. As an al-
ternative to the perturbative calculation, one can assume factorization of the correlator
7, (Eq. (3.7)) and fit a Breit-Wigner ansatz [75] to the available data on the charmonium
peaks of J/1, ¢/ within ete™ — hadrons measurements. Here, previous studies [76]
found sizable discrepancies between the the measurement of B(B — K*J/i(— (T47))
and the theory results based on the aforementioned ansatz. Assuming naive factoriza-
tion [76], the amplitude for B — K* {J/¢,¢'} (— £1¢~) decays is proportional to the
short-distance coefficient

4
C@:§Q+@+%ﬁﬁ%5 (3.98)
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3.4. The Decay B — K*{1¢~

and a sum which collects the individual Breit-Wigner functions

2 ¢ — M2 + il M,

n

(3.99)

where M,,, I',, and Bff can be obtained from Tab. This discrepancy was cured by the
ad-hoc introduction of a fudge factor [76] ¢ via

¢ oy cc) (3.100)

However, contemporary data on B(B — K*J/i(— ¢1¢7)) [22] and the NNLL results at
the low scale C(¥) (1) = 0.590 (cf. Tab. do match very well. We therefore compute
Im{Y“} from the aforementioned Breit-Wigner ansatz and without any fudge factor.
The result is shown in Fig. We find that, after integration over the complete low
recoil phase space, the LO and the resonance result agree quite well, while the NLO
result deviates from the resonance result approximately by a factor of three [60]. We
therefore conclude that the CP violating quantities Ap; 2 are affected by considerable
model-dependent uncertainties.

From the p1 2, p1,2 we can construct two independent CP asymmetries,

P2 _ P2

(1 _ p1—p1 2 _ p 4
al) = , aB) = 3.101
o+ cp 2.y e ( )

where in the basis a(clP), can be obtained [60] from the decay rate dT"/d ¢?, and agF),
is identical to the CP asymmetry of the forward-backward asymmetry Apg. No further
independent ratios of the building blocks p1 2, p1,2 can be formed at low recoil. However,
we find that the denominator of agf)) is not positive definite for a generic BSM scenario,
thus tainting this observable for model-independent analyses. We therefore propose a

further observable to test Apo,

(3) _ p2— P2
o) = 2 (3.102)

P i+
which is finite in scenarios, but not independent of a(cll’f). Moreover, ag’l)) can be
(2,3)

obtained from untagged measurements of the previously introduced observables H;."",
and in terms of the angular observables J; it reads

S S Y 1
a® = ) V22t Do) 2(J2at Tos) +(T3+T5)] (3.103)
cP Jos—J6s for H3 '
2/ A(JaotT2s 2—(J5 5 )2 g

Beyond the decay B — K*(— Km){T{~, we can additionally consider the SU(3)p
related decay Bs, Bs — ¢(— K+ K~)¢(T¢~. Within the latter, the final state is a CP eigen-
state with CP eigenvalues 1y | = +1 for the transversity amplitudes Ay and n, = —1
for A . We account for mixing of the two possible initial states B, B; through explicitly
time-dependent transversity amplitudes

ALR@t) = AMR(B(t) — ¢ (— KTK ) l17),

ALIR@y = AVR(By(t) — ¢ (— KTK )T 17). (3.104)
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

Here AX/F(t)(AL/"(t)) denotes the amplitude for a B, (B,) at the origin ¢ = 0, which
decays through the transversity state a =_, ||,0 at a later point ¢ of its eigentime. For
later use, we define

Ad"(0)
AER VoW — —ow]

L/R
a

(3.105)

where [0y — —dw| implies the conjugation of all weak phases in the denominator. This
can easily be accommodated for by the replacement prescription for CP conjugation of
p1,2 earlier in this section. Moreover, ®,; denotes the BB, mixing phase whose
value ®3M = 2arg(Vi Vi) = O (A?) is very small. According to Ref. [77] we can now
express the untagged, CP averaged partial rates as

dU(t) +dT(t) ~ Y A () AL(E) + A, (1) Af (1) (3.106)
a,b=0,L,||

with the time dependent building blocks

A, (DA (1) + A () A; () = A 2(0) A3 (0) (3.107)
X [(1+ 7am §a§b (e Pt +e7 i) 4 (a&a + &) (e7 T2t —e7THh)]

Here the chirality indices L, R are suppressed for brevity, and I';, ;) denotes the width of
the lighter (heavier) mass eigenstate of the B, system. We do not consider CP violation
via mixing, since it is constrained by measurements of the semileptonic, flavor-specific
CP asymmetry |A§; | < O(1072) [78]. After time integration of Eq. we obtain

44(0) 45(0)

/OOO dt [A. (1) A; (1) + Aa(t) A3 ()] = T ) (L4 10 &ap — ¥ (Maa + mép)] »

(3.108)
whereI' = (I', + ') /2 and AT = I';, — 'y denote the average width and the width dif-

ference of the B, system, respectively, and y = AI'/(2T) is the reduced width difference.
The structure of the transversity amplitudes at low recoil, in particular the factorization

into hadronic and short-distance terms, implies that the previously defined factors & ®)
simplify

o i®ar CoF Cro +H2F2Cr+Y + Ay vy
c;;;cl()m?mb Cr+Y + Ay

R tp) = (3.109)

Both for vanishing strong phases (i.e.for Im{Yy} = 0) as well as for vanishing weak
phases (i.e.for Im{C,;} = 0, Im{j\u} = 0) we find [£1(g)| = 1. In the SM, we find that

l€Lr)l —1=0 ((mg/mg)lm{ﬂu})

We now concentrate on how such mixing-induced CP violation can be measured in
the experiments. For this, we recall that CP-odd observables allow measurement of CP
asymmetries without tagging of the B meson, a quality which is known as self-tagging.
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3.4. The Decay B — K*{1¢~

We note that self-tagging can be hampered by a nonzero production asymmetry of the
Bs and B mesons. The angular distribution offers in principle four CP-odd angular
observables Js ¢s 8.9 [79,154], of which two (Jg 9) vanish at low recoil in the SM basis. We
therefore construct in the following — schematically — two mixing-induced, self-tagging
CP asymmetries. For J5 we obtain at low recoil from Eq. (3.108):

0 T L % * Amix
/0 dtRe{AoL(t)Af (t) + AL AL (8) — (L — R)} = ol % gy G110

with
Amix = 2p2(|€01% + 1€r1* — 2) + p1(I€RI? — €L]?) - (3.111)

The formula for Jg, is identical after changing the transversity index 0 to ||. Similar to

H}Q’S) we can now remove the form factors terms fy f1 (f f. in the case of Jgs). For this,
we introduce the normalizing quantities

[~ AL (412 L2 .o (Bmix — 279 Chix)
m= [t QAHOR + [AHOF + (L B)] = g7 x Poic 2T - 112)

which can be obtained from the angular observables J; 5 3, see also Egs. (3.89)-(3.90),

where we use

Buix = p1(|€21* + 1€aI° + 2) + 2p2(1€r[* — [£L)) (3.113)
Chix = lee{é’L + {R} + QpQRe{fR — fL} . (3.114)

We remark that Cix is the only contribution dependent on the mixing phase ®,,;. By
normalizing Eq. (3.110) to ,/n n; we obtain the mixing-induced CP asymmetry
i Amix
i = ’ (3.115)
V Buin)? — 492 (Cuin)?

and the same CP asymmetry can by obtained from the angular observable Js; when
normalized to /. We remark o is insensitive to the sign of the reduced decay

width difference y, and simultaneously, the sensitivity to ®, is very low since it enters
via Cpix only. We find that for y — 0
mix _ Amix o (P1 +4p5)p2 — 2p1p2p1 + (1 — 453)p2

- — 9 i il et DV (3.116)
| Buis (p1 +4p3)p1 — 8p1p2p2 + (P} — 4 13)p1

For Ap; < p;, p; this simplifies further to
afr = al). (3.117)

We note that a5 is insensitive to the B;-mixing parameters y and @/, especially when
considering the most recent measurement y = 0.094+0.033 [43]. We find that |(aZ)/ <ag1)3> -
1| < 3% after ¢*-integration. Hence, the measurement of any difference between both

asymmetries is highly unlikely, at least by current and currently planned experiments.

33



3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

3.4.4. Including Chirality-FIipped Operators

As seen from Egs. (3.58)-(3.60), the universal structure of the transversity amplitudes is
broken by the 1nclus1on of chirality-flipped operators within the SM” basis. In this case,
the relations Egs. (3.82)-(3.84) are modified and now read

4 4v@

—(2Jas + J3) = 27 f1, =2py foly; Jr =0, (3.118)

357 3/81
321 (225 — J3) = 2 py [, 23\ij5 = 4Re(p2) fofL, é\f = 4Im(p2)fofL,
g =200 18 @Jﬁs —ARe(m) e g = A
where p; and p; from Egs. (3.80)-(3.81) have been generalized to
p?EE%GCfP+%CiF)7 pzzi(cfc@*—c%cfﬂ. (3.119)

We can observe that nonvanishing right-handed currents give rise to two major changes:

1. In the[SM|basis we have Jo., (2.J25 & J3) ~ p1, whereas now we obtain Ja, (2J25 —
J3) ~ py, while (2.J25 + J3) ~ py.

2. In thebasis J789 = 0, whereas now only J; = 0 while Jgg ~ Im(ps) # 0in
general.

As a consequence, in the presence of chirality-flipped operators the relations
HY = sgn fo, Jr =0 (3.120)

still hold, and a measurement of deviations would signal violations of the low recoil
The previously defined low recoil observables H}Q’S) now read

Re(p2)
\ oot

and remain free of hadronic input. Furthermore, we obtain two additional observables
free of hadronic input,

qY =2

(3.121)

4) _ V2 Js Im(ps)
Hy' = =2 , (3.122)
T \/—JQC (2J25 + J3) /PIPT

\/(2']28 - \/pl pl

From Eq. (3.121) and Egs. (3.122)-(3.123) it follows that chirality flipped operators pre-

serve the relations

q? =aP, a = a, (3.124)
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3.4. The Decay B — K*{1¢~

which had already been obtained within the SM operator basis [44], where H§“475) = 0.

45) . 1.
We conclude that a measurement of nonzero H} ) indicates the presence of nonvan-

ishing Wilson coefficients for the chirality-flipped operators. In addition, the T-oddness
of Jg ¢ gives optimal access to CP violation in the presence of small strong phases [54].
Since both Jg g are also CP-odd, H:(F4’5) can be measured from B meson samples without
tagging, and give rise to a fourth long-distance free CP asymmetry which reads

I .

all) =2 mipz—p2) (3.125)
Vo =)o = a7)

In terms of the angular observables, it is defined as

V2(Js — Js)

for HW
= = = T
W ) Gt Tae) 20020+ as) + (3 + )]

alt) = Py . (3.126)

- 79 5 - — for Hg’)

VA + Jos)? = (Ja + Jo)
Furthermore, the generalization of ag})) reads

o) =2 Re(pz = p2) . (3.127)

Vi + 001 + 1)

Due to the splitting p; — pf[, the number of CP asymmetries is doubled and we gener-

M (172)
alize app’ to

+ ~+ P
1,£) _ P1 — P 2,4) _
agpt = P ap =0 (3.128)
PT TP P1 * 12

In this case the rate asymmetry Acp can neither be related to any of a(cllgi) ,nor is it free of

hadronic input. However, from Eq. it is straightforward to read off strategies to
relate these form factor free CP asymmetries to the angular observables J;. In particular
agF’,_) can be extracted from ratios involving Ja., (2J25 — J3), J4, whereas agF’,+) requires
the use of (2Jy5 + J3). Short-distance free ratios of form factors can still be formed for
fo/ fj in the presence of chirality-flipped operators as given in Eq. , and we obtain

further
fo _ V2Jg
fi  —Jo

However, due to (2J25 + J3) pf there are no short-distance free ratios that involve f|
in the SM’ basis.

(3.129)

3.4.5. Including Scalar and Pseudo-Scalar Operators

In the presence of (pseudo-) scalar operators, the angular observables receive unsup-
pressed contributions to Ji.. This leads to scalar contributions to the longitudinal polar-
ization FJ, of the K* mesons, as defined in Eq. (3.70). Moreover, the relation J;. = —Ja.
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

is broken, and thus the usual assumption is invalidated that Fy, can be extracted in a
combined fit to the distribution in cos 6y, cf. Eq. (3.72). We remark that presently the
latter is used in all experimental measurements. However, F, and Fr can be model-
independently extracted from the distribution in cos 6+, cf. Eq. (3.71). Deviations be-
tween F7j, as extracted from the distribution in cos 6, and F}, as extracted from the dis-
tribution in cos fx+ would therefore indicate the presence of

Furthermore, the presence of (pseudo-) scalar operators induces helicity suppressed
interference terms between vector and scalar operators in J5 6. 7. This means that the
relation H @) — ; ), cf. Eq. (3.91), is broken. The magnitude of the breaking is controlled
by Cg and the helicity suppression factor m,/+/q2. Moreover, the relation J; = 0 is
broken if additionally CPV beyond the SM is realized. However, since Jo; 23465 are
unaffected by the additional operators, we still find that H}l’g) remain free of hadronic
input.

3.4.6. Including Tensor Operators

In the presence of tensor operators, cf. Eq. (2.29), the angular observables J; receive
(i) contributions which do not interfere with other operators in Jas 234,89, and (ii) in-
terference terms suppressed by m,/ \/LT2 in Jis1c,5,6s,6c,7- Both changes arise from the
additional six tensor transversity amplitudes A,y || 11, ¢, 01,0 introduced in Eq. .

The angular observables still factorize,

32@ (2J25 + J3) =2 <m %B J_r J\AZ 1T> i1 -
3; (2ns — Jg) = 2 (m - %ﬁ;%ﬁﬁ) fits
_34ng 2 (m - %ﬁf%ﬁ 1T> 1o
é\ﬂ/;h =2(p1—p]) fof)

30

2
%J(;S =4Re{p2} fifL +0O

42
V2 Jg = 4Im < po + <1+

2
4 4Im{p2+<1—MK*>,02T}f||fL>
B

“352

2\7st =4Re{p2} fofL + O () :
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3.4. The Decay B — K*{1¢~

Scenario H:(Fl) =1 g—g; = Z—E:j =1 Jr=0 Jgo =10
sM v v v v v
SM@S®P v me/Q Re{CE’ch} v me/Q Im{Ci’RCg} v
SM@ T mi /Q°pl  me/QRe{py}  mi+/QIm{py}  me/QIm{CCis}  Im{p]}
SM@S@P@T mi./Q*p{ Re{Cr;C5} mK*/QIm{PzT} Im{C;C5} Im{ﬂg}
SM’ v v v v m{cc;}

SM@SePeT mi. /@]  Re(CrCs)  muc/Qm{pf"} m{CsCs}  m{ccr)

Table 3.1.: Overview of scenarios and corresponding theory predictions for the re-
lations amongst the low recoil observables, and the terms that break these
relations. Here S,PT stand for scalar, pseudoscalar and tensor operators, re-
spectively. A v'denotes at most corrections of order a/my, and C7/(Comy). We

use the shorthand notation () € {mb, vV q? }

where the tensor operators introduce the additional short-distance coefficients

M2 — M2,

ol =162 =5 (107 + 1Crsf?) (3131)
M2

pL =16 ,i?q—ch Cihs . (3.132)

In the presence of the tensor operators H. :(Fl) reads

~1/2
B AMEMZ.  pipf
H{Y = sgn(fo) sen(py — pl) (1— VeV ( — 1T)2 (3.133)
B K1 — P
_ o7 MZ.,
~ sgn(fo)sgn(py —p1) +0O 22 ) (3.134)
B

As for the case without tensor operators, form factors cancel, i.e., H ;1) is free of hadronic
input. Additionally, ]H:(Fl)| = 1 holds in the |OPE|up to kinematically suppressed terms
of O (MIQ(* /M]23) ~ 0.03. Furthermore, Hi(p2’3 remain free of hadronic input, and Hg) =

H:(Fg) still holds up to helicity suppressed terms my/ QRe{CiC}k }

3.4.7. Performance of Low Recoil Observables

When considering the complete set of operators, all of the previously presented relations
are broken to varying degree. A complete overview of how the individual relations are
broken is presented in Tab. 3.1/ for all scenarios considered in this thesis. We emphasize
that ratios of the low recoil designer observables H}Z ) are broken only by kinematically
or helicity suppressed terms. However, the angular coefficients J7 g 9 gain contributions
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

Scenario H;l) Hg) H}g) H}4) H}S)
SM v v v — —
SM®S®P v Ag v — —
SM®T v v v — —
SM’ v v v v v
SM@SePeT Vv Ao v v v

Table 3.2.: Overview of scenarios and which of the low recoil designer observables
remain free of hadronic input. A v'denotes at most corrections of order o /my
and C7/(Comy), while Ay denotes breaking through terms involving the cor-
responding B — K* form factor. Observables marked with — vanish in the
considered scenario.

which are generically unsuppressed. The factorization of the angular observables

Ji ~ pifif (3.135)

into short-distance terms p; and form factor terms fj;, cf. Eqs. (3.29)-(3.31), can also be
affected when extending the operator basis. An overview is presented in Tab. In
particular, we find that factorization is broken by the emergence of operators S and P,
and by interference terms (S,P) x (SM,T,T5). The former only affect Ji. and Js., while
the latter break factorization only in J5 and J7. Exemplary, we find that

3

ch = 2(

pr—pi)f5 +4|Cs —Cs\ A2 +O (Mg~ /Mg) . (3.136)
However, the angular observables Jas 2.3.4,65,3,9 still factorize. We therefore conclude

that H§1’3’4’5) remain free of hadronic inputs, even when considering the complete set
of operators. This Conclusively shows the model-independent merits of the low recoil

observables H,. Q) \H = 1 proves to be a very stable relation in all possible extensions
of the basis of local Of erators Hence it presents itself as a reliable tool to probe the per-

formance of the OP We present an evaluation of H:(F ) in the SM for both the large and
the low recoil region in Fig. 3.3

The decay B — K*¢*{~ at low recoil exposes only a limited number of independent

short-distance couplings (pf — pT', p2, p3, |Cg)P |2 and interference terms), while it offers a
large amount of observables. This allows model-independent analyses to over constrain

the parameter space of the Wilson coefficients ng/,)10r see e.g. [44,45, 80, 81]. However,
recent experimental results from LHCb [82] indicate that effects in (semi)leptonic
|AB| = 1 processes appear to be small in comparison to the SM contributions. We

therefore study how sensitive the low recoil observables Hg’g) are to effects in the
Wilson coefficients Cy ;, within the SM basis of operators, especially in comparison to

App, which is sensitive to these. At low recoil and in the SM basis, Hg’g) and App
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3.4. The Decay B — K*¢+¢~

+/sgn(fo)

3/ W

. . . . — T
0 2 4 6 8 10 12 14 16 18
q? [GeV?]

Figure 3.3.: H, :511) in the SM basis, including theory uncertainties (shaded red bands) from
subleading contributions and form factor inputs, as a function of ¢ in both
the large and the low recoil region (blue, solid lines). We extrapolate our
results beyond the respective regions of validity (blue, dashed lines).

Xnp/Xsm

0.5 0.75 1 1.25 1.5 1.75 2

Co/C10

Figure 3.4.: The theory uncertainty of the binned observables Arp (blue shaded band)
and H:(p2’3) (red shaded band) normalized to their respective SM values ver-
sus Cy/Cyo- The bin covers the complete low recoil region ¢> > 14 GeVZ.
In addition, a hypothetical measurement of the respective observables at
(90 £ 5)% is drawn (black dashed lines).
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3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

depend only on the ratio
P2 r . Cy
—~ ———0, withr=—-=, 3.137
pr 142 Cio ( )

where we understand the Wilson coefficients to be evaluated at the scale j;, = 4.2 GeV.
We show the behavior of <H§2’3)>14719,21 and (ArB)14,19.21 as functions of the ratio Cy/C,,
normalized to their SM values, and including their respective theory uncertainties in
Fig. In order to probe the sensitivity, we compare the results with hypotheti-
cal measurements of the observables which correspond to (90 + 5)% of their SM central
values. We find for the forward-backward asymmetry that such a measurement is in-
distinguishable from the SM result within its theory uncertainty. Within the latter, by
far the biggest offender is the lack of knowledge of the hadronic matrix elements, which
only partially cancel. Moreover, we find that, given the current understanding of the
hadronic form factors for B — K* transitions, any experimental measurement must ex-
clude values larger that 0.85 x APY in the low recoil region to conclusively indicate any
deviation from the SM. However, a similar measurement of either of H;Q’s) is a clear
indication of [NP} as can be inferred from Fig. In particular, the 10% deviation in the
central value would correspond to two disjoint solutions » ~ 0.8 and r ~ 1.8, respec-
tively, which is a sizable deviation from the SM value rSM ~ 1.03.

40



3.5. The Decay B — K{t£~

3.5. The Decay B — K/¢1¢~

We study the angular distribution of B — K¢~ decays in Section The observ-
ables, which arise from the angular distribution, are explored for both massless (¢ = e, 1)
and massive (¢ = 7) final states in Section |[3.5.2

3.5.1. Angular Distribution

Using the kinematic variables as defined in Section 3.1} the fully differential decay width
of the decay B — K/{T¢~ can be parametrized [38] as
d?Ty[B — K07
dg?2dcos b,

= ag(q%) + be(q*) cos O + co(q®) cos® by, (3.138)

with angular observables a,, by and ¢,. Within the SM operator basis one finds b, = 0 up
to small QED corrections [38,83]. The remaining angular observables read

a[ A 2 2
———— =~ ([Fal” + |[Fv|
ToVABf2 4 ( )
+ 2m(m¥p — mi + ¢*)Re(FpFh) + 4mi m|Fal + ¢|Fp[?,
Cy

CovAB(fBK)

A
5 = =80 7 (IFal’ + |Fv[?) (3.139)

where we make use of A = A(M3, M#,¢?) and

_ GRaZ|V,, VisP?

Iy = 3.140
Here, the coefficients F'4 v, p parametrize the hadronic matrix element [38]

. .Grae % - - _

iM = Z%th‘ésﬁ [Fypt (Ey,0) + Fap" (0yuvst) + Fp(lyst)] (3.141)

At low recoil and after application of both the low recoil and the improved Isgur-
Wise relation, cf. Eq. (3.24), we find [45]

2mp M
Fy=C + mq”2 B oot (3.142)
M2 _ M2 BK
Fp=—my (1 + % ( — OBK>) Cio (3.143)
+

We obtain for ¢ = e, u —i.e.for negligible lepton masses m, —

ﬁ?)

ap = FoTﬁ P15 co = —ay, (3.145)

with p;, the only emerging combination of short-distance coefficients, identical to the
one obtained for B — K*(t¢~ decays in Eq. 1} [45]. This fact leads to heightened

41



3. Phenomenology of B — K (*)¢t¢— at Low Hadronic Recoil

statistical power when combining the constraints on the Wilson coefficients Cy , as ob-
tained from both decays and at low recoil. For the massive case of ¢ = 7 the angular
observables read

~ Lo np, g2 A o B, _ _Lopepe 3.146
aT_Z( ) Brfi Pl_?| w0l Fol CT__Z( )° B fi ot (3.146)
where we use the shorthand notation
M2 _M2 2 r2
Fo=1- M= M fo (3.147)
A
+
As the helicity factor m?2 /¢? is bounded by
0.6 <4m?/¢> <0.9 (3.148)

for ¢> € [14, 23] GeV?, the additional contributions o |C;,|? are not suppressed within
decays to 7 final states. This allows — in principle — to constrain the magnitude of Cy
from comparison of B — K7t7~ and B — K{(1(~,{ = e,y decays [84].

3.5.2. Observables

Compared to the decay B — K*{T(~, the decay B — K{*¢~ has fewer angular ob-
servables and thus correspondingly lower potential for probing |[AB| = 1|[FCNCs. As
far as CP conserving observables are concerned, one finds [38] for ¢ = e, i1 the single-
differential decay width

dly[B — Kte7]
dg?

) {am?) i icaq?)} . (3.149)

The double-differential decay width can expressed as [85, 86]

1‘12U_3<1_Ff> in? 0, + £ Ffy + Aby cos 0 (3.150)
T, Jeost,d — 4 H)s ¢T3t FRB COS 0y . .

Here, the forward-backward asymmetry reads

b 2
App(q®) = dlf%ql : (3.151)

and for the flat-term we one obtains

Pl 2a4(¢%) + 2co(q?)
H dr/dq?

(3.152)

which can be obtained experimentally be means of an angular analysis. Using the ear-
lier results for the angular observables in Eq. (3.145) we obtain for the decay rate into
massless leptons ¢ = e, u

dTy[B — Ke+0- VA
s (3159)

42



3.5. The Decay B — K{t£~

and the forward-backward asymmetries ALy and the flat-term F§, vanish. Moreover,
we obtain the CP asymmetry of the decay rate, A&y, as

_dl'y/dg? — dT'/dg?

Abp[B— K0t = _
celB = ] dT'y/dg? + dTy/dg?

(3.154)

P1— P1 M A o g p—
e |

The CP asymmetry a(cl];, was identified in Eq. as a form factor free quantity in
B — K*¢T¢~ decays [60], and the results and discussion of the strong phase J, within
Section.4.3Japply here likewise. In addition to decays into massless leptons ¢ = e, i, we
study the flat term for massive leptons ¢ = 7. In terms of the short-distance coefficients
we obtain
2 2

Fr(g?) = 9 Lt €10 Fo . (3.155)

p1+ %(Pl = 3[Cy4/*Fo)

Thus, for £ = 7 the flat term can become sizable. We remark that both p; and |C;|* could
in principle be extracted through a global fit to B — Ku™p~ and B — K77~ data,
cf. Ref. [84]. However, the quality of the fit results will crucially depend on the theory
control of the ratio fy/f+, which dominates the theory uncertainty of the flat term F7,.

We present SM results for both the decay rate and the flat term in Chapter {4 How-

ever, we abstain from providing results for the forward-backward asymmetry since it
vanishes in the SM operator basis, cf. also earlier comments on by in Sectionm
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4. Standard Model Results

In this chapter we present the results for B — K(*)¢+¢~ decays. We start by de-
scribing all necessary components for the precision calculation of the observables. Our
results are obtained by means of EOS [89)], a high energy physics program for the calcu-
lation of flavor observables. We specifically use the eos-evaluate client to calculate
all results within this chapter.

First, we evaluate the |[AB| = 1 Wilson coefficients at NNLO in the [B5] numer-
ically at an initial (high) scale jio. We decide to use u(()t) = 120 GeV for the top sector

Wilson coefficients, and u(()c’u) = 80 GeV for the charm and up sector Wilson coefficients
in order to minimize emerging logarithms In(yu/My ) and In(uo/m;). Further input pa-
rameters are the mass My, of the W bosons and the sine square of the Weinberg angle
sin? y. By means of unitarity the Wilson coefficients as defined in Eq. are inde-
pendent of any matrix elements. Next, the Wilson coefficients are run down to the
low scale i, = 4.2 GeV as governed by Eq. (2.33). For this step we use the NNLO results
for the anomalous mass dimension matrix as given in [35]. Hence, large logarithms are
resummed to NNLL. As an intermediate result, we present the numerical values of the
Wilson coefficients of the SM basis at the low scale 41, in Tab.

In addition to the low recoil framework for B — K®)¢t¢- decays, we have also im-
plemented the|QCDHFresults [49}51}38] for the angular observables of both decays. With
regard to the nonfactorizing contributions, we implement all the leading order terms as
well as the numerically significant subleading terms. These nonfactorizing contributions
contain isospin breaking spectator effects, which play a crucial role in the differences be-
tween the neutral and charged decay modes. is assumed to be valid within the
kinematical range 1 GeV? < ¢% < 6 GeV2. However, we give results beyond this range,
which are to be understood as extrapolations only. Differences between our numerical
results and the results in Ref. [45] stem from an analytic implementation of the

Cl CQ CS C4 C5
—0.288 +1.010 —0.006 —0.086 <1073
CG C7 CS CQ ClO

+0.001 —-0.327v —-0.177 +4.276 —4.151

Table 4.1.: The numerical Values of the Wilson coefficients C; ;, in the NDR scheme

and for p, = 4.2GeV, u(()t) = 120GeV and N(()C»U) = 80GeV. The numerical
input is listed in Tab.
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4. Standard Model Results

A 0.81210:932 87] | A 0.22543 £+ 0.00077  [87]
p 0.144 £ 0.025 B7] | o 0.34270018 187]
as(Mz) 0.11762 Tp+ 1.638 ps [22]
ae(mp)  1/133 TRo 1.525 ps [22]
me(me)  (1.277055) GeV 22] | Mg+  5.2792 GeV [22]
my(mp)  (4.197058) GeV 22] | Mgo  5.2795 GeV [22]
mP?® (17334 1.1) GeV [88] | My+ 0.494 GeV 22]
Me 0.511 MeV 22] | Myo  0.498 GeV 22]
my 0.106 GeV 22] | My-+ 0.89166 GeV 22]
my 1.777 GeV 22] | My 0.89594 GeV 22]
My (80.399 + 0.023) GeV  [22]

sin? @y 0.23116 4+ 0.00013 221

Table 4.2.: The numerical input used in our analysis. We neglect the mass of the strange
quark. 7o (75+) denotes the lifetime of the neutral (charged) B meson.

convolution integrals, as well as a switch from the MS to the pole mass scheme for the ¢
quark mass. For the latter, see also earlier comments on the charm quark mass scheme in
Section[2.4, We note that the implementation yields numerically more stable results than
the previous one. We remark also that the convolution integral X (¢?) - see Ref. [52] for
the definition — is regulated by a cutoff for the entire large recoil region. We follow
Ref. [52] closely and regularize only the potentially divergent part of X (¢?). The pro-
cedure of regularizing X | for the entire region of large recoil ensures that observables
such as the isospin asymmetry A;(g?) exhibit a smooth transition from B — K*{T(~ to
B — K*v,i.e., in the limit ¢> — 0.

With regard to B — K form factors, we use extrapolations of results as given
in Ref. [48]. The results there have the virtue of stating explicit uncertainties for each of
the form factors f and fo. The latter are directly used in the computation of the theory
uncertainties.

While the authors of Ref. [48] also give results for B — K* form factors, we abstain
from using these. Our decision is based on the fact that Khodjamirian et al. employ a
different ansatz for the calculation of the B — K* form factors than usually found in
the literature. Instead of interpolating the B meson by a heavy-light quark current, they
choose to interpolate the light K* meson. While this calculation is an important cross
check against previous calculations of B — K™ form factors, their results exhibit a
considerably larger theory uncertainty that, e.g., the results obtained by Ball and Zwicky
[63]. We therefore choose to use the latter results in our evaluation of B — K*¢*¢~ ob-
servables.

We present predictions for a subset of the observables that were previously dis-
cussed in Section [3.4] and Section The same binning as used by Belle [46] is em-
ployed in order to achieve comparability with the experimental measurements. The
numerical input used for our results are given in Tab. We give the binned results
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Observable Bin [GeV?] B — K%T¢~ B~ — K (T(~

4m2 — 2.0 0.64+021 0.69%577
2.0 — 4.3 0.75+0:26 0.81%57
B 1.37+031 1.48%032
1.0 — 6.0 1.6270:56 1757550
1418~ 160 0.347018 0.37%0:00
16.0 — g2, 0631073 0.68507

4m2.2.0  0.103590% 0.103%0:99°

2.0..4.3 0.024:+0-002 0.02477:00

) 4.3..8.68 0.012+0:001 0.01279-901

1.0..6.0 0.025+0-002 0.02570 003

14.18.16.0  0.0077001 0.007*0:005

16.0..qmex  0.008¥0:003 0.008™ 003

Table 4.3.:[SM]predictions for B® — K°/*¢~ and B~ — K~ ¢*¢~ decays in ¢° bins which
are compatible with existing measurements. For the large recoil region ¢* <
8.68 GeV?, we use the results [49, 38]], and include all known power-
suppressed contributions [51], see text. For the low recoil region 14.18 GeV? <
¢ < 2. = (Mp— Mpg+)? we use the low recoil framework [45]]. In both cases
we use extrapolations of the B — K form factors [48].

for B — K{T{~ decays in Tab. while results for B — K*(*¢~ decays can be found

in Tab. In the latter case we give the results for Ag? ) only for the low recoil region,
since at large recoil Ag,? ) ~ 0 in the SM up to small corrections, and the relative theory
uncertainties are very large. In both cases we present CP averaged observables for both
isospin modes of the respective decays. In addition, we present the differential observ-
ables in Figures4.1{to All given theory uncertainties are part of one of the following

uncertainty budgets:

CKM The budget encompasses the input uncertainties of the Wolfenstein
parameters A, A, p and 7.

FF The form factor budget consists of uncertainties that arise from the extrapolation of
the respective[LCSR|results. For the results from [48], we use the given (asymmet-
ric) uncertainty ranges. For the results from [63], we vary the input parameters by
+15% as suggested there.

SD The short-distance budget includes uncertainties that arise from the measurement

of the top pole mass m;, the sine squared of the weak mixing angle sin® 6y, the
mass of the W bosons Myy, and the variation of the low scale m;,/2 < iy, < 2my,
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4. Standard Model Results

SL This budget estimates the influence of contributions to the B — K*) decay ampli-
tudes which are subleading in the 1/m; expansion.

We obtain an overall theory uncertainty by adding all of the above budgets in quadra-
ture.

Due to the strong dependence on the strong phase ¢ and its associated model-dependent

uncertainty (cf. Section 3.4.2), we deliberately abstain from providing SM results for the
(1,2,3)

low recoil CP asymmetries aip ™ in the same manner as for the CP conserving observ-
ables. However, we are able to provide approximate results. In the CP violating
effects only arise from the small weak phase of the terms o V,;,V,;;. From Eq.
one can infer, that the leading order CP violating contributions arise only at the order
m2/¢?\, ~ 1073, Furthermore, in the SM only T-even CP asymmetries appear, which
are further suppressed by the sine of the small strong phase sind, ~ ;. We therefore
estimate that at low recoil

]Agm <1074, 4.1)

In addition to the tabulated results, we also provide an update to the[QCDFresults [51]
for the zero-crossing point g3 ,, of the forward-backward asymmetry App for the neutral
decay channel B® — K*¢*¢~. We quickly summarize the changes to EOS [89] and the
consequent changes to the numerical value for the neutral decay. First, we change the
numeric input for the B® decay constants fzo to 0.212 GeV, according to recent lattice
results [90], which increases the value of qg’n by 1.7%. Second, we now include the
subleading HSA terms [51] which additionally affect the zero-crossing point by 0.3%.
Lastly, we switch to using the charm mass in the pole mass scheme (cf. also Section [2.4),
which increases the qan even further by 0.3%. In the end, we obtain for the neutral decay
mode a zero-crossing point of

G5 n = (4.075533) GeV?, 4.2)

which corresponds to a shift from the previous result [45] of 2.3%. Furthermore, due to
the inclusion of the weak annihilation contributions [51] which only affect the charged
decay mode B~ — K*~(*{~, we can calculate its zero-crossing point

@, = (4.017933) GeV?2. (4.3)

The budget that contributes most to the overall theory uncertainties is SD, to which the
renormalization scale ;1 contributes dominantly.

LHCb has recently measured the zero-crossing point g3, for the first time [91], and
their result

B.nrmcy = (4.97773) GeV? (4.4)

is still affected by a considerable error. Since the precision of this measurement will im-
prove over time, controlling the theory uncertainty of the SM prediction becomes very
important. Here one might be able to reduce the large residual dependence on the renor-
malization scale by computing the NNLO ay contributions.
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Since we use the inclusive branching ratio for B — X u*pu~ for our model indepen-
dent analysis in Chapter |5, we also provide the corresponding result. The latter
is obtained from the EOS [89] implementation of the NNLO calculation [92], and the

central value reads

dg = (1.55£0.11) x 10°. (4.5)

/6 GeV? 2dBSM (B - XSMJFMf)
1 GeV? dq2
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4. Standard Model Results
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Figure 4.1.: (a) The differential branching ratio dB/d¢? for £ = p, (b) the flat term F
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for ¢ = p,7 and (c) the branching ratio d B/d ¢* for ¢ = 7 for the decay
Bt — KTutu~ in both the large and the low recoil region using extrapo-
lations of the form factors according to Khodjamirian et al. [48] (blue solid
and dashed lines). In (a) and (c) the color coded uncertainties arise from the
budgets (yellow), FE (blue), SD (cyan) and SL (red), see text. In (b) the
theoretical uncertainties from all budgets are added in quadrature. The ver-
tical gray bands are the experimental veto regions to remove contributions
from B — KJ/v(— p*p~) (left-hand band) and B — Kv/'(— p*p™) (right-
hand band) in (a) and (b). The vertical gray band in (c) is the experimental
cut as used in a recent BaBar search [93]. Figure adapted from Ref. [45].
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(a) The differential branching ratio dB/dq¢?, (b) the forward-backward asym-

metry App and (c) the fraction I, of longitudinally polarized kaons for the
decay B’ — K*Yutu~ in both the large and the low recoil region using
extrapolations of the form factors according to Ball and Zwicky [63] (blue
solid and dashed lines). The color coding for the theory uncertainties is the
same as in Fig. The vertical gray bands are the experimental veto regions
to remove contributions from B — K*.J/¢(— u*pu~) (left-hand band) and
B — K*/(— p*p™) (right-hand band). Figure adapted from Ref. [44].
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1.00 — e
0.75 B B e N
0050 e B B e S N
@F 0.00 : S —J/v I
20,25 o B — | 1E TSR —
C0.50 A SRR S AR .
-1.00 —_— T T T
0 2 4 6 8 10 12 14 16 18
q* [GeV?]
(a)
2.00 ! ! ! L ' L - - -
L7 B ' / e
L O B S R T / L S o
Th 100 o J/ 7 L
0.75 4 -
0.50 4 i
0.25 N\ ‘ ‘ ‘ ‘ ‘ -
0.00 —_—t T T T T
0 2 4 6 8 10 12 14 16 18
q* [GeV?]
(b)
4.00 —
B s e S B R S
BL00 o R N R S
2.50 - Jo Ty e I R
%& 2.00 A ST /20 7/ S S
1.50 - -
1.00 A7 -
0.50 A ‘ ‘ ‘ ‘
0.00 T T T T T T
0 2 4 6 8 10 12
a* [GeV?]
(c)

Figure 4.3.: (cont. of Fig. The transverse asymmetries (a)-(c) Ag? 34 in both the large
and the low recoil region. All further remarks in Fig. [4.2] apply likewise to
this figure. Figure adapted from Ref. [44].
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Observable Bin [GeV?] B° — K*%t¢~ B~ — K* (¢~

am? —2.0 216104 226704
2.0 — 4.3 1.0579:25 1154921
107 % (8 4.3 — 8.68 2454052 2.6610:3
1.0 — 6.0 2,460 2.6810-60
14.18 — 16.0 1.2679:49 1.35+043
16.0 — 2. 1.4610:43 L5704
4m? — 2.0 +0.11+092 +0.1170:02
2.0 — 4.3 +0.097008 +0.0870 03
o) 4.3 — 8.68 —0.18+9% —0.18+994
1.0 — 6.0 +0.0579:93 +0.0410:03
1418~ 16.0  —0.441007 —0.447007
16.0 — 2 —0.3879:96 —0.38%0 0%
4m? — 2.0 0.36+997 0.3807097
2.0 —4.3 0.78+005 0.78610-95
- 4.3 - 8.68 0.661007 0.6607007
1.0 — 6.0 0.7370.08 0.736 507
14.18 — 16.0 0.36+905 0.3621000
16.0 — g2, 0.341003 0.3380:03
4m? — 2.0 0.6415:07 0.620*507
2.0 —4.3 0.2270:96 0.2141908
() 4.3 — 8.68 0.3470:08 0.34075:07
1.0 — 6.0 0.27+9.07 0.264109¢
1418 — 160 0.64706 0.638*:0¢
16.0 — g2, 0.6619:93 0.6627 03
4 1418 - 160  —0.37702 —0.377078
16.0 — ¢2,,  —0.607013 —0.607013

Table 4.4.:[SM] predictions for B® — K*°¢*¢~ and B~ — K* (*{~ decays in ¢? bins
which are compatible with existing measurements. For the large recoil region
¢? < 8.68 GeV?, we use the (QCDF results [49], and include all known power-
suppressed contributions [51], see text. For the low recoil region 14.18 GeV? <
® < 2. = (Mp — Mg+)? we use the low recoil framework [55),44]. In both
cases we use extrapolations of the B — K* form factors [63].
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5. Model Independent Analysis

We confront the available experimental data on B — { X, K, K*} (T~ decays with the
by performing a model independent analysis, i.e., we treat the Wilson coefficient
C7.9.10 as free parameters and scan over the complete parameter space. In the following,
we find that B — K*{* (™ observables in the low recoil region play a crucial role in con-
straining the parameter space. Our analysis uses EOS [89], a HEP flavor program which
was created by the author for this very use case. Specifically, we use the client programs
eos—-scan-polynomial, eos—find-cr and eos-marginalise to obtain all results
within this chapter. For an introduction to EOS we refer the reader to Appendix|D]

The experimental data on B — K (*)¢*/~ decays as used in this analysis is compiled in
Tab. In addition to this data, we use the inclusive branching ratio B (B — X (™)
as measured by both BaBar [96] and Belle [97]],

6 GeV? dBBaBar B N XSE—&-E—
d¢? ( ) _ (1.84+1.2) x 1075, (5.1)
1 GeV?2 dq2
6 GeV? dBBelle B S X g—&—g— i
/ dq? ( - ) = (1.4975:33) x 107°. (5.2)
1 GeV?2 dq '

To constrain the parameter space we perform a scan over the moduli and phases of
the Wilson coefficients C; g ;5. The inclusion of complex phases allows us to model-
independently account for generic CP violation beyond the The B(B — X,v) data
strongly constrain the magnitude |C;| to a narrow range of values around |C3M| ~ 0.33,
however, they do not constrain the phase of C;,. We therefore restrict both the scan in-
terval and granularity of |C,| accordingly. In particular, we perform the scan on the
six-dimensional grid

IC.| €[0.30,0.40] Al|C;| =0.02, ¢7 € [0,21) Ay = 116 :
T

|Co| € [0, 15] AlCy| = 0.25, P9 €[0,2m)  Ady = 6 (5.3)
T

’CIO‘ € [07 15] A|Clo| = 025, ¢10 € [0, 27‘() A(;§10 = E ,

which necessitates approximately 6 x 108 evaluations of all observables. In order to
shorten the computation time, we make use of that fact that all observables considered in
this analysis are polynomials of degree two in the Wilson coefficients. We can therefore

"We remark that the Belle data on B — K )¢/~ stems from an unknown admixture of B* and B° decay
modes. However, we explicitly test that the interpretation of the data as pure either B* or B” modes
affect the scan results only by the order of the scan resolution. We note that with improving statistical
significance of the LHCD results this ambiguity will become even less important. In this work, our
results are always presented for the B hypothesis.
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5. Model Independent Analysis

Observable  Bin [ GeV?] Belle [46] CDF [47,194] LHCb [42]
B — K*t0~
1.00 — 6.00 1497072 4+0.12  1.424+0.414+0.12  0.39 £ 0.06 £ 0.02
10" x (B) 1418 —16.00  1.057032 £0.08 1.34+0.26+0.08 0.59 4 0.10 £ 0.03
16.00 — 19.21  2.047027 £0.16  0.97 +£0.26 £0.07 0.48 +0.08 + 0.03f
1.00 — 6.00  —0.267032 +0.07 —0.437037 +£0.06  +0.10701] £ 0.05
(Apg)* 1418 —16.00 —0.707922+£0.10 —0.42%51¢+0.09 —0.5075:02 +0.03
16.00 — 19.21  —0.66151% £0.04 —0.70153> £0.10 —0.101)73 £ 0.06'
1.00 —6.00  0.6770334+0.05 0507030 +£0.03  0.577075 £0.03
(Fr) 14.18 —16.00 —0.157055 +0.07  0.557015+0.02  0.33750 +0.04
16.00 —19.21  0.127315+£0.02  0.097015 £0.03  0.287) 09 +0.041
BT — Kt0ti~
1.00 — 6.00  1.367037 +£0.08  1.4140.20 4+ 0.10 -
107 x (B)  14.18 —16.00  0.381015 £0.02  0.53 +0.10 & 0.03 -
16.00 — 19.21  0.98703% £0.06  0.48 +0.11£0.03 -

Table 5.1.: Experimental data for B — K®)¢*¢~ decays in both the large and low re-
coil regions which are used in the analysis. T: The max. ¢? for these bins is
19.0 GeV? and used accordingly in the scans. ¥: The experimental convention
for App differs from our convention by a sign.

compute the polynomial coefficients for arbitrary input parameters from a few evalua-
tions of the observables. This procedure is implemented within EOS as part of the client
program eos-scan-polynomial [89].

The numerical results, as obtained for the scanning process, are naturally subject to
theory uncertainties. Most of these uncertainties stem from incomplete knowledge of
the input parameters, such as for example the Wolfenstein parameters of the ma-
trix, the form factor parameters, or the bottom and charm quark masses m; and m.. Fur-
thermore, theory uncertainties can arise from unknown subleading contributions, which
need to be estimated. For the treatment of the subleading contributions to B — K )¢+ ¢~
decays at low recoil, we use the fact that subleading terms only arise from the OPE,
where they are additionally suppressed by at least one power of a,()/m ~ 0.07, or
from the improved Isgur-Wise relations, where they are additionally suppressed by a
factor C;/Cy ~ 0.1. This suppression of subleading contributions makes the low recoil
observables superior to those at large recoil with regard to theory uncertainties. For the
large recoil region, we follow [71] closely for the parametrization of unknown sublead-
ing terms.

In order to determine the theory uncertainty of a given observable X, we set each of

the variable input parameters to its maximally and minimally allowed value, thereby
collecting deviations from the central value of X. By (A+(_))2, we denote the sum of
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Figure 5.1.: Constraints on the complex-valued Wilson coefficients Cg ;. The red (blue)
shaded areas correspond to the 68% CL (95% CL) regions when using all
available data. The dotted (solid) contours show the 68% CL (95% CL) re-
gions without the available data on B — K(¢T{~ observables. The green
square marks the Plots taken from Refs. [45] and [95].

the squares of these deviations towards larger (smaller) values, respectively. In order to
calculate the goodness of fit in each parameter point, we define the following x? func-
tion,

AT
|Xz lizj A EZ Z XZ —|—Aj_
xi({G}) = ¢ X=Blt B x A (5.4)
0 otherwise
(5.5)

=D X
%

where the index ¢ iterates over the available observables and their respective measure-
ments, and F and ¢ are the experimental result and the associated experimental uncer-
tainty, respectively. We then obtain the (unnormalized) likelihood function

—2InL = y?, (5.6)
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5. Model Independent Analysis

Cg vs. Cyp for all data with C7 <0 Cg vs. Cqg for all data with C7 > 0
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Figure 5.2.: Constraints on the real-valued Wilson coefficients Cy ,, for (a) an like
sign of C; and (b) for a flipped sign of C, with respect to the [SMyvalue. The
red (blue) shaded areas correspond to the 68% CL (95% CL) regions when
using all available data. The letters A through D denote the four principal
solutions, of which solution B has been disfavored at the 99% CL by recent
LHCb data [42]. The green square marks the Plots taken from Ref. [45].

on the full six-dimensional parameter space. This method was introduced in Ref. [98]
under the name Range Fit (Rfit).

The scans presented here allow us to constrain the values of the coefficients Cq and C;,
under the assumption that there are neither right-handed, scalar nor tensor contribu-
tions, and that the Wilson coefficients C; g ¢ retain their respective values. In order
to visualize the constraints, we first find the 68% and 95% confidence regions within the
six-dimensional parameter space by means of numerical integration of the likelihood.
The points Psg 95 that comprise the confidence regions are found by solving

> L(x)=0.68x Y L(x), > Lx)=095x Y L(x). (5.7)
x€Pggy all = € P59 all =
We obtain
2.3 < |Co| < 6.5 (1.0 < |Co| < 7.0), (5.8)
2.3 < |Col <5.3 (1.8 < |Cyl < 5.5) (5.9)

as allowed ranges at 68% CL (95% CL). In a further step, we then project these regions
onto the planes |Cq|—|C;q], [Cy|—¢9, |Cipl-¢10 and ¢9—¢10. The results of our scan are shown
as these projections in Fig. We remark that the constraints from B — K*¢*/~ in the
low recoil regions are presently much more powerful than all other constraints [44].
Furthermore, the first LHCb measurements [42] provide the most constraining power
when compared with all other experimental inputs. Unfortunately, at the time of this
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Figure 5.3.: Zero-crossing of the forward-backward asymmetry in B® — K*0/T/~ de-
cays as a function of |Cy| for both signs of C,. The green rectangle marks the
Value. Plot taken from Ref. [45].

writing there have been no LHCb results on B — K¢"¢~ decays. We expect that with
the inclusion of the latter, the global constraints on Cy ;, will grow considerably stronger.

Building on top of our scan results for complex-valued Wilson coefficients, we can de-
rive results for real-valued Wilson coefficients by discarding all parameter points which
do not fulfill ¢7910 = 0,7. We present these results for both signs of C, in Fig.
We find three disjoint solutions which are labeled A, C and D. The disappearance of
the previously allowed solution B [44, 69] can be traced back to the inclusion of recent
LHCb measurements, in particular the measurements of both the branching ratio and
the forward-backward asymmetry at large recoil. Here, the fact that the very precise
LHCb data are compatible with a zero-crossing within Arp disfavors solution B and C
strongly. With the first (preliminary) measurement of the zero-crossing by LHCb [91] we
can now exclude solution C. However, differentiating between solutions A and D is a
more complicated task. One possible approach would be to conduct precision measure-
ments at a level where the observables become sensitive to the differences C;i(fg) - C7(9)
[44]. While the difference for C, can be accessed through observables in both kinematical
regions, the sensitivity to the difference for C; is highest in the large recoil region and in
B — K*v decays.

The solutions A and D both exhibit a zero-crossing in the forward-backward asym-
metry App, which allows us to derive a lower bound on the crossing point [99, 45]. We
obtain for u, = 4.2 GeV

g > 2.6 GeV? (2 > 1.7GeV?) (5.10)

for an SM-like (flipped) sign of C; 4 1, when using the 95% CL bound on |Cy|. We note that
our bounds are consistent with the recent (preliminary) data on, cf. Eq. (4.4). Moreover,
the functional dependence of the lower bound on |Cy| is given in Fig.
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6. Conclusion

In this thesis we have studied for the first time the importance and the benefits in the
phenomenology of B — K*)/+¢~ decays at low hadronic recoil. Thanks to the existence
of an this kinematic region is under good theory control. The strong suppression
of subleading power corrections reduces the theory uncertainties in the low recoil re-
gion to a level below the uncertainties for the large recoil region. The factorization of
short-distance and hadronic terms at low recoil offers many phenomenological oppor-
tunities, such as precision fits of the Wilson coefficients Cy ;, and the measurement of
form factor ratios. In the light of the former, we introduce a number of designer observ-

ables H;1’2’3’4’5) for the low recoil region, of which H}1’3’4’5) are free of hadronic input

in all conceivable extensions of the operator basis. We have shown that |H. ;1)| = 1l even
beyond the unless tensor operators are involved. Any deviation from this rela-
tion therefore indicates breaking of the low recoil Furthermore, we have shown

that probing the short-distance couplings with H}Q’B is superior to using the forward-
backward asymmetry App, especially when physics effects are very small in com-
parison with the [SM|results.

In addition to the analytic work on the decays B — K*(*¢~ and B — K{T(~, we
have performed a global, model-independent analysis of both inclusive and exclusive
semileptonic and radiative rare b decays. Our analysis yields strong constraints on the
Wilson coefficients Cy and Cy,. Three solutions arise, which correspond to one [SM}like
solution (A), one solution for which the signs of C; 4, are flipped (D) and a further,
disfavored solution with Cy like and the sign of C; flipped (C). The latter solution
has recently been excluded by a preliminary LHCb measurement [91] at the time when
this thesis was completed. The obtained constraints provide valuable input for further
model-dependent studies.

In order to constrain the parameter space even further, more and more precise data
is needed. We find that with one nominal year run time, i.e., using the 2010 and 2011
data set, LHCb has already surpassed the precision and constraining power of BaBar,
Belle and CDF. Preliminary results by LHCb provide a strong indication that the zero-
crossing of the forward-backward asymmetry exists [91], and solution (C) would there-
fore be excluded. Future works should rather concentrate on distinguishing between
solutions (A) and (D). For this, both precision measurements and precision calculations
will be needed. With regard to exclusive measurements, LHCb is already the leader of
the field after over-taking the first generation B factory experiments BaBar and Belle.
However, estimations of how LHCb will improve on the existing data are notoriously
uncertain, as they depend on the overall performance of the LHC before the year-long
technical stop in 2013 and the planned LHCb upgrade in 2017. Furthermore, the theo-
retical calculations of the exclusive decays is still hampered by the necessary hadronic
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6. Conclusion

input. Inclusive decays, on the other hand, do not suffer from this problem but cannot
be studied at hadron colliders. Here, the upcoming Belle II experiment will be able to
contribute after the first collisions, expected at the end of 2015 [10]. With an integrated
luminosity of 5ab™! after the first year, the statistical error will be reducedEI by a factor
of six compared to the current Belle measurements [97]. It will be interesting to observe
what will come first: Sufficient reduction of the theory uncertainties in exclusive de-
cays, or improved measurements on the inclusive decays. Beyond this race for precision
measurements and calculations, however, data is needed which is complementary to
the existing measurements. Here, we have shown that the exclusive decays clearly have
their benefits, since they provide powerful new types of constraints from observables
which have severely reduced theoretical uncertainties. However, all currently measured
observables restrict almost exclusively the magnitudes of the short-distance couplings.
The phases of the Wilson coefficients, however, are only weakly constrained. To remedy
that situation measurements of the CP asymmetries such as in B — K*)¢+(~ decays
will be needed.

!Estimation based on the most precise measurement to date with 140fb~" integrated luminosity.
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A. B - K*(— K)£7¢~ Matrix Element

In this Appendix we present our choice of parametrization of the hadronic matrix ele-
ment for the decay B — K*(— Kn) {4~

MIB = K*(— Km)ll] = F(Xs [00] + Xp [Bys0] + X [ (A1)
+ X5 [Bsl] + X5 [Eot] ).
Here we collect all prefactors in F,

.Grae . -
F= Z% Vi Vie 9x+x=Dy 2|Pk| (A.2)

with p, the three-momentum of the K meson in the K7 c.m.s.,

VA (ME., MR, 2z2)

2o — A.
Pk | 5 M- (A.3)
The hadronic tensors read
Xg = —%COS@KAs, (A4)
i m
Xp= +§ COSGK\/q%At, (A.5)
Xt = +% cos O e1(0) (AL + AL) (A.6)
+ %sin Ok (6“(+) et [(Aﬁ;é + A + (A + Aﬁ)}
T et(=) e [(Aff - AT) £ (af - ah)] ),
X = cosfk [Ato el (t)e”(0) — AL e"(+) 5"(—)] (A.7)
SHf; (1) [ (1) € (A + Arr) + (=) €7 (Ay = Au)]
sin 6 ; i
— BRI e (0) o (+) (Ao + Ao1) + (=) €7 (Ag — Ao1)]
V2
where we use the following explicit representation of the polarization vectors e*(n) [69]
1 1
€'u +)=—7 07 17 :FZaO ’ 5#(0) = 7(—%70707 —QO)7 (A8)
() = 7! ) Nz
1
e'(t) = —=(20,0,0,¢z)
Ve
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A. B — K*(— K) £t¢~ Matrix Element

in the B meson rest frame. Here ¢ (g.) denotes the timelike (spacelike) component of
four-momentum ¢* and the polarization vectors fulfill

5L(n) et (TL/) = Gnn/> Z SL(H) 7 (n,) 9nn’ = Guv (A9)

with g,y = diag(+, —, —, —) for n,n’ = ¢, 0, . We use the orthonormality relation to in-
sert the full set of polarization vectors ¢#(n) between the hadronic and leptonic currents
— see for example [100] for more details. The polarization vectors of the intermediate
on-shell K* read

1

. 1
U“(i) = ﬁ(oa 17 :|:Z, 0)7 77“(0) = MK* (_q27 07 07 MB - QO) ) (AlO)

where the z-axis in the B meson rest frame has been chosen along the K* momentum
and ¢ in the opposite direction.
The definition 5 = —i/(4!) EQBW%WW% is used, such that

Te[y 2y by ns] = —4ie®PH, - %eaﬁﬂ”a,w (A11)

with the usual anti-symmetric o,,, = i/2 [y, 7,]. The convention gp123 = —€%12% = 1 is

adopted when evaluating the squared matrix element (A.I) using the explicit represen-
tation (A.8) and (A.10) of the polarization vectors.
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B. B — K* Form Factors

In this Appendix we discuss the state of nonperturbative calculations of the hadronic
matrix elements in B — K*{T¢~ decays. These matrix elements can be parametrized in
terms of seven qQ—dependent form factors V, Ag 1,2, T1 2,3, which are define in Egs. —
(.21). In the following, we will consider results for the form factors which stem from
two different, nonperturbative approaches.

First, we consider[LCSR|results as presented in Ref. [63]. This technique yields analytic
results which are valid for large recoil of the final state kaon. In terms of the dilepton
mass square, the region of validity is approximately ¢ < 14 GeV? [63]. In order to access
the low recoil region, the authors of Ref. [63] fit their analytic results to qz—dependent
functions that exhibit either one or two poles within the physical region, i.e., for ¢*> <
(Mp — Mg+)?. While these functions successfully reproduce the results in the
large recoil region, their use for the low recoil region constitutes an extrapolation. For
completeness, we give here the parametrization of the form factors V, A; o from Ref. [63],

Vi(g?) = " 2 B.1
(q ) 1 _ qQ/m%z 1 _ qQ/meitv ( )
M) =—2 B.2
As(?) N & (B.3)

1 q2/m?it (1 - q2/m%t)27

which we use at both low and large recoil. The fit parameters 71 o, m% and m?, are given
in Tab. The resulting form factors are shown in Fig. We assume an overall,
uncorrelated theory uncertainty of 15% for each of the above form factors, as suggested
in Ref. [63]. We are compelled to remark that this treatment of the theory uncertainty
is very conservative, and most likely overestimates the overall theory uncertainty of
B — K*{*{~ observables.

1 T9 m% [GeV?]  m2, [GeV?]
Vo 0923 —0.511 5.322 49.40
Ay - 0.290 - 40.38
Ay —0.084  0.343 = 52.00

Table B.1.: The parameters of the form factors V, A » taken from Ref. [63]. Figure taken
from Ref. [44]].
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Figure B.1.: The B — K* form factors V, A; and A, from Ref. [63]. Figure taken from
Ref. [44].
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Figure B.2.: The form factors T; (a) and 75 (b) for B — K* transitions from Ref. [63] (blue
bands) and results (3 data sets) [101]]. Figure taken from Ref. [44].
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Figure B.3.: Comparison of the extrapolated form factors from [63] to the im-
proved Isgur-Wise relations in Eq. . Shown are R; (blue dotted line),
Ry (red dashed line) and R3 (golden solid line) as given in Eq. and
k =1+ 0O(a?) for u = my(my) (black thick line). Figure taken from Ref. [44].

Second, we consider quenched results, which are currently only available for
the form factors 712 [101]. We use their data sets for a variety of points with ¢*> >
11 GeV?, and compare them in Fig. with extrapolations of the aforementioned
results. In light of considerable uncertainties of both extrapolation and re-
sults, we find agreement between both nonperturbative approaches. We explicitly check
that the preliminary results from unquenched calculations in Ref. [102] agree with the
extrapolations as well. We therefore decide to use the LCSR|extrapolations for the
evaluation of B — K*(*(~ observables at both large and low recoil.

We probe the performance of the improved Isgur-Wise relations in Eq. (3.23) with
three ratios

_ ¢ T3(¢?)
M3 Az(q?)’

Ry = Rs

(B.4)

S

Both the R; as functions of ¢, and « are shown in Fig. We remark that similar
relations hold in the large recoil region. There R12 = 1 + O(mg+/mp) and T5/A; =
1+ O(mg~/mp) [103] 64]. We find that the improved Isgur-Wise relations hold reason-
ably well for T7 ». The relation R3, however, exhibits a considerable q> dependence and
shows deviations from k by ~ 50% for ¢> = 14 GeV?. While replacement of the factor
q?/M% in both the respective Isgur-Wise relation and R3 remedies this deviation, we
still keep it. This decision is justified by the fact that the dipole form factors 77 » 3 always
enter B — K*(T(~ observables with a suppression factor of C;/Cy ~ 0.1.

which should all be compatible with x(u = mp) = 1+ O (a?) if the relations hold.
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B. B — K* Form Factors

For the low ¢? form factors we employ a factorization scheme within [QCDF where
the universal soft form factors £ || are expressed in terms of the full form factors
V, A1 2 [51]. They read

Mp _MB+MK*

Mp — Mg+
=V, & = A - ==

&L 2E - Mg

As. (B.5)
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C. B — K Form Factors

In this Appendix we discuss the state of nonperturbative calculations of the hadronic
matrix elements in B — K/(™/~ decays. These matrix elements can be parametrized
in terms of three ¢?-dependent form factors fPK, fBX fBK. We drop the superscript
BK for the remainder of this appendix. For the concrete parametrization, we refer to

Egs. (3.13)-(3.15). In addition to these three form factors, we also define the sub-

leading [HQET|form factors 5\ (¢2) via

(K (k)| 51 Dyhy | B)) = 60620 + k) + 6 (62 (C.1)

with the [HQET| heavy quark field A, of the b quark. In the following, we will study re-
sults for the form factors which stem from several different, nonperturbative approaches.

As for the discussion of B — K* form factors in Appendix [Blwe use results for
the form factors. For B — K transitions, we rely on the findings of Ref. [48] for large
hadronic recoil. In the same work the results are also extrapolated to the region of low
hadronic recoil by means of the parametrization [104]

F(0) { ( 2 Lo 2

F(¢®) = 1401 | 2(¢°) — 2(0) + = |2(q°) — 2(0 , (C.2)

) = T {1+ () 0+ 5 () 0]

with
VT =T =Ty — 70

— C3
2(7) VT =T+ T4 — 70 (€3)
T+ = (Mp + Mg)?, (C4)
To = T4 — /T4 — T—/T+. (C.5)
The poles of F(¢?) at Més( 7P) correspond to the resonances with quark content sb that

match the angular momentum and parity eigenvalue of the interpolating currents. This
is B (1) for the form factors f, and fr, while for f; no resonance exists below ¢* = 7_.
For the parameters b} and F;(0) as well as their uncertainties we refer the reader to [48].
The ¢? dependence of the form factors is shown in Fig.

We follow the procedure of Appendix|Bjand define the quantity

2y _ q2 fT(qz)
Fr(@) = Mp(Mp + Mk) f+(q?) (C6)

to probe the performance of the improved Isgur-Wise relation Eq. (3.24) to its lowest
order. Here Ry ~ k = 1 + O (o) indicates a good performance of the relation. We find
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Figure C.1.: Extrapolation to high-¢* of the form factors f;, fr and f; for B — K tran-
sitions as given by [48]. The shaded bands show the respective form factor
uncertainties. Figure taken from Ref. [45].

that R agrees well with « close to the zero recoil point. However, for ¢ ~ 14 GeV?,

the deviations from « of both the results as well as preliminary points
[65] approach 50%. Ry is shown within the low recoil region in Fig. When we
include the subleading form factors 559) the situation grows worse [45]. However, the
apparent breaking of the improved Isgur-Wise relation does not surprise when we study
the nature of the parametrizations of the involved form factors f; and fr. Schematically,

one has an expansion in powers of z = z(¢?) which reads

2\ Zn a’nzn
2\ Zn bn’zn

with the coefficients a,, b, determined by fits to, e.g., the results. When plugged
into Eq. (C.6), one finds naturally

Re(d®) = a % 1o, (C9)

and thus a strong ¢* dependence with Ry. Unfortunately, we cannot extract the shape
of fr from experimental data, since in all observables fr only enters with a numerically
small factors C;/Cy. Further input from, e.g., is needed to determine the best
choice of form factor parametrization [45]. On the other hand, the low sensitivity to fr
allows us to apply the improved Isgur-Wise relation to our model-independent analysis
without adverse effects. Furthermore, choosing the form factors from Ref. [48] appears
justified, since they match the preliminary [LQCD|results in the low recoil region, further
results [62] in the large recoil region, and results from relativistic quark model
[100] for the both kinematic regions. We show a comparison of the individual form
factors results in Fig.
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Figure C.2.: The relation Ry as a function of ¢ in the low recoil region. The blue band
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calculations by Khodjamirian et al [48]. Preliminary results from the lattice
(with only statistical uncertainties) by Liu et al [65] are presented as red
points. The prediction of R to leading order in «a, for the range % <up<
2my, is shown by the gray band. Figure taken from Ref. [45].
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Figure C.3.: The form factor f; and the ratio fy/f; from extrapolated by [62]
(solid lines), extrapolated with simplified series expansion [67]
(dashed), a relativistic quark model (dash-dotted) and unquenched
lattice calculations [65] (points), normalized to the corresponding quantities
derived from Ref. and as used in this work. Figure taken from Ref. [45].
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D. Introduction to EOS

The development of EOS [89], a framework for the evaluation of flavor observables,
was instrumental to the work presented in this thesis. The most recent source code
can be downloaded from http://project.het.physik.tu-dortmund.de/eos/
source. In this Appendix we would like to present an overview of this framework.
For this overview, we expect the reader to have a working knowledge in object oriented
programming with the C++ programming language. The EOS source code makes heavy
use of C++ features, some of which have only been introduced in the recently enacted
C++2011 standard. Readers interested in the development of EOS should further be
familiar with software design patterns. We start our tour with EOS” use cases in Sec-
tion After that, we give insights into the nomenclature and concepts of the source
code in Section[D.2} We conclude the chapter in Section [D.3|with a brief description how
extensions to EOS can be developed by interested users.

D.1. Use Cases

EOS has been developed with two distinct use cases in mind. First, it is meant to nu-
merically evaluate flavor observables of several processes, for a large number of input
parameters and for varying kinematic variables. All these evaluations are intended to
be possible via a UNIX-like command line and within shell scripts. This use case is
achieved by means of the client eos-evaluate. It accepts a list of observables, their
associated kinematics and input parameters, and outputs the numerical values and as-
sociated theory uncertainties. Input parameters whose numerical values shall be varied
can be grouped into uncertainty budgets. An example on how to invoke this client for
one observable and with two uncertainty budgets, including the generated output, is
listed in Fig. We refer to Tab. for an overview of the set of flavor observables
that have been implemented within EOS at the time of this writing.

Furthermore, EOS is meant to constrain input parameters based on existing experi-
mental results. For this use case, the evaluation of observables needs to be reasonably
fast. Moreover, in order to effectively store samples of the parameter space from a multi-
threaded computation, a suitable storage backend is needed. For the latter, EOS uses the
HDFS5 library. This use case is handled by the eos-scan family of clients. For the scans
presented in this thesis, the eos-scan-polynomial client has been used. Its usage
is restricted to scanning the complex-valued Wilson coefficients C; 4 5, and it will be
deprecated once development of the eos—scan-mc client has been completed. The lat-
ter client will be universally usable, i.e., it will allow to perform a Bayesian analysis by
means of Monte Carlo sampling of the complete Parameter space. We abstain from
listing examples on how to invoke the eos-scan or eos—-scan-polynomial clients.
However, the scripts used to generate the data as used in Chapter |5 can be obtained
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D. Introduction to EOS

$ eos—evaluate \
——kinematics "s" "15.0" \
——observable "B->K"x11::H_T"3(s)Q@LowRecoil, model=SM, form—-factors=KMPW2010" \
-—budget "FF" \
——vary "B->K"x::F"V(0)Q@KMPW2010" \
——vary "B->K"x::F"Al1(0)@KMPW2010" \
——vary "B->K"x::F A2 (0) @KMPW2010" \
-—vary "B->K"x::b"V_1@KMPW2010" \
—-vary "B->K"x::b"Al_1Q@KMPW2010" \
-—vary "B->K"x::b"A2_1@KMPW2010" \
--budget "SD" \
——vary "mu" \
—--vary "mass::t (pole)" \
-—vary "mass::W" \
—-—vary "GSW::sin"2 (theta)"

(@)

# B—>K " +11::H T 3(s)(@LowRecoil:

# s central FF_min FF_max SD_min SD_max delta_min delta_max

15 -0.983845 8.59975e-16 1.11022e-16 0.00734327 0.00602218 0.00734327 \
0.00602218 (-0.746386% / +0.612107%)

(b)

Figure D.1.: Example (a) invocation and (b) output of the eos-evaluate client to nu-

merically evaluate the observable H\? for the decay B® — K*0u*p~ for
s = ¢*> = 15.0GeV?. For the theory uncertainty, two budgets are defined,
each of which contains a number of input parameters that are varied within
their respective uncertainty regions.

from the author upon request.

Common to both use cases is the computation of running masses, couplings and the
underlying physical observables, as well utilities such as numerical integration, multi-
threaded computations and file storage. These common features are bundled in a set of
libraries and form the core of the EOS framework.

D.2. Concepts and Implementation

At the core of EOS’ design stands the concept of an Observable, which does not fully
coincide with the physical definition. For EOS, every quantity that is meant to be nu-
merically evaluated and presented to the user is an Observable. This includes, among
others, physical observables such as branching ratios and angular observables, but be-
yond those also form factors and short-distance couplings, e.g., p1 2(¢*). EOS constructs
Observables at run time from an ObservableName via an abstract factory. For the
construction the factory further needs a set of Parameters, a set of Kinematics and
a set of Options. After construction, the Observable itself is immutable, and it can
evaluated. Changes to the Parameters object that was used in the Observables con-
struction will affect the evaluation. This enables EOS to efficiently accomplish both of
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D.2. Concepts and Implementation

the aforementioned use cases.

ObservableName is a standard C++ string with a fixed format. It consists of four
parts,

PROCESS: :NAMEQSUFFIX,KEYVALUELIST (D.1)

of which PROCESS and NAME are mandatory, SUFFIX can be used depending on the
PROCESS and KEYVALUELIST is always optional. As examples consider

B->K"xgamma: : S_.K” xgamma,
referring to a time-dependent CP asymmetry in B, B — K*Y(— K,n")y decays, and

B->K"*11l::A FBQ@LowRecoil,
B->K"x11::A FBQ@LargeRecoil.

as the forward-backward asymmetry in B — K*(*¢~ decays at low and large recoil, re-
spectively. The SUFFIX is used to distinguish between observables for the same process,
e.g., when several kinematic regions demand different approaches to the calculation, or
when a switch to the next order is made for perturbative calculations.

Kinematics represents the set of kinematic variables, which are organized as a string
key and a double-precision floating-point value. All EOS clients allow building of the
Kinematics from the command line interface by preceding each ——observable com-
mand by zero or more --kinematics commands. The syntax for the latter reads
—-kinematic NAME VALUE. Note that the kinematics can only be used once for the
next -—observable command. For repeated use of the same kinematics we recom-
mend using a shell script.

Options represents a set of key-value pairs: the key is a string with a (per Process)
unique identifier, and the value is also a string. Options are used as multi-value switches,
to select for instance form factor results, as well as lepton and quark flavors. The semilep-
tonic |[AB| = 1 Observables all recognize the following Options:

model Selects the Model class which shall be used for the evaluation. Valid values are
SM and WilsonScan.

form-factors Selects the form factor class which shall be used for the evaluation.
Valid values depend on the concrete Observable.

g Selects the final state quark flavor. Valid values are s and d.

1 Selects the final state lepton flavor. Valid values are e, mu and tau.

Parameters represents a set of key-value pairs, which are organized as a string key
and a three-tuple of double-precision floating-point values. By default, each parameter
is initialized with a minimal, a central and a maximal value. The default Parameters
can be obtained from the named constructor Parameters: :Default (). For a com-
plete list of Parameters we refer the reader to the eos-list-parameters client.
The latter accepts ——kinematics / ——observable commands, which restricts the list
of parameters to only those which are used by the Observable(s) at hand.
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Model represents a physical model for which an observable is evaluated. It provides
access to the running quark masses, matrix elements and |AB| = 1 Wilson coef-
ficients. By default, all observables are created with the SM Model. However, for the
determination of the |AB| = 1 Wilson coefficients, the WilsonScan Model should be
used.

D.3. Development

EQOS is meant to be expanded by interested parties, and its design reflects the wish to
reduce the amount of work needed for such expansions. An interested developer might
most likely want to add further Observables to EOS.

The requirements for adding a further Observable are few. First, one needs to im-
plement the numerical evaluation of the underlying process within a new Clasﬂ named
NewProcess in the following. Each exported Observable should correspond to one
public const method of NewProcess. All input parameters used in the evaluation
must be UsedParameter members of NewProcess’s implementation. In a last step,
the Observable factory within eos/observable.cc needs to be made aware of the
new Observables by linking the class” methods to its unique ObservableName. The
kinematic variables must be provided to the methods as const double references, and
they are associated by name and order through a list of unique identifiers. A hypotheti-
cal example for the cross section of a process AB — CD, as a function of s, the center of
mass energy squared, is given in Fig. Once the above steps are completed, all EOS
clients that accept ——observable as a command line argument will be able to use the
newly introduced Observable.

For details on the class structure, we refer to the EOS source code. The source file
eos/rare-b-decays/exclusive-b-to-dilepton.cc and its eponymous header file should be
a good start for a relatively simply-structured decay. For processes with a larger number of observables,
see eos/rare-b-decays/exclusive-b-to-s—-dilepton-low-recoil.cc for instance. Readers
of the source code should be advised that EOS makes extensive use of the private implementation de-
sign pattern.
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D.3. Development

#include <eos/utils/parameters.hh>

class ABToCD
{

UsedParameter g;
ABToCD () ;
double diff2_sigma (const double & s, const double & theta) const;
double diffl_sigma (const double & s) const;
}i

(a) New file eos/a-b-to-c-d.hh

#include <eos/a-b-to-c-d.hh>

class ABToCD
{

UsedParameter g;

ABToCD (...)
g(pl"g"]l, u)

double diff2_sigma (const double & s, const double & theta) const
{
return g » g / (4.0 « M_PI) / s x std::sin(theta);

double diffl_sigma (const double & s) const
{
return g » g / (3.0 » M_PI) / s;

(b) New file eos/a-b-to-c-d.cc

// At the top of the file
#include <eos/a-b-to-c-d.hh>

// Inside the std::map’s initializer list within Observable: :make ()
make_observable ("AB->CD: :sigma (s, theta)", &ABToCD::diff2_sigma,
std: :make_tuple("s", "theta")),
make_observable ("AB->CD::sigma(s)", &ABToCD::diffl_sigma,
std: :make_tuple("s")),

(c) Within eos/observable.cc

// Within the std::initializer_list inside Parameters::Defaults()
Parameter: :Template{ "g", -1.0, +0.1, +1.0 },

(d) Within eos/utils/parameters.cc

Figure D.2.: Example on how to add two observables (a double-differential and a single-
differential cross section) for a hypothetical process AB — C'D to EOS. For
any yet undeclared parameter used by the new process, an addition similar
to (d) must be made.
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EOS Name Suffixes Kinematics Symbol Ref
B—>K"*gamma: : BR — B(B — K*¥) [51]
B->K"*gamma: : S_K" xgamma — Sy [51]
B->K"*gamma: :C_K" xgamma — Crry [51]
B->K"*gamma: :A_T — Ar [52)51]
B->K"x11::BR LargeRecoil, LowRecoil  Smin, Smax B(B — K*(T¢~) [51]144]
B—>K"x11::A_FB LargeRecoil, LowRecoil  Smin, Smax App [51}/44]
B—>K " x11::F_L LargeRecoil, LowRecoil  Smin, Smax Fr, [51}144]
B->K"%11::A_T"i LargeRecoil, LowRecoil  Smin, Smax Agf) [51}144]
B—>K"x11::H.T"i LargeRecoil, LowRecoil  Smin, Smax H:(Fi) [51) 144]
B—>K"x1l::a.CP"i LowRecoil Smin, Smax ag%, [60]
B-—>K " x11::A_I LargeRecoil Smin, Smax Aj [52]51]
B->K11l::BR LargeRecoil, LowRecoil  Smin, Smax  B(B — K¢T¢~) [38]45]
B->K11l::F_H LargeRecoil, LowRecoil  Smin, Smax Ffil [38}145]
B->K1l::R.K LargeRecoil, LowRecoil  Smin, Smax R;&“ [38}145]

Table D.1.: List of observables that are implemented within EOS at the time of this writing. We give the EOS base name, the applicable
suffixes, the needed kinematic variables, as well as the usual symbolic representation and a reference for the numeric
implementation (see also references therein) for each observable. In the case of B — K*)(*¢~ observables, we only list
the (partially) s = ¢? integrated observables. For the ¢? differential observables, the name must be appended by (s), and
the kinematic variable reads likewise.
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List of Acronyms

BSM Beyond the Standard Model

CKM Cabibbo-Kobayashi-Maskawa
FCNC Flavor Changing Neutral Current
HQET Heavy Quark Effective Theory
LHC Large Hadron Collider, not to be confused with a Large Hardon Colluder
LCSR Light Cone Sum Rules

LQCD Lattice[QCD]

NP New Physics

OPE Operator Production Expansion
QCD Quantum Chromo Dynamics
QCDF [QCD|Factorization

SCET Soft Collinear Effective Theory
SM Standard Model
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