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Exploring the Flavour Anomalies in B decays: A path towards New Physics

by Marcel ALGUERO CASAS

The field of Flavour Physics has been actively challenging the Standard Model in recent
years, in particular in transitions involving a b quark. These are the so-called B-anomalies, and
discrepancies between experimental measurements and theoretical predictions have been found in
different channels related to a B-meson decay: semileptonic currents, both charged and neutral,
fully leptonic and also nonleptonic processes. Concerning the former, global analyses including
all available experimental data on b — s/~ observables reach global tensions of more than
7o. In other channels, individual observables already show discrepancies at the level of 2 — 30.
While this alone could make a compelling case for the need of New Physics to explain the current
experimental data, what is most remarkable is the fact that one can establish coherent patterns
linking all these apparently independent deviations.

In this Thesis we present an introduction to the different theoretical elements needed to
describe the aforementioned B-anomalies within the framework of an Effective Field Theory, as
well as the state-of-the-art results of our Global Fit to b — s¢T¢~ observables. We also discuss
individual tensions in observables of the charged semileptonic current B — D*{v and also the
nonleptonic By s — K *0 K*0 transition. On top of that, we also propose possible New Physics
models that could bridge the gap between these different kinds of processes.
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Introduction

The Standard Model of particle physics (SM) is considered the most complete theory of particle
physics to the present day. It successfully unifies three of the four fundamental interactions
in nature, namely the Electromagnetic, the Weak and the Strong interactions, within a rather
simple framework. All elemental constituents of matter and their interactions are described in
terms of a Quantum Field Theory and the symmetries derived from that. However, despite the
enormous success that the SM represents, there exist several reasons to be certain that it cannot
be the final answer. For once, and maybe this could be considered the main problematic issue, it
is unable to reconcile the fourth fundamental force, i.e. Gravity, with a Quantum Field Theory.
More examples of phenomena that cannot be explained within the framework of the SM are
the existence of neutrino masses, the origin of the matter-antimatter asymmetry, or the mass
hierarchy among the quark and the lepton families, among others.

For that reason, for many years the physics community expected to keep unfolding continually
new particles and interactions embedded in the SM, with the use of the plethora of accelerators
and colliders built along the second half of the 20th century and until the present day. However,
since the discovery of the Higgs boson in 2012 at the Large Hadron Collider (LHC), no new par-
ticles have been found by direct searches, leading us to declare the SM “complete”. This indicates
that the masses/energy of the possible new particles that could be behind the phenomena that
the SM cannot account for are too large to be observed at present-day colliders. Alternatively,
it can also imply that the interactions between these undiscovered particles and SM constituents
are too weak to be detected by current experiments. Fortunately, this technological impediment
is not the end of the road. We know that these heavy new particles might generate indirect
effects through higher order quantum corrections to several processes that can be effectively
described within the SM. Therefore, it is worth exploring decays and transitions that currently
show tensions with respect to the SM predictions.

In recent years, the paradigm of such promising processes are the so-called flavour anomalies,
or b-anomalies, since several deviations from the SM have been consistently popping up in both
the Flavour Charged Current (FCC) transitions b — ¢/ and the Flavour Changing Neutral
Current (FCNC) modes b — s¢T¢~. Since the former involve a quark flavour change through
a charged interaction, they are thus processes that take place at tree-level. Instead, the latter
consist of a quark flavour change via a neutral current, hence they are CKM-suppressed transi-
tions and therefore occur at loop-level in the SM. This allows possible new particles to generate
contributions through quantum corrections that are on the same footing as the SM corrections,
making these b — s¢T¢~ transitions highly sensitive to potential NP effects.

Nowadays, a good deal of observables related to this type of transitions have been measured by
different experiments and collaborations such as the LHCDb, Belle, ATLAS or CMS. Remarkably,
deviations with respect to what the SM predicts have been found in independent analyses from
different experiments. Even more outstanding is the fact that all these phenomenological global
analyses find coherent patterns behind the observed anomalies. Here a pattern of NP refers to
a rather simple explanation that reduces the tensions between theory and experiment in many
different observables at the same time. In principle, there is no apparently evident reason for
this to happen, as observables measuring different properties of a b — s transition could need
different kinds and structures of NP contributions to alleviate their tension. However, it turns
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out that once the SM is treated as an Effective Field Theory (EFT) of a more general framework,
which allows us to include possible NP contributions in a very surgical way, only a handful of
extra degrees of freedom are needed to drastically reduce the tensions across the many different
observables studied.

Thereby, assessing the type and nature of the NP contributions that successfully adjust
the theoretical predictions to match the experimental results in the B-meson sector of Flavour
Physics is of paramount importance in order to set the next steps in our ultimate goal of building
a Beyond the Standard Model (BSM) theory.

In this Thesis we will discuss and detail the methodology followed in the Global Analyses of
the B-anomalies. We aim at providing a general framework with the tools needed to understand
how these global analyses are performed and how they should be interpreted, as well as the
implications that their results may have in terms of building models of NP with particles and
interactions currently not present in the SM. To this end, it is structured in three parts.

First, in Part I, we focus on the semileptonic B transitions. In Chapter 1 we review the
tools and elements required to perform a Global analysis of the different anomalies measured
concerning the b — s/~ transition. Starting from the EFT that allows us to treat these
processes as local interactions, we introduce the key ingredients to understand the theoretical
computation of the observables included in the so-called Global Fits, following a top-bottom
approach. We then define the whole set of quantities and give their expressions in terms of NP
contributions. Later on we present one of the most important outcomes of the present Thesis:
the state-of-the-art of our Global Analyses, including the most updated results and a discussion
of the implications for preferred scenarios of New Physics. We also establish a model-independent
connection between the neutral anomalies and the ones seen in the charged b — cfv transition.

Chapter 2 is devoted to the study of the impact of including higher partial waves in the
B — K*9(— K*77 )¢~ decay, in particular the S-wave pollution from the B — K system.
From the symmetries of the angular distribution we find relations between the angular coefficients
of the decay, which in turn give us access to new observables that were not considered until
now. We also place bounds on these new observables, which can be used as crosschecks for the
experimental analyses. On top of that, we define two new quantities that allow us to extract
information on the S-wave contribution to the decay without having to rely on poorly known
S-wave form factors.

We conclude the first part of this Thesis in Chapter 3, dedicated to the analysis of the charged
current b — cfv process. There we schematically provide the theoretical framework needed. Fol-
lowing an analogous methodology to the one in Chapter 2, we make use of the symmetries of the
decay distribution of these processes to establish the exact number of independent degrees of free-
dom of the distribution and subsequently define an alternative way of measuring the longitudinal
polarisation FE ", which shows an interesting tension with respect to the SM prediction. Conse-
quently, this alternative strategy could potentially confirm or dismiss the deviation measured in
the polarization observable.

Next, in Part Il we shift our attention to a different kind of B decays with no leptons
in the final state. Chapter 4 serves as a study of the Bys — K**K*O transition, which has
not undergone as much scrutiny as the partner semileptonic decays. Nonetheless, these decays
exhibit a striking tension with respect to the SM in one particular observable. Moreover, following
the coherent pattern behind the many different b — s anomalies, we tried also to establish a
parallelism between the semileptonic and nonleptonic anomalies and explored the possibility of
a link among them.

Finally, Part I1I consists in a study of possible connections between different sectors of Flavour
Physics through simple models of NP. In particular, in Chapter 5 we discuss the implications of
the existence of an additional vector gauge boson Z’ for the b — s¢T¢~ anomalies and the shift
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that would induce on the mass of the SM W boson. This turns out to be particularly relevant
after the recent analysis of the mass of the W boson by the CDF collaboration.






Part 1

Semileptonic B decays






Chapter 1

Global analysis of semileptonic
b — s¢T¢~ Decays

In recent years, indirect searches at the LHC and at B-factories have led to a large set of devi-
ations with respect to the SM (or anomalies) in both b — ¢/ and in b — s¢T¢~ decays [1-3].
We can classify the latter (which we focus on in this chapter) in two sets: b — su™u~ anomalies
related to observables testing only muonic transitions, which we call Lepton Flavour Depen-
dent (LFD), and Lepton-Flavour Universality Violating (LFUV) anomalies that correspond to
deviations in observables comparing muonic and electronic transitions.

This chapter is organized in three main sections. In Section 1.1, we will discuss the basic
features of the theoretical framework needed to study the flavour anomalies in the neutral B
sector. We will detail in Section 1.2 the different observables and quantities included in the
analyses. Finally, we will review in Section 1.3 the most up to date results of the global fits to
b — sfT¢~ data presented in [4].

1.1 Theoretical Framework

1.1.1 The Weak Effective Hamiltonian

The b — s¢T¢~ processes can be described in the context of an Effective Field Theory approach,
namely the Weak Effective Hamiltonian (WEH) [5-7], by virtue of the existing scale hierarchy for
weak decays of B mesons, Aqcp < mg < Myy. In this effective framework, the heavy degrees
of freedom (the top quark, the W and Z bosons, the Higgs boson and any potential heavy new
particles) have been integrated out in short-distance Wilson coefficients C;, leaving only a set of
local effective operators O; describing the physics at long distances':

4G

Het = ——=
€ \/5
Here p is a renormalization scale to run down the Wilson coefficients from the heavy scale
(typically the Electroweak scale, Myy) where they are matched to the computation from the

whole theory, to the low scale u, which is generally chosen to be of the order of the b quark mass,
= up = myp. More specifically, the structure of the WEH for a b — s transition is:

Z@-(u)@- (1.1)

_4Gr
V2

!Formally, the Weak Effective Hamiltonian has the structure of an Operator Product Expansion (OPE),
encoding the perturbatively calculable elements inside the Wilson coefficients C;(1) and all the non-perturbative
pieces are written in terms of the matrix elements of the effective operators O;.

Hosr = (NIHG +AOHG) + e (1.2)
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where /\((15) = ViV, are combinations of CKM parameters. One would also expect a contribution

(s)

proportional to A¢”’, but assuming that the CKM matrix remains unitary even in presence of
NP, one can always reexpress this contribution by absorbing it inside the other two. The two
structures ’HS&) and HST) read [8—10]

6 10
Mt = CLOF +Ca(n)05 + Y- G0 + Y (Cl)O; + Cu (WO, )
i =7
+ > <C )Oi + Ci (1) Oy >+ > Ci(wos, (1.3)
i=S,PS i=T,PT
H) = CL()(OF — OF) + Ca() (05 — OF). (1.4)

Notice that even if )\q(f) is doubly Cabibbo-suppressed relative to )\gs)

tributions from Hé}? as they are an important source of weak phases in the SM and are included
in our analysis.

In the SM, the Hamiltonian in Eq. (1.2) contains 10 main operators with specific chiralities
due to the V — A structure of the weak interactions. This basis of operators constitutes an
irreducible set of all dimension-six operators with the quantum numbers associated to a b —

st ¢~ transition that fulfill Lorentz invariance and respect the gauge symmetries of the SM:

, we will keep the con-

O} = (57, T"Ppu) (uy"T*PLb) Os = (597, PLb) > (@777 q)
q
OY = (57, Pru) (uy"PLb) Os = (57,77, T"Prb) > _ (""" T )
q

Of = (57, T Pre) (ey*T* PLb) Or = %mb(EUWPRb)F“”

s
05 = (57, Prec) (ey" Prb) Og = 125 5mp(8 70, PRO) G

7T

2
O3 = (57, PLb) > (77"q) Oy = o (5 PLb)((y""0)

q
62

O4 = (57, T*Prb) > (7" 1) O10 = 1o 5 (57 Prb) (" 50) (1.5)

q

where Pr, p = %(1 Fv5) are the chirality projection operators (s is taken as fully anticommuting),
FH is the electromagnetic-field strength tensor, G is the gluon-field strength tensor (with the
color index a, omitted in the rest of operators) and o"* = %[v,,7,].

In presence of NP, additional operators may become important, either with opposite chirality
(the so-called chirally-flipped operators or Right-Handed Currents):
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e
;= —C (50, PLb) , — T Py b) GO
07 167‘(’2 mb(sau Lb) Og 167‘(’ (5 g Lb)GHV
e? e?
Oy = T6m 2(SVMPRb)(f7”€) Oy = Ton 2(57#PRb)(€7 v5¢) (1.6)

or with different structures, such as the Scalar, Pseudoscalar or Tensor operators:

2 2

O =y (5Prb) (10 Os: =1—5ms(5PLb)(70)
€2 — €2 —
Ops = 15— (5Prb)((r5¢) Ops' =16—mb(5PLb)(¢r50)
e _ e? >
Or :@(Ealwb) (Lo""0) Opr = 1672 07 (50,b) (Lo pol) (1.7)

From the expressions above, it follows that the observables for exclusive decays can be writ-
ten in terms of helicity amplitudes given as Wilson coefficients multiplying hadronic matrix
elements [9, 11, 12]:

A(My — My) = (My|Heg| M) = Zc ) (Mo |O;| M) (1 Zc W) (1.8)

Notice that since the square of the amplitude of a physical process is an observable quantity,
it has to be independent of the renormalization scale, thus the matrix elements of the operators
have a dependence on the scale u such that it cancels with the scale dependence of the Wilson
coefficients.

The relevant operators for the processes considered here, that is b — s¢7¢~, are the operators
O70) 901,100 and their associated Wilson coefficients C;¢), Coi)p; Co, Where £ = e or p. Cr)
describe the interaction strength of bottom (b) and strange (s) quarks with the photon while
Cor,10¢ and Corp 107¢ encode the interaction strength of b and s quarks with charged leptons.

Cor,10¢ and (39/4,10/52 are equal for muons and electrons in the SM but NP can add different
contributions to muon operators compared to the electron ones. For C; and Co 19, we split SM
and NP contributions like

Cip = CSM + CIP (1.9)

One can use the fact that my is significantly larger than the typical QCD scale (Aqcp ~
0.2 GeV) in order to isolate, in Eq. (1.8), perturbatively computable contributions to the hadronic
matrix elements (using effective approaches like QCD factorization [13]). These perturbative con-
tributions of hadronic origin can be lumped together with the purely short-distance contribution
into effective Wilson coefficients (that will multiply non-perturbative hadronic form factors) with
the following structure in the case of B — K®)¢T¢~ [14]:

Cor(4?) = Coperc(d”) + C5°(¢%) +C5;° (1.10)

2The Wilson coefficients of the chirally-flipped operators are zero in the SM, apart from C; which features a
small SM contribution of O(ms/ms), Cr = 72C7 + chr.
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where ¢/ = e, u. Concerning the different elements in Cg,(¢?), we have Cgsglert = CM 4+ Y (%),
where the function Y (¢?) stems from one-loop matrix elements of four-quark operators O;_g,
corresponding to the c¢ continuum. It can be evaluated within perturbation theory at LO, and
corrections at O(as) to Cop to this function are known [14-16]. In addition to this continuum,
there is a long-distance contribution, which corresponds in particular to charmonium resonances
C§¢ and depends on the external hadron state. Moreover, this long-distance contribution is both
q?- and helicity-dependent. Several approaches are available to estimate this contribution [17-
19], all with similar outcomes [20, 21]. We follow here [20, 22|, using the light-cone sum rule
computation with one soft-gluon exchange [23] to get an order of magnitude estimate of this
contribution, without making any assumption about its sign and thus allowing for constructive
or destructive interference with the other contributions to Cy,, as we will show below.

Including electromagnetic corrections introduces mixing among the operators in Eq. (1.5)
that share the same quantum numbers. Therefore, since the Wilson coefficients C7 and Cg always
appear in matrix elements in certain combinations, it is useful to define the following effective
coefficients [24]:

1 4 20 80
eff _
= — —(C3 —=C4 — —C5 — — 1.11
Cy Cr 3C3 9C4 3 Cs 9 Cs ( )
1 1
Cgﬁ =Cg — 6C4 + 20C5 — 73006 (1.12)

The next-to-next-to-leading logarithmic order value of the Wilson coefficients in the SM at
the scale pp, = 4.8 GeV [25] can be found in Table 1.1.

Ci(un) | Colm) | Cs(mp) | Calpm) | Cs(iw) | Co(un) | CS%(1s) | CS* (1) | Co(iws) | Crolpn)
-0.2632 | 1.0111 | -0.0055 | -0.0806 | 0.0004 | 0.0009 | -0.2923 | -0.1663 | 4.0749 | -4.3085

Table 1.1: NNLO Wilson coefficients in the SM and at the scale p, = 4.8 GeV [25].

1.1.2 B — K*(Kn){*¢~ angular distribution

The full angular distribution of the B — K*(Km){T¢~ decay is obtained by squaring the matrix
element of the Hamiltonian in Eq. (1.2):

_GFOz

M
V2r

Af){ [<Kw|w<csffPL +Cf' Pr)b| B)

me

- 2 enfsion, [(¢57+ 2 ) P (o o ) B o) (6t

+ <K7T|§’YH(C10PL + ClO/PR)b|B> <f+€_ |Z’yu’)/5f|0>
+ (K7|3(CsPgr + Cs/ Pp) b| B) (¢1¢7|€]0)
+ (Kn|5 (CpsPr + Cps/ Pr) b| BY({T€™ |0v5¢)0) + Cr(Kn|50,,b|B){({T¢~ |tct”£|0)

+ iCpTG“”p”<K7T|SUWb]B><€+€_|EJPU€|O>} + M, (1.13)

(

where M, corresponds to the analogous contributions from 7—[67&). Notice that the matrix elements
above are expressed in terms of a B — K7 transition. However, by virtue of the narrow width
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approximation assuming the K* to be produced resonantly, one can rewrite them in terms of the
B — V form factors that we will show below”.

After summing over spins of the final states and making use of some kinematical identities,
one arrives at the following expression in terms of only four independent kinematical variables
that suffice to describe all the quantities in the decay, namely the dilepton invariant mass ¢> and
the three angles O+, 0y and ¢ (see Appendix A for our angle definitions [12], which differs from
the usual LHCDb convention |26, 27]):

dquCOSdiCOSQK*d(ﬁ ~ 391 q ,0p, 0K, ]

where the function J(¢?, 0,0k, ) can be factorized in such a way that the ¢? dependence is
encoded inside the angular coefficients J;:
J(q2, 00, 0K+, P) = Jis sin? O+ + Jiocos® O + (Jos sin? O+ + Jo cos> 05+ ) cos 26,
+ Js sin? O« sin? O cos 2¢ + Jy sin 20« sin 20, cos ¢
+ J5 sin 20+ sin @, cos ¢
+ (Jos sin? O + Jg cos? Qe+ ) cos By + J7 sin 20« sin 0 sin ¢
+ Jg sin 20+ sin 20, sin ¢ + Jg sin® O« sin? 0 sin 2¢ (1.15)

For the CP-conjugated mode one obtains a similar expression, but with the following replace-
ments due to the angle convention:

J15,16,25,2¢,3,4,7 = J15,1¢,25,2¢,34,7,  J5,65,6¢,89 — —J5,65,6¢,8,9 (1.16)

where the J; equal J; but with all weak phases conjugated.

The angular coefficients .J;(¢?) are in turn expressed in terms of eight transversity amplitudes
by contracting the matrix element associated to the amplitude of the process with the different
possible polarizations of the K* and the vector boson mediating the transition. If one neglects
(pseudo)tensor contributions, the angular coefficients have the following expressions [11, 28]:

9 2 4 2
Jis :(zﬁf) [\AﬁyQ + AP+ (L R)} + —;Zf Re(AﬁAf* + AﬁAf*) (1.17)
_AL2 AR2 4m% A 2 ALAR* 2A 2
Jie =|Ag |7 + A7 +7q2 |A¢t]® + 2Re(Ag Ag™) | + B7|As| (1.18)
62
Jas =1 (AL +1Af2+ (L5 B)] e = —B7[ 1B + AT (1.19)

3Later on, in Chapter 2, we will review in more detail the implications of considering the full amplitude of the
K system and the contributions of higher partial waves to the total decay rate of the B® — K*O(K 7z )¢t ¢~
transition.
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Js = [\A P JALR + ARR A ;55,? [Re(abAf + afaf] (.20
Js =2, [Re(AgAﬁ* _ARARYy \T/”q‘;R (Af AL + AF AS)} (1.21)
Jos =203, [Re(AH Al — Al AR*)} Joe = 4@\%%(% 5+ Al (1.22)
=28, [Im(ALA” — ARAR) + \’/”%Im(AﬁAg—AE*AS)} (1.23)
T8 :\% [m(af Ak + afAf)| gy = B2 [Im(Af* AL + AfiAf)] (1.24)

with
Br=1/1- 47;1; (1.25)

The amplitudes AL’R (AL }‘2) account for a longitudinal (transverse) polarization of the K*
meson, with L, R referrlng to the chirality of the leptonic current, and A; is obtained by contract-
ing the hadronic tensor associated to the matrix element of the decay with a K* longitudinal
polarization in the K* rest frame and the extra timelike polarization (the gauge boson being
virtual) of the gauge boson in its own rest frame. Since A; can only couple to an axial-vector
current [9], there is no separate left /right-handed part. Pseudoscalar contributions can always
be absorbed into A; for the same reason, while if scalar operators are included, an additional
scalar amplitude Ag is required.

1.1.3 Transversity amplitudes and B — K* form factors

The transversity amplitudes AOL H,At,AS in Egs. (1.17)-(1.24) contain both factorizable and

non-factorizable corrections of order O(«;) and O(Aqcp/myp), which can be computed within
the framework of QCD factorization (QCDf) [13]:

AR _ N\/§A1/2{ 2;“ l (C" +Cr) Tu(a?) + (1 + ﬁ(qQ))ﬁ(qg)}

+ [(Cg +Co) F (C1p + Crov) + (1 + 7‘1((]2))3/;((]2) +

At mp + Mg~

vy (g >+clf“g<q2>sl] V(‘”} (1.26)

LR _ _ 2myp 2 2 2, (Mm% — %)
A NV2(m3; — mi.) p (€5 — Co) To(q®) + (1 + 72(g?)) T (6®) 2

mp

Au

2
+ [(Cg — Cg/) F (Clo - C10/) + (1 + 7’2((]2))3/;5((]2) + Ttyu(qz) + Cllong(q2)8|] Al(q)} (1.27)

mp — Mg+
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AR = N 2my | | (CS" — Crv) Ta(g?) + (1 + TQ(S))TJ_(QQ)M (m% + 3m%k. — ¢°)
0 e 7 mZ B K-
( —Cr) Ts(q%) + (1 +73(¢%)) Ty (¢°) + 7l(q2)> m}gg_)\m%(]
#[(€0 = Co) F (€10 = Cuo) + (14 ral@ Vi) + V) + ™54
«[ony—mie = ) om ey - 220 } (129
A = j? /2 |:2(C10 —Cyor) + ;i;(Cps — Cps/):l Ao(q2) (1.29)
Ag = —2NAY?(Cs — Csr) Ao(q) (1.30)

with the normalization

G%a? m?2
— 2,2)\1/2 14
N = W)\tq A/24 1 — 4? (1.31)
B
and A is the Kéllén function:
A =mh 4+ mi +¢* = 2mEm3i. + ¢Fmies + ¢Pm%) (1.32)

The hadronic amplitudes 7, 1(¢?) are functions containing all contributions calculable in
QCDf, both factorizable and non-factorizable (see Refs. [14, 29] for explicit definitions). 71 2 3(q?)
correspond to the different types of non-factorizable power corrections and serve to single out the
hadronic contribution that is not related to the radiative Wilson coefficients, which is included
in 7)1 (¢?). The parametrisation in terms of ¢? of such non-factorizable power corrections is the
following [30]:

2 2
ri(q?) = roe®l 4 pbeitt 4 4 peeiof < q2 ) (1.33)
m mp
with i = 1,2, 3%
On the other hand, the parameters s; and also ¢ q?), with i =1, ||,0 correspond to long-
distance charm-loop contributions to B — K™ at the Large-Recoil region, parametrised in the
following way (see Refs. |20, 31] for the definition of the parameters):

long(

lon ; = =
cTe?) = (afn R Gl q2)q2>(ca“
+ (1.34)

on cc cCc( cC L
%) ¢®) = (ab” + b5 (c§” — ¢*)(¢* + 1) (¢ — @) (¢ + 1)
0

4The two contributions 77, T) that appear in the expressions of the transversity amplitudes are related to the
T; form factors (with ¢ = 1,2, 3) as in Ref. [14]. Since the non-factorizable power corrections need to be considered
at the level of the matrix elements of the radiative decay, we include three independent power corrections 7;(q?),
one for each form factor T;.
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Part of these cé-loop contributions have been already included in the non-factorizable contribu-
tions from hard-gluon exchange. Here we parametrise the remaining long-distance contributions
in a manner that it matches the non-perturbative computation from Ref. [23]. The contributions
to the transverse amplitudes have the same structure and input values, being slightly different
for the longitudinal amplitude. In Table 1.2 we provide the numerical values of the different the-
oretical inputs accounting for the different types of non-factorizable contributions that appear
in Egs. (1.33)-(1.34).

Non-factorizable Power Corrections

7 & 7 7 e & 3 3 7
0+0.10 (s 0+£0.10 Otm 0+0.10 (==e 0+0.10 Otmw 0+0.10
: o5 g o G : = :
(V==y 0+£0.10 ((==s 0+£0.10 (V==y 0+£0.10 (V= =y 0+£0.10 (V==y

Long-distance charm loop
51 5| 50 as¢ bee e
0+1 0+1 0+1 9.25+£225 | —05+0.3 | 9.35+£0.25
aﬁé bﬁé Cﬁé a(c)é b(()'é CSE
9.25+225 | —0.54+0.3 | 9.35+0.25 33+7 —0.9+0.5 | 10.35+£0.55

Table 1.2: Numerical value of the theoretical parameters accounting for the different non-factorizable
contributions included in our analysis.

On top of that, one can see in Egs. (1.28)-(1.30) the seven form factors V, Ag 12,7123 that
describe a B — K* transition [29], defined through the matrix elements:

o 2V (¢%)
K*(p', &* b|B = P’ 1.35
(K*(p',e )|5'7u |B(p)) mB+mK*€u po€ PP ( )
(K (0 ) [57usbl B (D)) = 2mic Ao(q®) Ly + (mp + mac) A1 (¢?) | — E
b, TuV5 b)) = amg+Aolq qQ 'm mp T mg+)A1\q o q2 qu
* 2 2
3 * q 1 mB - mK*
Ay — 1 _ Mp = Mg 1.
2(q )mBerK* [(P+P>u = qu} (1.36)
<K* (p’, 5*)’<§Uuuqyb‘B(p)> =-21 (qz)eul/pag*yp/ppa (1.37)

(K*(p,€")|50,wq" 50| B(p)) = — iTa(¢?) [(mB — mE)eh — (€ - q)(p + p)u]

q2
SITEE D) |0 (139
B K*

where p’# and " are the 4-momentum and polarization of the K* in the final state, p* is the
4-momentum of the B meson, and g, = p, — p; is the momentum transfer ¢2.

One can always combine Egs. (1.35)-(1.38) to obtain expressions that can be directly related
to the matrix elements of the usual bilinear quark currents:



1.1. Theoretical Framework 15

* *\ | = D *V - (o) V(q2) 1
(K (PI,E )5V PL,rbIB(p)) = ¢ { - “Vlwap/pq mp + Mg~ T 2

T (mp +mge) <gw - q”é’“) Ax(e?)

qu / mB —mK* 2
- — (@ — B K ) A
e—— <( P+ Q) 7 qu> 2(q7)

(K*(p',€")|5i0mq" PL.rb|B(p)) = €™ {ieuupap"’(f’Tl(qQ)

1
| (0m% = )9 — (20 + 0),) Te®)
'S 2
- (2p T: 1.40
b (0 o o+, ) T | (10)

These hadronic quantities require a non-perturbative calculation. At present, there are two
main methods to achieve such computation, namely:

e Light-Cone Sum Rules (LCSRs): at the Large Recoil Region, that is for small values of
the invariant dilepton mass ¢2, this method combines standard QCD sum rules techniques
with the information on light-cone hadron distribution amplitudes (DAs). One can choose
between relying on light-meson DAs [32, 33] or B meson DAs [23, 34] to describe the
interpolating current of the transition. Our approach follows the latter prescription [23],
as the error estimate is more conservative.

e Lattice calculations: at the Low Recoil Region, i.e. ¢*> > 15GeV?, QCD lattice techniques
can be safely applied, such as the computations in Ref. [35], which we include in our
analysis. Moreover, in this region one has to use a model to estimate duality violations due
to the resonances of partner channels such as BT — KTu™pu~. To account for possible
duality violations effects, we add a contribution of order O(10%) with an arbitrary phase
to CSH for each transversity amplitude, including NNLL corrections following Ref. [16].

Finally, let us introduce the so-called soft form factors (SFF), which are essential in order
to define observables that have reduced sensitivity to the main source of theoretical uncertainty,
that is hadronic contributions. Since the s quark is light with respect to the b quark, the
interactions between the initial /final state quarks with the spectator quark inside the B meson
occur mainly via soft-gluon exchanges. Therefore, one can apply the Heavy Quark Effective
Theory (HQET) [36, 37| formalism to describe the b quark and the Large Energy Effective Theory
(LEET) [38, 39 for the light energetic quark s. Then, in the Large Recoil Limit (¢*> < m%), the
seven form factors in Eqgs. (1.35)-(1.38) reduce to only two soft form factors’:

SHere we focus on a B — K* decay, but in the case of a B — P transition, the three form factors reduce to
only one Isgur-Wise function in an analogous way [29, 39]. A discussion on this can be found later in Section 1.2.3
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(K™ (p',e")[57"b| B(p)) = 2iE £L(E)e"" &) npvs (1.41)

(K™ (1, €")|57" 50| B(p)) = 2E [EL(E)(e™ — " -vn') + §(E)e" - vn”], (1.42)
(K" (p',e")|s0"" b B(p)) = 2Emp &1 (E)e"*7e} vpno (1.43)
(K (p',e")|s0" 15000 B(p)) = — 2iE{§L(E)(5*M —e"unt) (1.44)

+&(E)e* -v[(mp — E)n* — va”]}

Therefore, neglecting corrections of order O(a;) and O(Aqep/mp) and comparing Eqs. (1.35)-
(1.38) with Eqgs. (1.41)-(1.44) one finds the following symmetry relations between the B — K*
form factors at large recoil:

- B N - ) W N N L B A
i f e @) = =g A@) =Ti(e) = 55 T(e) = &u(E) (1.45)
M+ 9 mp + Mg+ 9 mp — my- ) mg , )
Aolq”) = —o 5 Alq") - ———A(q") = 5 Talq") — Ts(q") = §(E) (L4
7 ola”) 5F 1(q7) . 2(0°) = 55 T2(¢7) — Ts(¢7) = §(E)  (1.46)

1.2 Semileptonic, purely leptonic and radiative b — s observables

With all the elements needed at hand, we can proceed now to define observables that give us
access to interesting information of the different channels available for b — s¢™¢~ transitions
and, specially, that can be effective probes of NP contributions. In this section we will describe
the whole set of observables included in the global fits discussed in Section 1.3, that is, angular
observables of the semileptonic vector decays B — K*¢(*¢~ and By, — ¢f¢~, as well as the
corresponding ones for the pseudoscalar channel B — K/¢T¢~. We will also review the branching
ratio of the purely leptonic transition By — p™p~ and discuss separately the crucial LEUV
observables. Finally, we will introduce several observables providing information and constraints
on different radiative b — sy modes.

1.21 B — Kt~

We will first list down the observables related to the semileptonic B-meson decay to a light vector
meson K*. For that we will follow the work in Refs. [11, 28|, where symmetries of the angular
distribution were identified and used to establish the precise number of independent degrees of
freedom of the distribution, which in turn lead to define the minimal number of observables
needed to extract all the information encoded in the angular distribution. Subsequently, it
was shown that this subset of observables constitutes a complete basis, that is, any angular
observable can be written in terms of linear combinations of observables of the basis. Additionally,
in Ref. [11] the seed of what would later become known as the optimized observables® was
introduced. By choosing adequate ratios of angular coefficients, one could define theoretically
clean observables, that is observables with cancellation of form factor dependence at LO in

SIndeed, the first observable proposed following this philosophy of building suitable ratios that minimize the
sensitivity to hadronic uncertainties was already introduced in Ref. [40], where the first ratio Ag? ) was defined.
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the HQET/LEET limit". In Ref. [41], the final version of the basis was introduced, replacing
P47576 — Pﬁi,5,6'

The complete set of optimized observables constitutes a central piece in our analysis of the
flavour anomalies. We can define CP-averaged and CP-violating optimized observables in terms
of the angular coefficients J;, J; [12] :

1 [ii d9°[J3 + T3] 1 [ dg*[Js — J3]

Pr)pin = 5 R P in — 5 7 1 1.47
< 1>b 2 fbin dq2[<]23 + J2s} < ! >b 2 fbin dQQ[JZS + JZs] ( )
(Py)pin = lfbin dg*[Jes + J:6s} (PSPVpin = }fbin dg*[Jss — =]:6s] (1.48)

"8 fbin dq?[Jas + Jos]’ 2T fbin dq?[Jos + Jas)

1 Jpin d6*[Jo + Jo] 1 o, dg®[Jo — Jo]
<P3>bi11:_1f dq2[J +j ]7 <P§P>b111:_1f d 2[J +j ]’ (149)
bin 2s 2s bin q 2s 2s

/ 1 2 T /CP 1 2 T
(Py)bin = N dq*[Js + Jul, (Py )bin = N dq”[Js — Jul, (1.50)
bin ¢ bin bin ¢ bin
(Pyin = 55— [ daPls + 5 P in = g [ daPls =R ()
5/bin 2N]:I)1n bin 5 5] 5 1n 2./\[1;111 bin 5 5] .
(P} pin = L / dg*[J7 + J7) (Py"Vpin = L / dg*[J7 — J7) (1.52)
O AN Jbin ’ O TN Join ’ '
/ -1 2 z scP -1 2 7
(P3)bin = 77— | dq"[Js + Js] , (PYVoin = ~—— [ dd®[Js — Js] , (1.53)
bin ¢ bin bin ¢ bin

where the (P;)pi, notation stands for the integration over the ¢ range of the given bin. Since
experimental measurements are performed by fitting ¢>-binned angular distributions, we need to
integrate the theoretical predictions over the corresponding kinematic range determined by the
experimental g2 bins in order to compare theory /experiment. The normalization N, is defined
as:

bin = \/ - /b - dg?[Jas + Jog] /b - dg?[Jac + Jac]. (1.54)

Besides the P; observables above, there are other important observables included in our
analysis:

_ 3 fdQQ[JGS + jﬁs} o 3 qu2[J65 — j@s]
(Arp)in == g 1 ar PR = D a1 ar a0
(FL)bin = / A" re + o <FEP>bin = / A" Jre — o (1.56)

(dT'/dq?) + (dT'/dg?) (dl'/dq?) + (dT'/dq?)

“In other words, the optimized observables are built in such a way that there is an exact cancellation of the
soft form factors, which is only valid at LO in as and Aqcp/me, as we discussed previously in Section 1.1.3 (see
Eqgs. (1.41)-(1.46)).
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dB (dT'/dg*) + (dT/dq?)

<d7q2>bin P 2 ’ (AcP)bin = (dT/dg?) — (dT'/dg")

(dl'/dg?) + (dT/dq?)

(1.57)

where A%Cg ) corresponds to the CP-averaged(violating) Forward-Backward asymmetry, F' écp) is
the longitudinal polarisation fraction of the K* meson, and d3/dq? and Acp are the differential
branching ratio® and the CP-asymmetry of the given decay respectively, with 75 denoting the
lifetime of the B meson.

1.2.2 B, — ¢l+i-

The main difference between the two vector decays B — K*¢T¢~ and By, — ¢{T{~ is that
the latter are not self-tagging processes, that is, the final state cannot discriminate between the
parent meson B, or its CP-conjugate B,. Therefore, the only measurements available for this
decay are the following combinations of angular coefficients J; (which are equivalent to the J;
from Eqs. (1.17)-(1.24)):

(Ji + Ji) 1 =1s,1¢c,2s,2¢,3,4,7 (1.58)
(Ji—Ji)  i=5,6s6¢8,9 (1.59)

Since we do not consider CP-violating processes in our analysis, we will only include the
CP-average quantities above in the form of the optimized observables P;, Pj and Pf, and also
the longitudinal polarisation fraction Fr. However, the fact that the final state ¢ meson cannot
distinguish between a By or a By decay introduces an interference from By — B, mixing. This in
turn induces a time-dependent contribution to the amplitude of the decay and in consequence to
the angular distribution as well. Therefore, one has to make the following replacement [42, 43|
to account for this time-dependence:

Ji(t) = Ji(Ax — Ax(t)), Ji(t) = Ji(Ax — Ax(t)) (1.60)

where X includes all possible combinations of polarisations and chiralities and .J; are related to
the J; coefficients by J; = (;J;, with (; = £1 for i = 1s, 1¢, 2s,2¢, 3,4, 7(5,6s,6¢,8,9). Then the
combinations appearing in the time-dependent decay rates can be written as:

Ji(t) + Ji(t) =71t [(J@ + J;) cosh(yT't) — h; sinh(yI‘t)} , (1.61)

Ji(t) — Ji(t) = e 1t [(JZ — J;) cosh(zT't) — s; sinh(xl“t)} , (1.62)

where I' = (I', + '), x = (myg — mp)l and y = AT'/(2I'), being I'r,(I'y) the width of the
lighter (heavier) mass eigenstate. The coefficients .J; and .J; can be determined from flavour-
specific decays, and s; and h; are defined as a new set of angular coefficients related to the
time-dependent angular distribution (we refer the reader to Ref. [42] for their explicit definitions
in terms of transversity amplitudes).

Following this formalism, we can therefore account for measurements of time-integrated ob-
servables by including O(AT'/T) corrections to the analogous B — K*{T{~ expressions [42]

8We usually write (dB/dq?) simply as B(B — K*£T£7) in order not to overload the notation.
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() + O = 1 [ g et 3 = 2] (163
(Ji(t) = Ji(t))e = % [1—:952(JZ —Ji) - 1—::95281] ; (1.64)

where following a similar notation as in Eqgs. (1.47)-(1.53) we define (A); as the integration over
time of a given quantity A.

Finally, we can construct the same complete basis of optimized observables discussed for
B — K*{™¢~ for the By — ¢¢t¢~ decay by making the following replacements in Eqgs. (1.47)-
(1.53):

1.2.3 B — K(Hi~

Another b — s process that presents good sensitivity to possible NP contributions is the pseu-
doscalar B — K/{T¢~ decay channel. Since it is governed by the same quark transition reviewed
in Section 1.1.1, observables related to this decay can be described by means of the same effective
Hamiltonian. The only difference will appear at the level of the form factors needed, as in this
case we are dealing with a pseudoscalar structure.

Therefore, the matrix element of a B — K/¢T¢~ transition reads [44]

M(B — Kl) = SE2 vy,

Jon Fs(00) + Fp(lyst) + Fypu(€y") + Fap,(t4"50) (1.67)

where p, is the 4-momentum of the B meson. The terms Fgspy, 4” are functions of Lorentz-
invariant quantities that depend on the Wilson coefficients and also the form factors associated
to this decay. They have the following expression [44]:

1 c Corm,

Fs = gy = i) fofa?) (S ), (1.68)
2 2
Fp = —my(Cio + Cior) {f+(q2) - % (fo(d®) — f+(q2))}
1 c Cpm,

+ 2~ m3) fola?) (W) | (1.69)

Fy = (Cro+ Cro) f1 (%), (1.70)
_ (peff eff 2 eff eff fT(QQ)

Fy = (Cg" +Cq') f+(q7) +2(C7" + C )mbimg e (1.71)

where the three B — P form factors fy 1 7(¢?) are defined through the matrix elements

9In general, these transitions could also receive contributions from tensor operators, but since we do not explore
this possibility in our analysis, we choose not include them here.
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2

m2 —m
(K (k)|57,0| B(p)) =(2p — Q)uf+(a®) + %QM [fo(d®) — f+(d®)] , (1.72)
2
(K (K)|5i0,,q"0| B(p)) = — [(2p — 9)uq® — (mB — m%)q,] _frld) (1.73)
mp + Mg

with ¢* = (p — k)" being the transfer four-momentum. Moreover, by means of the equation of
motion for the b and s quarks we can obtain from Eq. (1.72)

m2 — m2
(K(FK)|30|B(p)) = —2—X fo(¢®) (1.74)

mp — Mg

Let us note in passing that the three B — P form factors reduce to one single Isgur-Wise
function £p(g?) due to the existing symmetry relations in the large energy limit of QCD (in an
analogous way as the seven form factors for a B — K* transition reduce to two soft form factors
as discussed in Section 1.1.3) [29, 39|.

By squaring the matrix element in Eq. (1.67) we can compute the decay distribution of a
B — K{t0~ process in terms of the dilepton invariant mass ¢? and the angle 6, between the B
meson and the ¢~ with respect to the dilepton rest frame [45]:

Ty,
dg?dcosf,
where a;(q?), be(q?) and c¢(q?) are defined as [45]

ag(qQ) + bg(q2) cos By + c£(q2) cos® 0y, (1.75)

as(¢?) o /2 12 oA ) ,
o2, 4 (B7|Fs|” + |Fp| )+Z(|FA| +|Fy %)
+ (my; — mi + ¢*)Re[FpFA] + dmimp| Fal’, (1.76)
bf(q2) _ 1/2 *
Toa/zg, — 2meA TBRe FsFy], (1.77)
Cg(qQ) A 2 2 9
Ton2g, —  ale (Fal+IE 1.
ToAL/23, 455 (1Pl + | Fv ) (1.78)

with 5y and A defined in Eq. (1.25) and Eq. (1.32) respectively, and

G2a2, |V Vi
Ty = F em| tbg ts’ (179)
512m5m3,
We are now ready to define the observables of interest that we consider in our analysis.
Since they are experimentally measured in integrated ¢ bins, we already write their theoretical

definitions as ¢® averaged expressions. By combining the ¢?-integrated version of the coefficients
ar(q*), be(g*) and c¢(¢*)

(ar)bin = /bm ar(¢®)dg®,  (be)pin = /b be(¢*)dg?,  {co)bin = /bin ce(¢*)dq? (1.80)

in

we can define the decay rate I'y and the forward-backward asymmetry App [45]:
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<Zl;§>bin =2 <<a£>bin + ;@mn) , (1.81)
(Ahin = 152

Easily enough, we can transform Eq. (1.81) into the usual branching ratio by multiplying by the
corresponding B-meson lifetime 75:

- dr,
-y —
B(B — K{T07) = TB<dq2>bm (1.83)
Finally, we can further define the observable [45]
(Flyin = 72— ({ahbin + {ea)um) (1.8)
(dL'¢/dg?)vin

Since the observable F f] is normalized with respect to the total decay rate I'y, it shows a
reduced sensitivity to uncertainties due to cancellations between numerator and denominator.
Notice that A% is exactly zero in the SM'. Also, in the limit of massless leptons (m, — 0)
Ffil vanishes in the SM due to a cancellation between ay and ¢; as can be seen in Egs. (1.76)

and (1.78).

1.2.4 B, — putp

We include in our analysis the branching ratio of the process B(Bs — pu). This is an important
observable to place constraints on axial, scalar and pseudoscalar structures of NP. The expression
of such branching ratio at leading order is given by [46]:

MN2G2m3, o2 15 fA 4m?2 [ m2 m2
B(By — pp) =———L=— B.Jb, |y A BeCs—Cy)? |1 —d4—4-
647 my, mj m

2
+ (TZZ (Cp—Cp)+ 27%(610“ - cw,#)> } (1.85)
where 7p, is the B; lifetime and Cig, = Clsé\ﬁ + C%IZ. Here Cyo,, accounts for possible right-
handed current NP contributions, and Cg,Cp correspond to LH (RH) scalar and pseudoscalar
contributions.

The most recent theoretical prediction for B(Bs; — pp) is presented in Ref. [47]. In this
work, the authors compute a set of electromagnetic corrections from scales below my that are
dynamically enhanced by a power of m;/Aqcp and by large logarithms. The size of such correc-
tions is found to be 1%, which is larger than previous estimates of next-to-leading order QED
effects, assessed to be £0.3%. Despite that, these corrections are well within the estimated
+1.5% non-parametric uncertainty. To account for these new corrections in our prediction, we
use as a reference the value in Ref. [48], where the effect of these QED corrections is introduced
as a global factor nqep = 0.993 to the previous theoretical prediction from Ref. [46]

By = nqEp(3.65 +0.23) = (3.64 + 0.14) (1.86)

10This can be seen from Eq. (1.77). Since A% 5 o bg, which is different from zero only in presence of scalar
contributions, this observable automatically vanishes if there is no scalar NP.
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In our analyses, we decided to rescale our theoretical prediction using our own set of input
parameters in order to agree with the SM value in Eq. (1.86). This allows us to leave the NP
terms in Eq. (1.85) untouched.

1.2.5 Lepton Flavour Universality Violating observables

Even though we have discussed observables for the pseudoscalar (vector) channel B — K ¢+¢~
in previous sections, there is a type of observable related to these transitions that deserves special
attention due to the remarkable properties they show. The so-called Lepton Flavour Universality
Violating observables, or LEFUV observables, are a subset of observables built in such a way that
they allow to directly test the amount of LFU breaking that data seems to point to.

Up to lepton masses effects, the SM predicts the same decay rate for LFUV observables,
regardless of the lepton flavour in the final state. In other words, one expects the same amount
of electrons and muons (and tau) in a B — K®) decay at the region ¢% > 1 GeV?.

Therefore, by comparing observables that are equal except for the final lepton flavour, we
can assess by how much the universality of the leptonic flavour in the SM is broken by possible
contributions of NP. On top of that, since they are built from ratios or differences of the same
observable, they show a very reduced sensitivity to hadronic uncertainties, making them very
effective probes of the presence of LFUV NP.

First we consider the LFUV ratios Ry [45], both for the neutral and charged B%* meson
decay:

B(BO,-‘r N K(*)O’+,LL+,U_)
B(BO+ — K®)0+ete)

Ryoo+ = (1.87)
where R (.0,+ has to be understood as the g-integrated version of the observable, which we do
not display here as it is customary to write the observable without the usual (.) brackets. Any
Rx ratio constructed following Eq. (1.87), with X being any final state meson of a semileptonic
B decay, will be 1 in the SM up to kinematic corrections of order O(myg/+/q?).

Later on another type of LFUV observable, called @;, was introduced in Ref. [49]:

(Qi)bin = (P!)bin — (P )bin (1.88)

with ¢ = 4,5, 6, 8. Since they are differences of optimized angular observables, which already have
a limited sensitivity to hadronic uncertainties, they also constitute clean probes of the violation
of LFU given that they cancel completely in the SM up to corrections of order O(my/ \/q>2) and
exhibit a high sensitivity to the short-distance part of Cg,,. A measurement of @; deviating from
zero would necessarily imply the existence of physics beyond the SM, with different implications
that we will discuss in the following section. Currently, only experimental measurements of Q4
and @5 are available [50], and therefore we only include those two in our analysis.

1.2.6 B — X0~

In our analysis we include the inclusive decays B — XseTe™ and B — X,utpu~, as they
have a limited sensitivity to non-perturbative contributions while at the same time allow us to
place important constraints on the electromagnetic and semileptonic coefficients C7(/)79</>’10(/)11.
Following the parametrisation in Ref. [25], their branching ratio have the following expression

" These observables can in principle also test other kinds of NP operators such as scalars or tensors. However,
since we do not usually include those in our analysis we will not consider them here.
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b(0,0) =15.86 d, = 1.51
b(0,7) = *0517 b(079) - 2663 b(0710) - *4679

b(0,7/) = _0680 b(0,9’) == _0049 b(O,lO/) == 0061
b(7’7) = b(7/’7/) - 27776 b(g79) == b(g/)g/) - 0534 b(lO,lO) = b(10/710/) = 0543
b(7,7/) = 70399 b(g79/) = *0014 b(lO,lO’) = *0014

b(7_’9) == b(7/79/) = 4920 b(779/) - b(7/,9) == —0113

Table 1.3: Coefficients of the parametrisation of B(B — X:£T¢™) in terms of the Wilson coefficients
Cr¢) 9 1000 [25]-

B(B — X0 )6 = 1077 x > bij) 0Ci6C; + 8 | (1.89)
1,7=0,7(") 9() 10(")

Here 6C; = C; — CiSM, with 6Cy = 1. The non-zero parameters b(i,j) can be found in Table 1.3.
Notice that, since we are only considering the branching ratio in the bin ¢% € [1,6] GeV? (due to
the fact that its theoretical prediction suffers from larger theoretical uncertainties in the high-¢>
region), lepton mass effects are small enough to be considered negligible, and therefore Eq. (1.89)
applies to both muons and electrons, with only small differences in the SM prediction.

1.2.7 Radiative modes

Last, but not least, we list in this section several observables related to B decays with a photon
in the final state. They are interesting quantities to constrain the space for NP contributions to
the electromagnetic operators O7 and Oy, due to the fact that they are only sensitive to this
kind of structure in the WEH.

e B(B — X4v): First, we consider the branching ratio of the inclusive decay B — X,
which we parametrise as [25]

B(B — XS'Y)EA,ZLG GeV = [a(op) + 6, + a(0’7)5C7 -+ a(077/)5C7/

+ag) (663 +0C3) | x 1074, (1.90)

with the coefficients a; in Table 1.4.

ago) =336 d,=0.23 | aqr = —14.81 | a7 = 16.68 | a7y = —0.23

Table 1.4: Coefficients describing the dependence of B(B — X,v) on C,¢) [22, 25]

e A;(B — K*v): The isospin asymmetry A;(B — K*v) vanishes within the SM in naive
factorization [25], but receives non-negligible SM contributions once topologies with photon
emission from the spectator quark line are calculated in the framework of QCD factoriza-
tion. It is defined as
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_T(BY = K*%) —T(B~ — K*7v)

Ap=—2 T2 1.91
"= T(BY = K*9) + (B~ — K* ) (1.91)

Even though this observable is expected to be very sensitive to hadronic uncertainties, it
gives direct access to the electromagnetic coefficients C,¢), and therefore we include it in
our analysis, following the numerical expression [25]:

Sy dy 0C%
Zk,l e(k,l) 6CI7C5C%/

with the corresponding non-zero coefficients collected in Table 1.5.

Ar(B— K*y) =cx + O, (1.92)

c=4.11% oc = 2.52%
do =1 dy = —2.51757
6(070) =1 6(170) = —5.0165

6(0’1) = —0.0919061 6(2,0) = 6.30856

6(072) = 7.49847

Table 1.5: Coefficients describing the dependence of A;(B — K*v) on Cq¢y [25].

o Sk, Finally, another radiative observable related to b — s processes is the time-dependent
CP asymmetry in B — K*9v, which allows an indirect probe of the photon helicity:

[(BO(t) — K*0) — D(BO(t) — K*0y)

Acp(B® = K%)= —— =

cp(B” = K™9) ['(BO(t) — K*0v) + T'(BO(t) — K*0v)

= Sk sin(Ampt) — Ck+, cos(Ampt) (1.93)

where K*0, K*0 further decay into the CP eigenstate Kqm® and thus are observed, and
we assume SM-like BY mixing. Due to the helicity suppression of right-handed photons,
Acp is dominated by B mixing in the SM, making it a good candidate for a null-test of
the SM. Since we are interested in constraining contributions into C.¢), we only consider
the Sk, term in Eq. (1.93), as it contains intereference effects of photons with different
polarisations. We parametrise it as [25]:

0 > k1 9k 0CESCE,

: (1.94)
“0F T Y heeaydCEACL,

SK*'y = f

with f being the central value of its SM prediction and (5}"‘1 corresponds to the upper
(lower) error bar. The non-vanishing g, h coefficients can be found in Table 1.6.

1.3 Global Fits after Rx, and Ry«

In this section, based on Ref. [4], we present the results corresponding to our state-of-the-art
global analysis of b — s¢T¢~ data after the recent LHCb updates of quantities assessing the
violation of lepton-flavour universality (LFU). On the one hand, we have the ratio Rx [51]:
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8% = 0.0089893
f = —0.0207336
§4 = 0.0089767

9(0,0) = +152.774 | h(g,0) = +39.9999
91,0 = —3.17764 | h(o 1y = —4.51218
9.1y = —415.441 | h(y ) = —214.866
9(0,2) = +8.63917 | h(g ) = +290.553

92,00 = +8.63917 | h(z0y = +290.553

Table 1.6: Coefficients describing the dependence of Sg+~ on C,¢) [25].

(1.16] +0.042 +0.013
Ricracy = 0-846 70039 “0.012 (1.95)
with an extended statistics corresponding to 9fb™!, reaching the level of statistical evidence

(above 3 standard deviations). On the other hand, similar quantities have been recently measured
for the experimentally challenging modes [52]

B(B° - Kgutu™) B(BT — K*tutu™)

Ks = B(BY = Kgete) K= B(BT = K*tete) (1.96)
with the results
1.1,6 0.20+0.02 0.045,6 0.18+0.03
R[KS,L]HCb = 0.662973 "0 R[K*Jr,L}]ICb = 0.705515 004 (1.97)

in agreement each with the SM below the 20 level but consistent with the downward trend
compared to the predictions of the SM. Indeed, in the SM, these ratios are protected from
hadronic contributions and are known to be 1 up to (tiny) electromagnetic corrections and
(simple) kinematic mass effects.

As discussed in Section 1.1, the deviations observed in these modes can be efficiently and con-
sistently analyzed in a model-independent EFT (WEH) framework (see, for instance, Refs. [22,
53-62]) 2.

This tool has proven particularly helpful in identifying NP scenarios (or patterns of NP)
that could explain the data at the level of the EFT, providing guidelines for the construction of
phenomenologically viable NP models.

This section represents the most updated version of the previous works in Refs. [53-55]
to serve as an accurate guideline for model building, as well as an overview of observables
relevant for the near future. We follow the same theoretical and statistical approach as in our
previous works [53-55], updating and adding new experimental inputs and their corresponding
SM predictions. It is important at this point to check if the inclusion of this new data alters
some of our earlier conclusions, in particular concerning best-fit-points and confidence intervals
that are required for model building as well as the hierarchy of the various NP scenarios that are

121t is interesting to point out that the results in Ref. [58] are very similar to the ones found in the analysis
presented in this Thesis. Although they use a similar set of observables (with the addition of baryon decays), the
analyses differ through the treatment of hadronic uncertainties (form factors, charm-loop contributions). This
similarity illustrates the robustness of the results with respect to different assumptions on hadronic uncertainties.
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favoured by the current global fits. It turns out that our conclusions remain unchanged and are
thus very robust. We will therefore discuss the outcome of our updated global fits but we refer
the interested reader to Ref. [56-58, 60] to see the different results obtained by groups following
other approaches. A more detailed interpretation of our results can be found in Ref. [55].

1.3.1 Observables

We consider the same observables and theoretical inputs as in Ref. [55], taking into account the
following updated measurements (replacing the previous ones):

e The experimental values of Ry, Rx, and Ry++ from the LHCb collaboration already
discussed [51, 52|. We also take into account their update of Ri [63| as well as the
branching ratios for B+ — K%*y+u~ updated by the Belle collaboration [64] (the Belle
measurements of Ry (. correspond to a combination of the charged and neutral channels
BOt — K0+ ptp-),

e The experimental value of the branching ratio B(Bs — p*p~) from the LHCb collabora-
tion [65], which is combined with the results from CMS [66] and ATLAS [67], leading to
the average B(Bs — ptp~) = 2.8575:31 x 1079 [68]. This is to be compared with the most
updated theoretical computation [48].

e The angular distribution of Bt — K**pu* ™ [69] using the optimized observables P; [12]
measured by LHCb, as well as the longitudinal polarisation and forward-backward asym-
metry measured by the CMS collaboration [70]. Compared to the neutral case, our com-
putation for the charged case takes into account the different spectator quark not only by
modifying the mass and lifetime, but also the annihilation and hard-spectator interactions
following Ref. [10].

e The angular distribution of BT — K*putu~ from the CMS collaboration [71].

e The angular analysis of B — K*eTe™ at low ¢ from the LHCD collaboration [72]. The
bins of this analysis are different from the previous ones [73], but the measurements are
correlated since the latter analysis includes the data of the former, leading us to discard

Ref. [73].

e The new angular analysis and branching ratio of By — ¢u™pu~ from the LHCb collab-
oration |74, 75| superseding the previous LHCDb analysis [76]. We focus on CP-averaged
quantities, as we will consider only CP-conserving NP.

We do not consider here the baryon mode A, — AuTu~ [77], as there is a known issue
with the normalization provided by the Aj production fraction which may distort the results [3,
78]. We think that it is important that LHCDb reanalyses this normalization without relying
on combinations of LEP and Tevatron studies performed at different energies, so that corrected
results of this mode could be included in future global analyses of b — s¢™¢~ transitions in a
completely safe way.

The full composition in terms of observables of the different kind of fits can be found in
Appendix B, where we provide their theoretical prediction in the SM as well as the corresponding
experimental measurement, which we include in our analysis.

1.3.2 Fit approach

Our evaluation of the various observables follows the same approach as in Ref. [22] with the
updates of the theoretical inputs discussed in Refs. [53, 55]. As we already stated throughout
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section 1.1, attention must naturally be paid to hadronic uncertainties |18, 20, 21, 30, 79-81],
which stem from two different sources in exclusive b — s¢1¢~ decays such as B — K®/¢T¢~ and
By — ¢ft¢~. First, form factors must be determined through different methods at large recoil
of the final hadron (light-cone sum rules involving either light-meson [33, 82| or B-meson |23,
34, 83, 84| distribution amplitudes) or low recoil (lattice QCD [35, 85]). Second, the non-
local contribution from c¢ loops can be tackled similarly either at low recoil, through quark-
hadron duality arguments for observables averaged over a large dilepton invariant mass [86—
89], or large recoil, using various approaches (order-of-magnitude estimates, light-cone sum rule
computations |23, 83|, interpolation from the unphysical region below the photon pole up to
the lowest charmonium resonances [19, 84], ...). Obviously, the uncertainties of the theoretical
predictions for these observables (within the SM or any NP scenario) are partly dependent
on these assumptions. However, it is quite striking to notice that different analyses based on
different underlying assumptions for these hadronic uncertainties may yield different numerical
values for statistical quantities (significances, pulls, ...) but they have repeatedly led to very
similar patterns of favoured scenarios, best-fit points and confidence regions for NP contributions
to Wilson coefficients (see for instance Refs. [56-58, 68, 90]).

In practice, we perform fits to obtain information on the values of the parameters collectively
denoted here as 8, which represent the unknown NP contributions from the different scenarios
that we estimate (e.g. Cé\LP, CgLP = —C%};, etc). We work within a frequentist framework based
on a gaussian approximation for the likelihood function £(#) where theoretical and experimental
uncertainties are treated on the same footing:

—2In L(0) = x*(9)

= NZOb:S (Oth(e) _ Oezp)‘ (Vth(e) + Vemp) B (Oth(e) o Oexp) | (1.98)

ij=1 ' N ’

with Ny the total number of observables in the fit, th(ﬁ) the central value of the theory
prediction for the i-th observable, O;™" the experimental measurement (i.e. the central value
quoted by experiments) of the same observable and Vzgh and V;;mp the theoretical and experimental
covariance matrices respectively.

On the one hand, the experimental covariance matrix contains all the available information
on the errors and correlations among the measurements of the relevant observables released by
the different experiments. Whenever the correlations are not available, we take those measure-
ments as uncorrelated. In the case of asymmetric uncertainties (such as Rk), in order to be
consistent with the gaussian approximation of the likelihood function, we symmetrise the errors
by taking the largest uncertainty, with no change in the central value. On the other hand, the
theoretical covariance matrix is estimated by performing a multivariate gaussian scan over all the
nuisance parameters entering the calculation of theory predictions which we do not fit through
the minimisation procedure.

The central values of the unknown parameters in our analysis are estimated by means of the
method of maximum likelihood (ML). By construction of the likelihood, the ML estimators 0
coincide with the best-fit points obtained by minimising the x? function:

x> B
09; |

0 such that Xmin = X2(0), (1.99)

for i = 1,...,n, with n being the number of parameters. The minimisation is performed numer-
ically using MIGRAD from the Python package iMinuit [91]. For computational reasons, the
theoretical covariance is assumed to depend mildly on the NP parameters, hence we take V" (6)
in Eq. (1.98) at the SM point. We checked that our results remain unchanged if we repeat the fits
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with the V*"(6) evaluated at different NP points, confirming the validity of our approximation.
This is in agreement with the results of Refs. [22, 57, 92|, where the impact of accounting for the
correlated theoretical uncertainties at each point in the Wilson coefficient parameter space was
analyzed in full detail.

In order to provide a complete description of the parameters, we also assess their errors and
correlations. This information is encoded in the likelihood function and can be accessed through
the Rao-Cramér-Fréchet formula for the inverse V=1 of the covariance matrix V;; = cov(éi, é])
of the estimators

B 1 82X2
g 2 00,005,
In practice, the likelihood’s Hessian matrix is numerically computed by MIGRAD as one of the
outputs of the minimisation routine. Instead, for the computation of confidence intervals we use
iMinuit’s MINOS algorithm [91].

To quantify the level of agreement between a given hypothesis and the data, we compute the
corresponding p-value of goodness-of-fit:

2
(V_l)“ _ 0“InL

— 1.1
ii = " 96:00; (1.100)

o0

p= dx* f(x%; ndot) (1.101)

2
Xmin

where ngof = Nobs — 1. Finally, to compare the descriptions offered by two different nested
hypotheses Hy and H; (with np,, ng, the respective number of degrees of freedom and ny, <
n, ), we compute their relative Pull, measured in units of Gaussian standard deviations (o):

Pully,m, = V2Erf " [F(AX3, 1,5 niom,)] (1.102)

with AX;{O o= X%,O’min — X%{hmm, NHeH, = NH, —NH,, F the x? cumulative distribution function
and Erf~! the inverse error function. Most of the time, we compare a given NP scenario with
the SM case, denoting the result as Pullgy unless there is a risk of ambiguity. Our statistical
interpretation, based on Wilks’ theorem [93], assumes that the large number of observables leads
to a statistical question where the linear/Gaussian approximation holds and that all observables
have a similar sensitivity to all Wilson coefficients, so that the number of degrees of freedom can
be computed as described above. This issue has been recently discussed in Refs. [94, 95| (see also
earlier discussions on this topic in Refs. [21, 96]). These studies suggest that the effective number
of degrees of freedom to be actually considered could be lower than what a naive computation
would indicate, due to a weak sensitivity of the x? function to some of the Wilson coefficients.
In that case, our interpretation would be conservative, since it yields higher p-values and lower
pulls than with the smaller effective number of degree of freedom advocated in these references.

1.3.3 Fit Results

We start by considering the fits to NP scenarios which affect muon modes only. Tabs. 1.7-1.9
and Fig. 1.1 update the corresponding tables and figures of Ref. [55] based on fits to the full
set of data (“All”, 254 observables'®) or restricted to quantities assessing LFUV (“LFUV”, 24
observables). The results are similar to those in Ref. [55].

From the results in Tables 1.7-1.9, on can see that the combination of anomalies in some LFD
(b — suTu~) angular observables and in LEUV ratios R and Ry~ mainly prefers hypotheses
with a large NP contribution to the Wilson coefficient Cy,, (of order 25% of the SM), or NP
contributions to both Cy,, and Cigy.

13We detail the full list of the observables present in our fits in the appendix, where we also provide their
theoretical predictions within the SM, as well as the individual tension with respect to the experimental value.
In the LFUV fits we include the observables Q4 and Qs (measured by Belle) instead of P, ,,, Ps. -
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All LFUV
1D Hyp. Best fit ‘ lo/20 ‘ Pullgy ‘ p-value || Best fit ‘ lo/2c ‘ Pullgy ‘ p-value
. i [~1.15,—0.87] i [—1.11,-0.65]
Cop 1.01 1.2, —0.72] 7.0 24.0% 0.87 [1.37, —0.45] 44 40.7 %
NP _ NP [—0.52, —0.37] i [—0.48,—0.31]
Cou = —Ciny -0.45 [-0.59, —0.30] 6.5 16.9% 0.39 [-0.56, —0.23] 5.0 73.5%
e [~1.07, —0.75] [~2.10, —0.98]
Coy = —Coy || -0.92 192, —0.59] 5.7 82% || -1.60 —2.49, —0.46] 3.2 8.4%

Table 1.7: Most prominent 1D patterns of NP in b — sutp~. Pullgy is quoted in units of standard
deviation. The p-value of the SM hypothesis is 0.44% for the fit “All” and 0.91% for the fit LFUV.

All LFUV
2D Hyp. Best fit ‘ Pullgym ‘ p-value Best fit ‘ Pullgy ‘ p-value
(Coy Cloy) || (—0.92,4+0.17) | 6.8 25.6% || (—0.16,+0.55) | 4.7 71.2%
(€Y Cr) || (=1.02,+0.01) | 6.7 | 228% || (—0.88,-0.04) | 4.1 37.5%
(CNF . Cyp) || (—1.12,40.36) | 6.9 | 27.4% || (—1.82,+1.09) | 45 | 60.2%
(€, Crory) || (-1.15,-0.26) | 7.1 31.8% || (—1.88,-0.59) | 5.0 88.1%
€y Ch) || (-1.11,-0.26) | 6.7 23.8% || (—0.52,40.34) | 4.0 35.3%
Hyp. 1 (-1.01,40.31) | 6.7 | 24.0% || (—=1.60,+0.32) | 45 | 625%
Hyp. 2 (—0.89,40.06) | 5.4 8.0% | (-1.95,40.25) | 3.6 | 204%
Hyp. 3 (—0.45,4+0.04) | 6.2 159% || (-0.39,—0.14) | 4.7 | 702%
Hyp. 4 (—0.47,40.07) | 6.3 16.8% || (—0.48,+0.15) | 4.8 79.6 %
Hyp. 5 (=1.15,+0.17) | 7.1 31.1% || (—=2.13,40.50) | 5.0 | 89.4%

Table 1.8: Most prominent 2D patterns of NP in b — su™p~. The last five rows correspond to Hypothesis

1: (C};LP = *Cg/“,c%ﬁl = ClO’p,), 2: (Cgup = *Cg/‘u,c%l; = *Clo/u), 3: (Cé\LP = *C%P;,Cglu = ClO’p,); 4:
(CEI)\IHP = —C%P;,Cg/u = _Clo'p,) and 5: (Cé\LP,Cglu = —C101N>.
| et | ey | | & | G | G
Best fit -+0.00 -1.08 +0.15 -+0.00 +0.16 -0.18
1o || [-0.02,+0.01] | [-1.25,—0.90] | [+0.02,+0.28] | [<0.01,+0.02] | [<0.20,40.53] | [<0.36,4-0.02]
20 || [<0.04,40.03] | [-1.41,-0.72] | [<0.10,40.42] | [—0.03,40.03] | [~0.56,4-0.92] | [—0.54,40.22]

Table 1.9: 1 and 2 o confidence intervals for the NP contributions to Wilson coefficients in the 6D
hypothesis allowing for NP in b — su™p~ operators dominant in the SM and their chirally-flipped
counterparts, for the fit “All”. The Pullgy is 6.30 and the p-value is 27.8%.

Following this perspective we ought to be more precise on what goes under the “New Physics”
landscape. For that reason, recalling Eq. (1.9), we consider that the short-distance Wilson
coefficients C;y can contain two types of NP contribution

Cit =Cy+C (1.103)

with £ = e, and i = 9¢),100) (the extension to 7 is trivial, assuming true universality among
e, i and 7) where Ci\g stands for Lepton Flavour Universality Violating NP and CZ»U for Lepton
Flavour Universal-NP contributions. These short-distance contributions are all independent
of the external hadronic states and their kinematics; they differ therefore from long-distance
hadronic contributions which are LFU, but dependent on ¢? and on the nature and kinematics
of the hadronic states. We will define the separation between the two types of contributions by
imposing that LFUV contributions affect only muons

CcY =0 (1.104)
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Figure 1.1: From left to right: Allowed regions in the (Cg,\",C1y).), (Co)r ,Cory = —Ciory) and (Co), COF)

planes for the corresponding 2D hypotheses, using all available data (fit “All”) upper row or LFUV fit
lower row. Dashed lines represent the 3 ¢ regions while the solid lines represent 1, 2 and 3 ¢ regions.

There is no loss of generality here, since this term can always be absorbed in such a way that
CXL can be interpreted as the difference of NP contributions to muons and electrons. Following
the parametrisation described in Eqgs. (1.103),(1.104), we turn now to scenarios that allow for
the presence of lepton flavour universal NP [54, 97] in addition to LFUV contributions to muons
only,

We update the scenarios considered in Ref. [55] in Tab. 1.10 and Fig. 1.2. Interestingly,
when we perform the 10-dimensional fit allowing for NP in both muon and electron coefficients
(i.e. C7,Co¢,Cro¢ and Cq/,Coyry,Cior¢ for both £ = e and p), we obtain almost the same results
as in Tab. 1.9 for the muon coefficients, whereas the electron coefficients are only very loosely
constrained, indicating the need for more data on electronic modes. We obtain a Pullgy; of 6.00
(p-value of 28.3%) for this 10-dimensional fit.

1.3.4 Favoured scenarios and connection with other observables

Several scenarios exhibit a significant improvement in the description of the data compared to
the SM. Fig. 1.3 shows the predictions for the observables )5, Rx and Rg+ in several of these
scenarios. The large uncertainties for Rg» in most NP scenarios come from the presence of three
different helicity amplitudes involving different combinations of form factors: if the SU(2),
symmetry of the SM is respected, one amplitude dominates leading to reduced uncertainties for
the prediction of Ry, but in other cases, the presence of several helicity amplitudes leads to
larger uncertainties. One can also notice that Q5 is able to separate three cases of interest: the
SM, scenario 8 (CQZ = —C%“,C}f ), and the scenarios with right-handed couplings and a large
negative contribution to Cy,, (Fig. 1.4a illustrates the importance of R and P} in highlighting
these scenarios compared to others considered in the previous section).
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Scenario H Best-fit point ‘ lo ‘ 20 ‘ Pullsym ‘ p-value
—0.55 [£1.02, —0.11] | [-1.56, +0.32]
Scenario 5 Cl\g; +0.49 [+0.08,+0.84] | [—0.44,+1.15] 6.6 25.2%
09 =Y —0.35 [—0.73,+0.07] | [~1.06,+0.60]
. cy, cmu ~0.52 [—0.59, —0.44] | [—0.67,—0.37]
. 26.
Scenario 6 c9 =cl ~0.38 0,50, ~0.26] | [~0.60,—0.13] | O | 266%
. Co) —0.85 [~1.07,—0.63] | [~1.30, —0.42]
: 7| 2.
Scenario 7 el —0.26 0,52, 40.01] | [~0.79,+0.30] | 07 | 8%
. Y, = —Cho, —0.34 [—0.41,—0.27] | [~0.49, —0.20]
. ’ ’ 2 4.59
Scenario § cy —0.82 -0.99, ~0.63] | [-1.16,-042] | 3457
. Cy, = —Chop —0.53 [—0.63,—0.43] | [-0.74,—0.33]
Scenario 9 c}{) —0.24 044, —0.05) | [-0.63,+015] | &3 | 1T2%
. cy ~0.98 [—1.13,—0.84] | [~1.27,—0.69]
1 2 ’ : 27.
Scenario 10 cl +0.27 [+0.13,+0.42] | [-0.01,+056] | 7 9%
, ey ~1.06 [—1.20,—0.91] | [~1.34, —0.76]
S 11 o ’ ’ 6.9 27.4
cenatio ct ~0.23 [~0.35,—0.10] | [0.47, +0.02] %
Vv
Seonaio 19 cy +0.49 [+0.34,+0.65] | [+0.10, 4081 | . [ | o
cY —0.25 [—0.38,—0.13] | [—0.50,—0.00]
c{,;l —-1.11 [-1.27,-0.96] | [~1.41,—0.79]
Scenario 13 Cqr, +0.37 [+0.13,40.60] | [—0.11,40.84] 6.7 29.6 %
cy +0.28 [+0.10,+0.47] | [—0.08,+0.66]
Clly +0.03 [—0.15,+0.21] | [~0.33,+40.40]

Table 1.10: Most prominent patterns for LFU and LFUV NP contributions from Fit “All”. Scenarios 5
to 8 were introduced in Ref. [54]. Scenarios 9 (motivated by 2HDMs [98]) and 10 to 13 (motivated by Z’
models with vector-like quarks [99]) were introduced in Ref. [55].

As discussed in Ref. [55], scenario 8 allows for a model-independent connection between the
anomalies in b — s¢T¢~ decays and those in b — c7v transitions [100]. This connection arises
in the SMEFT scenario where C(V) = C3) expressed in terms of the following SU(2)-invariant
dimension-6 operators [101, 102]:

Oz(]kl [Qivu Q][ Li" Lil, (1.105)
02, = [Qimuo Q[ Lay"o" L), (1.106)

where the Pauli matrices o act on the weak-isospin component of the quark (lepton) doubles
Q(L).

The operator involving third-generation leptons explains R ) and the one involving the
second generation gives a LFUV effect in b — sy~ processes. The constraint from b — crv
and SU(2), invariance leads to large contributions enhancing b — s77~ processes [102], whereas
the mixing into Oy generates C§ at u = my [103]. Therefore, the SMEFT scenario described
above reproduces scenario 8 with an additional correlation between Cg and Ry [102, 103]:

\ log(A%/(1TeV?
Vs (1| Foo <1+ 0g(A”/(ITeV ))> , (1.107)

where A is the typical scale of NP involved. We show the global fit of scenario 8 without and
with the additional input on R from Ref. [100] in Fig. 1.4b, taking the scale A = 2 TeV.
The best-fit point for (Cg), = —CY,,Cg) is (—0.36, —0.68), with 1 ¢ intervals [-0.43, —0.29] and
[—0.80, —0.55] respectively. The agreement among all data is very good, shown by the fact that
scenario 8 supplemented with Rp.) exhibits a pull with respect to the SM of 8.0 ¢ and a p-value
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Figure 1.2: From left to right: Allowed regions for the 2D scenarios presented in Tab. 1.10. Scenarios 6
and 7 on the upper row, 8 and 9 in the middle row and 10 to 12 in the bottom row using all available
data (fit “All”). Dashed lines represent the 3 o regions while the solid lines represent 1, 2 and 3 o regions.

of 33.1%. Interestingly, the agreement between scenario 8 and the allowed region for R, has
increased with the addition of Rk, Rg++ and Bs — ¢utu™ into the global analysis, with a
fit favouring less negative values for CJ. An even better agreement could be reached if Ry is
slightly further away from the SM expectations, or if the scale of NP is increased.

1.4 Summary and Conclusions

We have presented in this chapter our most complete and updated results of the global fit to
b — sft¢~ data including 254 observables. We see that the recent measurements of LFUV
observables Ry, Rk, Ri++ by the LHCD collaboration together with the By — ¢ut ™ update
confirm the main conclusions of the previous update of Rx and By — putu~ with only marginal
changes. Indeed, the slight reduction of significances in most scenarios is mostly driven by the
inclusion of more SM-like observables coming from the update of By — ¢u™p~ (new bins) with
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Figure 1.3: Values of (Qs)[1.1,6), (Rx).1,6), (BK+)1.1,6 in the SM and nine different scenarios: SM
(black), Cg,i" (orange), (Cg,r,Cory) (yellow), (C), Crory,) (light green), (Coi7 = —Cory, CTy,, = Ci0ry) (dark
green), (C57,Corp = —Cirory,) (light blue), (Cg), = —CY,,,C§) (dark blue), (Cy,,,C1p) (purple), (Cg,,Ctiy)
(pink), (CQ/M, Cgf“, C10,Cio,) (red). The boxes correspond to the predictions of the 1 o regions at the b.f.p.
value of the Wilson coefficients in each of the scenarios for the fit to the “All” data set.

little sensitivity to Cg, and higher experimental precision. On the other side, even if the scenario
Coy = —Cygr;, can explain neither Ri nor Ry, it yields an acceptable solution for R+ and Ry«
leading to a marginal increase of its significance in the LFUV fit.

The overall hierarchy of preferences for specific scenarios remains unchanged. In our previous
update [55] we observed an increase in the consistency among the data analyzed in the framework
of the favoured scenarios. More specifically, we saw that the most favoured 1D scenario remains
the case of a vector coupling to muons encoded in Cy,. The LHCb update of the By — putp~
branching ratio, in better agreement with the SM expectation, reduced marginally the room
available for NP in Cyq,, for the scenarios considered here, which do not feature NP contributions
from (pseudo)scalar operators.

Finally, the two classes of favoured scenarios of Ref. [55] find their status strengthened, namely

e The purely muonic hypotheses with right handed currents (C%P,Clofu) and (C&P,Cglu =
—Cior)- The latter scenario (called Hypothesis 5 in Table 1.8) features a right-handed con-
tribution which becomes compatible with zero once the 20 confidence region is considered.
Such right-handed currents tend to counterbalance the impact on Rg of a large negative
Co,, which is preferred by many observables considered in the global fit.

e Scenario 8 (CSL = —C}{)M,Céj ) with a universal component C§ together with a muonic
component obeying SU(2)y, invariance. As illustrated in Fig. 1.4b, this scenario reaches
8.0 o once combined with Rp and Rp+ in an EFT framework explaining b — ¢fr and
b — st~ through correlated singlet and triplet dimension-6 operators combining quark
and lepton bilinears.
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Figure 1.4: Left: (R )(1.1,6) versus (P§)(4,6 in five different scenarios: C§;” (blue), Coi' = —Ciy), (orange),
and (Cy, = —C10,,,Cg') (red), (C,Corp = —Crory) (black), and CJ, (purple). The curves correspond

only to the predictions for central values. In the 2D scenarios (red and black) the Wilson coefficient not
shown is set to its b.f.p. value. The current experimental values from the LHCb collaboration are also
indicated (orange horizontal and green vertical bands respectively). The dots correspond to the b.f.p.
values of the corresponding scenario for the fit to the “All” data set. Right: Preferred regions at the 1, 2
and 30 level (green) in the (Cy, = —C)p,,, Cg) plane from b — s¢*¢~ data. The red contour lines show
the corresponding regions once Rp(+) is included in the fit (for A = 2 TeV). The horizontal blue (vertical
yellow) band is consistent with Ry (R ) at the 20 level and the contour lines show the predicted
values for these ratios.

As an outlook for the future, besides the importance of updating the LFU ratios Ry (.) and
the angular distributions of B — K*¢*¢~ and B, — ¢{T{~ modes, two experimental inputs
can help guiding future analyses. First, the observation of enhanced b — s77~ transitions
would favour naturally a scenario with a LFU contribution in Cg . Second, the measurement
of a large ()5 would favour a scenario with a large negative vector coupling Cy,, possibly with
additional right-handed currents. Indeed, as illustrated by Fig. 1.3, the observable @5 [49] can
distinguish between the purely muonic hypotheses with right handed currents (e.g. Hypothesis
5) and scenario 8 with a universal component in Céj , with a higher value in the former case and
a slightly lower value in the latter [97].

Further progress may also be achieved through a better understanding of the theoretical
uncertainties involved [34, 84, 104], more data on other modes and with other experimental
setups (in particular Belle II [105]), but also the determination of additional observables [106—
108]. This supplementary information should help us to corner the actual NP pattern hinted
at by the b — s¢T¢~ anomalies currently observed and confirmed as an evidence in Ry by the
LHCDb collaboration.

Such identification at the EFT level is the first and mandatory step to build viable phe-
nomenological models for NP, to be probed and confirmed through decays involving other families
of quarks and leptons, as well as direct production experiments.
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Chapter 2

P- and S-wave contributions to the
BY - K*(— Ktr=)¢t¢~ decay

As reviewed in Chapter 1, different observables constructed upon the B® — K*O(— K+r=)¢te-
decay with the KT7~ system in a P-wave configuration give rise to some of the anomalies
observed in semileptonic B-decays, therefore an improved understanding of these transitions
is essential to distinguish between the SM and possible NP scenarios. In their experimental
analyses, the LHCb collaboration has observed the presence of a large K7~ S-wave component
in BY - K*9(— K*x~)¢*¢~ decay [109, 110]. Unfortunately, the lack of reliable B® — K*+7~
S-wave form factors implies that the physics potential of this component remains untapped.

In this chapter, based off of Ref. [108], we present the potential of B® — K*0(— K¥n=)(T¢~
transitions to search for physics beyond the SM, considering both P- and S-wave contributions to
the KTn~ system. Other works studying the impact of the S-wave contribution are Refs. [111-
118]. A key aspect of our analysis is the identification of the symmetries of the five dimensional
decay rate that underpins the complete set of B® — K*0(— K*7~)¢{*¢~ observables and the
relations between them. In particular, we identify new observables related to the interference
between the S- and P-wave amplitudes of the B’ — K*7~ system, and use the symmetry
relations to investigate the potential of S-wave observables as precision probes of NP. We work
under the hypothesis of no scalar or tensor NP contributions in our study of the symmetries.
In addition, we present a new and robust way to extract information on both NP scenarios
and non-perturbative hadronic contributions by studying the common position in dilepton mass
squared at which a subset of P- and S-wave observables cross zero.

This chapter is organised as follows. In Section 2.1, we discuss the structure of the differential
angular distribution including P- and S-wave contributions. In the case of P-wave observables
with massive leptons, we study the sensitivity of previously identified observables to new scalar
and pseudoscalar contributions. In the case of the S wave, we define new observables. In
Section 2.2 we first perform an analysis of the degrees of freedom required to fully describe
the angular distribution, identify the symmetries of the angular distributions and derive a set
of relations between P- and S-wave observables that are a consequence of the transformation
symmetries of the angular distribution. These relations offer control tests for both experimental
and theoretical analyses. Significantly, given the lack of knowledge of S-wave form factors, these
relations also enable predictions for some combinations of S-wave observables in terms of P-wave
observables. In Section 2.3, the relations are used to obtain the first bounds on the complete
set of S-wave observables and the potential to observe NP with some of these observables is
discussed. In Section 2.4, a set of P- and S-wave observables that share a zero at the same
position in dilepton invariant mass ¢? is highlighted and the resulting information on both NP
scenarios and on hadronic effects is discussed. A brief discussion on the precision expected to
be achieved experimentally for some of the P- and S-wave observables in the future is presented
in Section 2.5. Finally, a summary and conclusions are presented in Section 2.6. Appendix C
provides the necessary steps to derive one particularly lengthy relation in the massive case.
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2.1 Structure of the differential decay rate: P and S waves

The differential decay rate of the four-body transition B® — K+7n~¢*¢~ receives contributions
from the amplitude of the P-wave decay B® — K*9(— K7~ )¢*t¢~, as well as from the amplitude
of the S-wave decay B® — K¢(— KTn~)l*t¢~, with K} being a broad scalar resonance. The
rate can then be decomposed into:

T dTe s
dg2dm3._dQ  dg?dm?._dQ  dg®dm?. dQ

(2.1)

where d2 = dcosfydcosfOxdp and I'p contains the pure P-wave contribution and I'g contains
the contributions from pure S-wave exchange, as well as from S-P interference. Here, ¢* denotes
the square of the invariant mass of the lepton pair and m g, the invariant mass of the K system.
The angles 8y, 0 describe the relative directions of flight of the final-state particles, while ¢
is the angle between the dilepton and the dimeson plane (see Ref. [28] for definitions). The
differential rate for a BY decay to a final state in the P-wave configuration is

VI §

dg>dm3._dQ  32n
+Jo. cos? Ok cos 20 + J3 sin? O sin® 0y cos 2¢

+J4 sin 20 sin 20, cos ¢ + J5 sin 20k sin 6, cos ¢

[Jls sin? O + Jiecos? Ok + Jos sin? O cos 20,

+Jgs sin? 0 cos 0y + Jg. cos® O cos Oy
+J7 sin 20 sin 6y sin ¢ + Jg sin 20 sin 260, sin ¢
+.Jg sin? O sin? 0, sin 2¢] X \BWp(mKﬂ)F, (2.2)

with a similar form for the BY rate. The mg, dependence, denoted by BWp(mgy), can be
modelled by a relativistic Breit-Wigner amplitude describing the K*? resonance, including the
apposite angular momentum and phase-space factors. The Breit-Wigner amplitude is normalized
such that the integral of the modulus squared of the amplitude over the m g, region of the analysis
is one. For the exact form of the Breit-Wigner functions BW;(mg,) for i = P,S we refer the
reader to Ref. [111]. Notice that Eq. (2.2) differs from the angular distribution in Eq. (1.14)
by this factor BWp(mg,), which was not present in the discussion in Chapter 1 since there we
considered the narrow-width approximation approach for the Kn system.
The differential rate of the S-wave final state configuration is

d°Tg 1
Tozam? aa = T |
q* dm3, dQ 4

+ J§y cos O + JG, cos 260, cos Oy (2.3)

jfa + jQCa cos 20y) | BWgs(mgr) ]2

+ Jy sin 20; sin 0 cos ¢+ Js sin 0 sin O cos 10)

+ J7sin 6; sin 0 sin ¢ +Jg sin 26, sin O sin ¢] .

The coefficients J;, J¢, and J§, are functions of ¢?. Those for the S-P interference, jfb, jgb
and Jy_s depend on both ¢ and mg,. The my, amplitude for the S wave, BWg(mgy) may
be described with the LASS parameterisation [119, 120]. Similarly to the P wave, the S-wave
mg.-amplitude is normalized such that the integral of the modulus squared of the amplitude
over the analyzed my, range is one.

If not explicitly stated otherwise, we will not consider the presence of scalar or tensor contri-
butions in the following (this implies, in particular, that Js. in Eq. (2.2) is taken to be zero). The

decays B® — K*0¢T¢~ and B — K}{T{~ are described by seven complex amplitudes Aﬁfo, Ay
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and three complex amplitudes ABL’R, A}, respectively, where the upper index L, R refers to the
chirality of the outgoing lepton current, while in the case of the P-wave the lower index ||, L,0
indicates the transversity amplitude of the K*-meson.

Since the distribution is summed over the spins of the leptons, the observables J; and J;
are described in terms of spin-summed squared amplitudes of the form AiL*A]L + AZR*A;%. This
structure suggests that the amplitudes can be arranged in a set of two-component complex
vectors:

Al AL AL AL AL

Two vectors are needed to parametrize the L and R components of the Af; amplitude, and the A,
and A} amplitudes are not expressed in terms of two-complex vectors. Except for the lepton mass
terms that mix the L and R components and include the A; (or A}) amplitudes, one can express
the coefficients of the distribution in terms of these vectors. The expression for the coefficients
in the P-wave terms can be found in Egs. (1.17)-(1.24). For the S-wave terms we find

Jia = = [JAF 1 + |AF? + (1 — 82) (JA}]? + 2Re [AF AT™])] (2.5)

| w

- 3
J5, = 752 (JAG"[* + [AG"7) = =g A% Ins* (2.6)
Similarly for the P-S (real) interference terms

2 3
Jiy = S V3Re [(AG A" + AGTAT™ + (1= 5%) (AG"Ag™ + AGAG™ + ALAT)) BWsBWp]
= J5"Re(BWsBW}) — J&; ' Tm(BWs BW}) (2.7)

T5, = ~2V35%Re (AL AL + ARAR") BWSBW]

= J5"Re(BWsBW}) — JS Tm(BWs BW}) (2.8)
7 § § 2 /L /R *
= JI'Re(BWsBW}) — jiIm(BWSBWjS) (2.9)

3 3 * * *
- QﬁﬁRe [(AG"AT" — AGTAT) BWs BW]
= J'Re(BWsBW}) — Jim(BWsBW3) (2.10)

and finally for the P-S (imaginary) interference terms

\f mm (A Al — A Al )BWSBW}S}
— JTIm(BWsBW}) + JiRe(BWsBW}) (2.11)

- 3 /3
Js = 4\55%1 (A AL + AF AT BWsBW]
= JIm(BWsBW}) + JiRe(BWsBW3), (2.12)
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where 8 = 4/1 — 4m% /q? and the superscript indices r and i (here and for the rest of the chapter)

refer to the real and imaginary parts of the bilinears, respectively.

The form of the differential decay rate given through Eqs. (2.2), (2.3), (2.9), (2.11) assumes
that the ¢> and mx, dependence of the B® — K7~ form factor can be factorized [111, 112,
121]. The breaking of this factorization, as presented for instance in the analysis of generalized S-
wave BY — K+ 7~ form factors in Ref. [116], may be tested through the validity of the symmetry
relations between the observables derived in Section 2.2.

The study of the S-wave observables presented here is the first to consider the complete set
of observables that arise when the decay rate is written differentially with respect to mg,. As
a consequence, the interference between the S-P-wave mg, lineshapes projects out additional
bilinear combinations of S- and P-wave amplitudes, giving rise to the 12 new observables J** in
Egs. (2.9) and (2.11). Previous studies, such as those of Ref. [122], only considered the differential
decay rate integrated over my,. In this case one obtains the six well-known S-P interference
observables J; that can be described by a single two-dimensional S-wave amplitude vector ng,
without the need for n'y. Concerning possible contributions from D- and higher partial waves, in
Ref. [113] the authors considered the role of such terms and concluded that S+P+D contributions
correct S+P at the few permille level, beyond the expected precision at any near-future facility.

2.1.1 P-wave massive observables

The so-called optimized observables are designed to reduce form factor uncertainties. The set of
such observables that describes the P-wave K7 system has been discussed at length in a series
of papers [11, 12, 22] and quoted in Eq. (1.47). However, due to improvements in experimental
precision, there is increasingly sensitivity to observables that are suppressed by factors of the
lepton mass. For the optimized observables, P;, the impact that lepton masses have in the very
low ¢? region via the kinematical prefactor 3 is well known.

Our interest here is to explore two further optimized observables M; and Ma, introduced in
Ref. [11], that can be neglected in the massless limit. These observables are defined in terms of
the coefficients of the distribution as follows':

Jls ch
M, = 3o My = T (2.13)
For this specific type of observable it makes sense to explore the impact from NP scalar and
pseudoscalar contributions. Therefore, we will relax in this section the hypothesis of no scalar
or pseudoscalar contributions.

Even considering a large set of NP scenarios, the observable M is found to be practically
insensitive to NP and is not analyzed further. By contrast, Ms can potentially provide infor-
mation on scalar and/or pseudoscalar NP scenarios. In order to explore reasonable values of
(pseudo)scalar contributions, we constrain the range for the coefficients Cp g by considering only
those values allowed by the experimental measurement of B(Bs — pu). Thus, we write the
following ratio [123|, which is used to define the 1o region from B*P(Bs — uu):

B*P(Bs — pp)
BM(By — pp)

Rp sy = = |S|? + |P|?, (2.14)

In order to make the comparison with experimental prospects easier, in this work we have slightly changed
the definition of M; 2 by removing the constant terms appearing in Ref. [11].
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where the quantities S, P? contain the different NP contributions and are given by:

m2  m?2 Cs — Cgr
S=|1—da— g B (X2 5 (2.15)
mp_ 2mpmy, ClOu

M NP
P = Clsﬂu + ClDu - CIO'/J m%S Cp—Cps
C%\ﬁ 2mym, Cls(l)\l/i

(2.16)

Fig. 2.1 shows the allowed region for S and P once the latest experimental value for B(Bs —
pp) = (2.85 4 0.34) [68] is included, corresponding to Rp,,, = (0.78 £0.10). In this analysis
we have not allowed for the presence of right-handed currents.

10: BEP (B, — )
’ | BM(B; — pup) [
05+
n 00 - e
-05
10+ i i
lo xSM ey, =0.30
-10 05 00 05 10
P
Figure 2.1: Region of allowed values for S, P that fulfill the condition |[REM, = — RE", | <0.10. In
order to illustrate the sensitivity of this observable to NP contributions, we display its value in the SM
(black star) and in one of the favoured scenario from Ref. [4] (blue dot): {Cg), = —C}p, = —0.34,C§’ =

—0.82}. Only the dependence on Cig,, is displayed in the plot. The tiny difference of this scenario with the
SM illustrates that Ms is an observable with low sensitivity to the preferred scenarios of present global
fits. For this reason we explore its sensitivity under other types of NP, namely scalars and pseudoscalars.

We perform an analysis of the behaviour of the observable Ms under different hypotheses
for (pseudo)scalar NP contributions that are compatible with Fig. 2.1. The case S =0,P =1
corresponds to the SM, as can be seen from Eqgs. (2.15) and (2.16). We consider three other
possible scenarios, corresponding to maximal values of .S, P:

i) S =40.94,P =0,
ii) S =P =0.66,
i) $=0,P=—0094.

2Not to be confused with the P- and S-wave components of the decay, this S, P refer to Scalar and Pseudoscalar
NP contributions entering Rp .. The latter includes the SM axial-vector contribution.
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These three benchmark cases are: i) only a scalar contribution (with two possible signs) and
no pseudoscalar NP, ii) both S and P contributions present and equal in magnitude and iii)
the opposite sign of the SM case with a negative pseudoscalar contribution. Fig. 2.2 shows the
theoretical prediction of the large- and low-recoil bins of Ms in the four scenarios mentioned
above.

i mS=0,P=1(SM) |
1250 1
i 1S=+094P=0 |
L [1S=066,P=066 -
1200 1
r mS=0P=-0.94
115} 1
2“‘ [
1.10[ 1
1.05- 1
L —
: I: 1 | —
1.00 —
o 5 0 15T
¢*(GeV?)

Figure 2.2: Binned theoretical predictions for My in the SM and in selected NP scenarios including
pseudoscalar and scalar contributions.

It is evident from Fig. 2.2 that the rather small sensitivity of My to (pseudo)scalar contri-
butions makes it difficult to get a significant distinction between the different scenarios. This
is especially the case in the very low ¢ region, where the uncertainties associated with the
theoretical prediction of this observable are larger. Only for the S = 0, P = —0.94 scenario
in the large-recoil region is a clean separation between hypotheses possible, given suitably high
precision measurements. The situation is somewhat better in the low-recoil ¢ region, where the
theoretical errors are smaller but an even higher experimental resolution will be required. The
experimental prospects for such a separation of NP hypotheses is outlined in Section 2.5.

2.1.2 Definition of S-wave observables: massless and massive case

In this section we define the list of S-wave observables that can be constructed using the coef-
ficients of the distribution. They follow from the previous section including P and S waves in
the massless case but also taking into account lepton mass terms. The S-wave observables that
were mostly treated as nuisance parameters thus far will become an interesting target for future
experimental analyses.

Our goal here will be to define the S-wave observables but it is beyond the scope of this
thesis to provide SM predictions and enter into a discussion of the form factors or other hadronic
uncertainties. Our first interest is to determine how many of the observables are genuinely
independent. The question of the number of degrees of freedom is critical for the stability of
experimental fits and is discussed further in Section 2.2.
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As discussed in Section 2.1, the new S-P interference observables defined in Egs. (2.9) and
(2.11), can be defined in terms of the vectors in Eq. (2.4) as follows:

Sty = i 3= 3?Re(nf ng) + CP, Sty = i\/é B2Im(nf nls) + CP,
- f’l 31 B Re(n] ng) + CP, Si, :% 31 L8 In(nnf) + OP,

Sg3 = 2 31 ﬁRe(nJ_ ng) + CP, Sy = g 31 ﬁIm( Lns) + CP,

Sgy = 3 3 ! BRe(n”nS) + CP, Sk, = g 31 ﬁIm(ans) + CP,

Sty = 2\/§ ! B?Re (nﬂls) + CP, Sk = i\/;pBQIm(nins) +CP, (2.17)

where
I' = I'p+T5+CP
3 1
FIP = Z(2J1s + ch) — Z(2J28 + Joo) + CP
- 92 .
'y = 2Jf, — §J§a + CP. (2.18)

Here the prime stands for the differential distribution. Note that once we include lepton mass
terms, Fg should be extracted from J5, and not from the combination with J{, such that:

\ngns\ 8 J2a
INd - 3 52 I
In order not to overload excessively the notation it should be understood that in Eqgs.(2.19-
2.28) each explicit J or J is accompanied by its C' P-conjugate partner. In the case that B and
B decays were experimentally separated, a set of C' P-asymmetries corresponding to each J and
J observable would also become accessible.

In terms of these observables, the angular distribution in the massless limit (taking 5 — 1 in
Eq. (2.17)) is given by:

Fg =

(2.19)

1 dYT +T 1 dYT +T
SN gL ACED)
AT +T)/d¢* dg2d9 |g,p d(C+1)/dg* dg2dQ |p
1 3 2 . 2
+ ir |:4Fs|BWS| sin“ 6
—2[S%,Re(BWsBW}) — ngllm(BWgBWjS) sin? 0 cos Oy

]
+ [Sh,Re(BWsBW3) — SkoIm(BWsBW})|
+ [Sg3Re(BWgBW ) — Sg3Im(BWsBW )| sin 6 sin 0 cos ¢
[SS4Im(BW5BW )+ SS4Re(BWSBW )]
)+

+[S5sIm(BWsBWp) + S4sRe(BWsBW )] sin 20, sin 0 sin ¢] .
(2.20)

sin 260, sin 0 cos ¢

sin 0y sin O sin ¢
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The corresponding angular distribution in the massive case can be obtained from Eq. (2.3)
using optimized S-wave observables and mass terms defined by:

_B2jlca — J;Ca

M} = ) 2.21
== 221
together with the extra S-P interference massive optimized terms:
2 T 9 T k)
I
\/ J2C‘]~§a
2 Fe,i FC,1
—B4J = Jy
M = b (2.22)

\/ J20J;Ca

Then the massive distribution becomes:

1 d4T +T) (L FBWP L d4T +T)
AT +1)/d¢® dg2dd lg,p o d(C+T)/d¢> dg2dG |p
1 [/3 N3 5

P [<8F5(1+M3) 86 F5COS291> |BWs|

4 (—;2(53;1 + MiN, ) Re(BWsBIWS)
612(551 + MgNL)Im(BWSBWj;)> cos O
+ [S5 Re(BWsBW}) — Sk Im(BWsBW})] cos 20; cos 05
+ [ShoRe(BWsBW3) — Sk Im(BWsBW})] sin 26; sin Of¢ cos ¢
]
]

_l’_

( oIm(
+ [S53Re(BWsBW}) — SisIm(BWsBW})
+ [S%,dJm(BWsBW}) + St,Re(BWsBW})] sin 0 sin 0 sin ¢
+[S55Im(BWsBWp) + SksRe(BWsBW})] sin 26; sin 0 sin ¢] .

sin 0; sin O cos ¢

(2.23)
We define

_ Je 1 3 21/ /

N = JocJs, = 5 56 I/ (1 - FS)FSFL
= 1 /3 o p
Np = —JosJ5, = 1 56 IMy/(1— FS)FSFT (2.24)
and

I 1

Fl = Fﬁ =Fs—es es=Fs(l— B2 — 3M3). (2.25)

Notice that in the massless limit (Mi(,) — 0, 8 — 1) Eq. (2.23) reduces to Eq. (2.20).
Finally, in order to write the whole distribution with massive terms and optimized observables,
the substitution:
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r/i T zNL T/ /1 NT
e - PSR Se g5 - PSS (2.26)

is needed, where the optimized observables for the interference terms in all ¢ bins are

) jc,r/i Jr/z
psyli— 2 pgfi— A8 (2.27)
\/ ‘]20‘]50, \ _JQS‘]ZCa
Using the expressions®
1 1 1, )
Jos = ZNL Joe = —Ng, J3= §P1N1, Jy = §P4N3, Js = P5Ns,
1

Jes = 2PNy, J;=—PiN;3, Js= —§P8’N3, Jog = —P3Ny, (2.28)

where Ny = 52FT’LF’P, N3 = 52\/FTFLF’P (and the addition of the CP conjugate in I, is
implicit) and including the definitions of Mj 2, one finds:

1 d*(T'+7T)
d(' +T)/dg*  dg2dSd

9 [3. 14 .
{ FrM sin? 0k + Fp Mo cos® 0 + <4FT sin? 0 — F, cos? 9K> cos 26,

P 327T

1 = [~ ~ (1
+ §P1FT sin? O sin? 6; cos 26 + \/ FrFy, (QPi sin 20k sin 26, cos ¢
+ PZsin 20 sin 0, cos (b) + 2P, By sin? 0 cos 6,
—/ ErFy, (PG sin 20k sin ; sin ¢ + §P8 sin 26 i sin 26; sin qb)
— PyEpsin® 0k sin? 0 sin 2¢] . (2.29)
where a global pre-factor 82 has been absorbed inside the re-definition FT7 L=083Frr.

2.2 Symmetries of the distribution

In this section we present the explicit form of the symmetry transformations of the amplitudes that leave
the full distribution (including P and S wave) invariant, and obtain explicitly the relations among the
observables. The massless and the massive cases are discussed separately.

The number of symmetries of the distribution is determined by performing an infinitesimal transfor-
mation A’ = A + 5, where A is a vector collecting the real and imaginary parts of all the amplitudes
entering the distribution (the vector A depends on whether the massless or massive hypothesis is taken),
and the condition to be a symmetry is that the vector 5 is perpendicular to the hyperplane spanned by
the set of gradient vectors:

Vie Ji,J; Vi L§. (2.30)

The gradients are defined then by the derivatives of the coefficients with respect to the real and imaginary
parts of all the amplitudes. The difference between the dimension of the hyperplane that the gradient
vectors span if they are all independent (equal to the number of coefficients of the distribution) and

30ne may add to this list another observable, related to the presence of scalars, associated with the coefficient
Jec. Given that in the present paper we only allow for scalars when analyzing the observable Mz, we direct the
reader to Ref. [11], where this case is discussed.
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the dimension of the hyperplane that they effectively span tells us the number of relations among the
coefficients that exist. By relations we will refer only to non-trivial relations. We will discuss these
relations in the following subsections. For completeness, we first find explicitly the form of the continuous
symmetries.

In Ref. [11], the massless and massive symmetries were discussed for the P wave. There it was found
that, in the massless case, four symmetries (two phase transformations for the left and right components
and two “angle rotations”) leave the P-wave part of the distribution invariant. Alternatively, using the
vectors n; we can implement the four symmetry transformations by means of a 2 x 2 unitary matrix, i.e,
ni = Un; with i =L, ,0. However, the inclusion of the S wave that requires two different vectors ng and
n'y breaks two of the symmetries® and only the two independent phase transformations survive, i.e.,

AL eitn AL AL L eitn AIL AR cidrgR - qlR  gidr grR (2.31)

with ¢ =0, L, .
The massive case is relatively similar and again only two phase transformations survive. However,
the existence of interference terms between left and right components fixes ¢;, = ¢r = ¢, but this is

compensated by the independent transformation of the extra amplitudes Ag'):

Al = e AF AR 5 e AR
A — e AL AR = et AR
Ay — €% Ay, Al — P A} (2.32)

with i =0, L, ||° .

2.2.1 Counting degrees of freedom: massive and massless cases

One important question is how many degrees of freedom there are or, in other words, how many observ-
ables in the set discussed in Section 2.1.2 are independent. The number of independent observables to
fully describe the distribution depends on whether massless or massive leptons are considered. We again
work under the hypothesis that there are no scalar contributions but pseudoscalar ones are allowed in
the massive case.

The number of observables that can be constructed out of the complex amplitudes is given by:

Nobs = 2N A — Nsym - (2.33)

Each symmetry transformation of the amplitudes that leaves the distribution invariant reduces the number
of independent observables.

In the following, we determine the number of relations for the massless and massive case and conse-
quently the number of independent observables required to have a full description of the corresponding
distribution.

Massless case:

Assuming the absence of scalars, we have 11 coefficients for the P-wave and 14 coefficients for the
S-wave distribution. Under the approximation of negligible lepton masses, there are two trivial relations
for the P-wave coefficients:

Jis = 3Jas Jie = —Jac (2.34)

and three trivial relations for the S-wave coefficients:
Jfo=—Jds, Ty =-Js  Ju=-J5, (2.35)

reducing the number of coefficients to n. = 20. The vector A in the massless case is given by:

4This is easily shown by simply transforming the sum ns + njs
5 Another example of the convenience of using symmetries but in the semileptonic charged-current b — cfv
transition can be found in Chapter 3, based on Ref. [124].
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A = (Re(Aﬁ)Jm(Aﬁ),Re(Aﬁ)Jm(Aﬁ),Re(Ag),Im(Ag),Re(Ag’)Jm(Ag’),

Re(AT), Tm(AT), Re(Af), Im(AF), Re(AR), Tm(AR), Re(4F), Tm(AF))  (2:30)

Using Eq. (2.30), we find that the dimension of the space spanned by the gradient vectors (given by the
rank of the matrix M;; = V; X; with X = J, J and i being the elements of Ain Eq. (2.36)) is nyank = 14.
This rank gives the number of independent observables n.,s. According to the discussion above, the
number of relations fulfills:

Nrel = Ne — Nyrank - (237)

Therefore for the massless case n,.; = 6. There is one well-known relation among the coefficients for the
P wave (see Ref. [28, 125]) and five, previously unknown, relations for the S wave. An independent cross
check of the rank of the matrix is provided by the fact that the number of degrees of freedom counting
amplitudes minus symmetries, or coefficients minus relations should agree. This implies the equation:

2na — Nsym = Nrank = Tc¢ — Nypel - (238)

The number of complex amplitudes n4 = 8 and the number of symmetries of the full distribution (P and
S wave) is ngym = 2 (see Eq. (2.31)).

The set of 14 independent observables consists of 8 (9 coefficients minus one relation) independent
observables for the P wave and 6 (11 coefficients minus 5 relations) independent observables for the S
wave. This implies that in the massless case the basis of 20 observables,

Omzzo = {F/7FL7P17P27P3uP41’PE§7P6/7P8/7
Fg, 551,552,553 554 5555 5515 552, 553, S5, S5 ) (2.39)

has some redundancy. Among these 20 observables there are 6 relations leading to only 14 independent
observables. The set of 6 massless relations can be obtained from the 6 massive expressions given below,
after taking the massless limit. Notice that the seventh relation, given in Appendix C, is exactly zero in
the massless limit.

Massive case:

The counting in this case, following the same steps as in the massless case, goes as follows. Our
starting point is the same number of coefficients 11 (14) for the P wave (S wave), but now there are no
trivial relations, i.e., n, = 25. Here the vector A is:

- !/ !/
A = (Re(Aﬁ),Im(Aﬁ), Re(A[), Im(A[), Re(A§), Im(Af), Re(Af ), Im(A§"), ReA;, ImA,,
!/ /
Re(AT), Im(AT), Re(A["), Im(A[), Re(Af), Im(AF), Re(Af"), Im(Ag"), Re A, ImAQ) .

Notice that pseudoscalar contributions are included in the amplitude A;. Evaluating the rank of the
corresponding matrix M;;, one finds nyqnr; = 18, indicating that in the massive case the number of
independent observables is nys = 18. Following Eq. (2.37), one immediately finds that the number of
relations should be 7. These relations are discussed and presented in the next subsection.

As in the previous case, we can repeat the counting using the amplitudes that build the observables.
The number of complex amplitudes is ny = 10 with the same number of symmetries ngy, = 2 (see
Eq. (2.32)) as in the massless case, such that we confirm that there are 18 independent observables.

The set of 18 independent observables in the massive case consists of 10 (11 coefficients minus one
relation) independent observables for the P wave and 8 (14 coefficients minus 6 relations) independent
observables for the S wave. The corresponding basis of 25 observables is:
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Omg;éo = {F/aFL;MlaM27P17P27P37P417PE;7P(I$’P8/7
FS’Mé7M4/1’ M5/,Sg'l,552,Sg‘3,554,555,5131,5;'2,5%3,5;‘4,5%5}. (2'40)

Therefore, among this set of 25 observables there are 7 relations and only 18 observables are independent.

2.2.2 P-wave and S-wave symmetry relations among observables

In this subsection we present for the first time the full set of symmetry relations of the P and S wave
in the massive case. These complete the previous partial results given in Refs. [11, 28, 122, 125]. It is
helpful to express the observables J; and J; in terms of scalar products ngnﬁ as shown in Eq. (2.17).
All the relations found in this section are functions of J; and J; and an equivalent set of relations in
terms of the C'P-conjugate partners J; and J; can be written. However, the observables are functions
of the coefficients and their CP partners. This means that when writing one of these relations in terms
of observables the substitution J; — aP; is strictly speaking J; — a(P; + PFF)/2 (with a being some
normalization factor). The observable PCF is the CP asymmetry associated with the observable P;,
defined in Ref. [12, 125], and similarly for J;. For the following analysis and for simplicity, we will neglect
the CP asymmetries for both the P and S wave. This is a very good approximation, given that such
asymmetries are tiny both in the SM and in presence of NP models that do not have large NP phases.

Following the strategy in Ref. [122], we exploit the fact that a couple of n; vectors (with ¢ =L, |[,0,S
or i =1,1,0,5") span the space of complex 2-component vectors. We therefore express the other vectors
as linear combinations of these vectors. For instance,

n; =amn +bny, =0, (2.41)

Contracting with the vectors n and n, we obtain a system of linear equations [122]

nﬁnZ = any|’ + bi(nﬁm_),
nlng = ai(nln))+bilni (2.42)
which can be solved for a;, b;:
naP(rfng) — (nfna)(n]ng) g P(rling) = (nlny) (i)

i i = (2.43)

Iy 2n L |2 — |nf oy |2 Ing 2|2 — |t ny 2

Using the decomposition of ng,ng in terms of n|,n. (Eq. (2.41)) to calculate the scalar products

Ino|2, |ns|?, nins, the first three relations are obtained. We leave the expressions explicitly in terms
of J; to let the reader choose between different bases or conventions to write the P-wave observables.

L. From i = 0 in Eq. (2.41) one finds |ng|? = ao(ngnﬂ) + bo(ngnl) yielding the first relation:

0= + Joo(16J2, — 4T3 — B2J2, — 4J2) + 2(J5(4J3 + B> (—=J2 + J2) — 4J3) (2.44)
+ 2Ja5(4JF + BE(JZ + J7) + 4J3) — 2(B*(JadsJes + JosdrJs + J57Jo) — 4Juds o)) -

This first relation was found in the massless case in Ref. [28] and in the massive case in Ref. [12] and
its consequences discussed in Ref. [125] once re-expressed in terms of optimized observables:

(PiP5+61) 1

P =
2 2k BTV

(=14 P, + PP2)(—1 — Py + B2PR) + 83 + 03P, + 6, P, (2.45)

where the parameters k; and ¢; (with ¢ = 1,...4) are defined in Ref. [125].
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II. Similarly for i = S in Eq. (2.41) one finds |ng|* = ag(nTSnH) + bs(nkny) and this translates to:

27 _ . .
0= —1—664F5J§s + TV [—8(2Jas 4 J3)S52 — 16.J9 5%, Sk + 8(—2Jo5 + J3)SE2]
27 ,
+28% (G Fs(dT55 = J5 = J5) + T'[(=2J2s + J3) 555 + 20553 554
—(2J25 + J3) 553 + 265 (552553 + S545565)]), (2.46)

once expressed in terms of S-wave observables.

III. Finally, the scalar product n;r)ns leads to the third relation:

0= 2[-16J3, +4J3 + B2J3, +4J3)S5, + 4[B%TsJes — 4 Jg — 8JosJy — 4J3.J4) S5,
+A4B2[Jadss + Jrdg — 2025 J5 + J3J5]) S5 + 4B [JssJs + J5J
—2Jo5J7 — J3J7]Sky + A[B% JosJr — 4J4Jg — 8JagJg + 4J3.J5]Sks. (2.47)

Eq. (2.46) and Eq. (2.47) are the generalizations of the massless limit (8 — 1) expressions found in
Ref. [122].
Following the same methodology but using instead the vector ny yields three new relations. Express-
ing n' in terms of ny and n:
ng = agn) + bgny, (2.48)

and contracting with n and n; we get a system of linear equations

nhng = as(nlng) + ol
nins = aglny® +bs(nfny). (2.49)
We can determine a’y and b:
, nni P = (ling)(nin)  (njnk)(nlng) — (] n)iny 2
ay = 5 5 T , by = — 5 5 ) (2.50)
Iy ?InL]? = In) ny| In! ny|? = |ny*[n|
Using the properties of the vector n'y we then obtain the following three relations:
IV. From the equality of the modulus of both vectors ng and n'y one obtains
ns|* = Ins|” = as(ndny) + Vs(ndn.), (2.51)
which implies the following relation:
27 o )
0= +EB2F5(16J§S —4J3 — B2IE, — 4J3) — 2T [—2(B% J65S525%5 — 82955554
+4J9555 555 + 2 J65554555) + 4553 (Ja + 2J25) + 2855 (22 — Ja)
+B2853(J3 + 2Jas) + 4SE2(2J2s — J3)]. (2.52)

V. Above we focus on relations constructed from the real part of the product of vectors. The imaginary
parts provide additional new relations:

Im[njn’s] = Imfals (nfny) + s (nn. )], (2.53)
which leads to:

0= 2[-16J2, +4J2 + B2J2, + 4J3]S%, + [48%T5Jss — 16JgJg — 16J3.J4 — 32.J25.J4) Sk,
+48%[Jydes + Jrdo + Jads — 225 J5]Sks + 4% [—JesJs — Js5Jo + JaJ7 + 2J25J7] S5,
+[—4ﬁ2J65J7 4+ 16J4Jg — 16J3J5 + 32J25J8]Sg«5. (254)

VI. Finally, combining the vectors ng and n'y one finds:
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Im[nin] = 0= ag(ngn”) +bg(nkn,), (2.55)

which corresponds to

0= B*Jos[—S525%3 — S§2$§3 + 554555 ‘+ S§4Sg5]_ + J9[*52S:§3Sg4 +ﬂ25g3$g4 + 4555555
—45%9S%5] + 2254552559 + 8% (553563 — S64564) — 45%55%s5) + J3[455255,
—B%(S53553 + S54554) + 4555555). (2.56)

These six relations are common to the massive and massless cases, and they reduce to the massless
case when taking the limit 8 — 1. There is a cumbersome seventh relation that applies only to the
massive case, i.e. it is zero in the limit of massless leptons. For this reason and given that it is difficult to
extract information from such a long relation, we refrain from writing it explicitly and, instead, provide
only the main steps to obtain this relation in Appendix C.

2.3 Bounds on S-wave observables and W) > observables

Following the strategy of Ref. [122], the relations found in the previous section enable bounds to be placed
on the S%; observables and the newly defined Sk, observables. For instance, solving for S%, and imposing
a real solution in relation IT gives:

0<A(S%) = — B2a(S5s)° — 4a(S5s)” — B°(2P3853 + (L + P1)S§y — 4P2Sks5)°
27
+ 1—66%]?5(1 — FY)Fr(1+ Py), (2.57)
where
r=1— P! —4B*P] — 4P} >0 (2.58)

(see Ref. [122]) and A stands for the discriminant of S%, when solved from relation II (Eq. (2.46)). The
first three terms are negative definite and each of them separately has to be smaller than the last positive
definite term. In a similar way but solving for S§; and imposing a real solution one finds:

0<A(S53) = — B2(S54)? — 42(S52)* — 4(2P3S5, — (1 — P1)Sy5 + 82 PaSiy)?
27
+ 1—654sz(1 — F{)Fr(1—Py). (2.59)

This implies the following constraints for Sg, 4:

3 /3 3
S5l < 025\ 2R - PR - P I3l < 03\ FOR0E ), (260

and for S&,

; 3 ; 3 /3
[S54] < ,81\/3F5(1 —F{)Fr(1—P1) [Sgs] < 624\/4F5(1 —Fy)Fr(1+Pp). (2.61)

Similarly using relation IV, one finds

0<A(S5) = — Aa(Sky)? —4a(S5s)* — 42PiSTs + (1+ P)Sky — B PaSy)?
27
+ TgBFs(L = FYFr(1+ ), (262
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Figure 2.3: Bounds for Sg; binned observables with i = 1,2, 3,4,5

. The dashed line corresponds to the

central value of the bound in the SM, while the green regions include the uncertainty of the observables

that define the bound in the SM.

and

0<A(Sss) = — Ba(Sq)? — 42(S5,)° — B2(4P2S5, — (1 — P1)Ssg + 2P355,)°

27
+ 1—6ﬁ4sz(1 — FY)Pr(1—Py),

which leads to the following bounds:

(2.63)

r 3 . 3 /3
185l < 6y/3Fs(1 — FY)Fr(1- Py), |8k < 524\/4175

(1—-Fg)Fr(1+4 Py),

(2.64)
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Figure 2.4: Tllustration of the sensitivity of the central value of the bound to the preferred NP scenarios

for two observables Sg; and Sg; We have checked explicitly that the variation of the bound in the most
significant NP scenarios amounts to at most a 20-25% enhancement.

and

) 3 /3 - 3
|S’sz|<524\/4Fs<1—Fg>FT<1—P1>, 53] < B3\ BFs(L— FPr(1+ P, (2.65)

In summary,

T,% k T,% T, T, k
|5572‘ Sﬂzév |5573| Sﬂk% |SS74| Sﬂkla |SS’5| SBng (266)

with k1 = %\/SFs(l — F{)Fr(1 — Pp) and ko = %\/SFS(l — F{)Fr(1+ P1). All the bounds above can
alternatively be obtained using the Cauchy-Schwarz inequalities. For the observables S¢; this is the only
way to obtain the bounds. For instance, from |nfng|? < |ng|?|ns|? and a corresponding inequality with

n’s using the properties of the vectors Eq. (2.4) one arrives at

T, 3
11l < 521\/5 Fs(1—Fg)Fy. (2.67)
All the bounds on the other observables can be re-derived using the four inequalities:
nfn 2 < lnylPlnsl?, a2 < Iy Plns]?. (2.68)

We have computed explicitly the bounds of the Sg; observables in the SM in Fig. 2.3. The relatively
low sensitivity of the central value of the bound for S§’2i73 on the dominant NP scenarios is illustrated
in Fig. 2.4. We work under the approximation of substituting ¢?> dependent observables by their binned
equivalents, where we denote the latter using angular brackets. This introduces some uncertainty but,
as shown in Ref. [125], this uncertainty is negligible, especially for slowly varying observables like those
involved in the bounds. To compute the binned form of the bounds from Eq. (2.66) we consider the theo-
retical prediction for the observables (Fy, r), (P1), taking into account the 1o ranges of such observables.
Therefore Fig. 2.3 shows the maximum value allowed for such constraints. For (Fg) we extract the value
from a reduced mg, resonance window, 0.795 < mg, < 0.995GeV. In Fig. 2.4 we evaluate (Fr 1) and
(Py) in the corresponding NP scenarios, while taking the SM prediction for (Fg). The computation of
(Fs) is the only place where we use S-wave form factors. If (Fs) is taken as an experimental input, then
no S-wave form factors are required. Finally, notice that the bounds include a term (1 — F§). However,
in evaluating these bounds we have neglected a small lepton mass dependent term (see Eq. (2.25)) taking
Fg instead of F§.

The third term in Eqs. (2.57),(2.59),(2.62),(2.63) should tend to zero when z(g?) — 0, in order not
to violate the condition of a real solution. Indeed, if we repeat the same procedure using relation II but
impose a real solution for A(S%,) and A(S%;) and for relation IV impose a real solution for A(S%,) and
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A(SL,), we find respectively:
((1+ P1)S5, — B2 Py S5 — 2P3Sk;) 2
(4PySEy — (1= P1)Sks — 2P3S5) 5 =
(4P2SS5 1+P1)S§4+2P355 )
(1= P1)SGs — B2 2S5y + 2P S,)

2 =
1

q

o o o o

2 = (2.69)
Neglecting quadratically suppressed terms, Pgngj < P,Sg; with j = 2...5, the previous equations

can be combined to obtain:

r B 1- P1 r
Ssz|qf = 9 THSS?’ )
ai
r B J1+P
Ssslgz = lz 1_7]31554 ) (2.70)
a3

and from z(¢?) = 0, neglecting P?, one finds at ¢? that P, = /1 — P2/(28).
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Another example of the information that can be extracted from the relations, neglecting quadratic
terms of the type O(P3S% > P2), are the following expressions. These are valid for all ¢ and derive from
relations IT and IV, respectively. They can be tested as a cross-check of the experimental analyses:

N . A oA 1
Wy = (25%,)% + p(8553)* + q5%25%3 = 38 x, (2.71)
1+ P
where
N 4 T, 2
gi = — SS/z = ﬂPS:7 (272)
3 -F)FsFr 6
withi=2..5,p=(1—P1)/(1+ P1) and ¢ = —832P,/(1 + P;). Similarly,
ar \2 / or \2 1 Qr Qr 4 1
Wy = (25%5)" + P (BS54)” + 4'S54555 = 38 1—p" (2.73)

where p’ = (14 P1)/(1 — Py) and ¢’ = —83%P,/(1 — P1), and z is defined in Eq. (2.58).

Eq. (2.71) is particularly interesting because at the zero of SZ% (or equivalently PS%) one can predict
the absolute value of Sﬂsz (or PS%) as a function of P-wave observables with no need to rely on any S-wave
form factors. In the case of Eq. (2.73), at the zero of S%, one can predict the absolute value of S5, at
this particular value of g2. These are valuable tests to compare with future predictions using calculations
of the form factors.

Given that Eq. (2.71) and Eq. (2.73) are functions of P- and S-wave optimized observables (PS]
and P 2), Wy o are also optimized observables. We can compute SM and NP predictions for these two
observables using the right hand side of Eq. (2.71) and Eq. (2.73), respectively. These relations then give
access to the n, | o components inside the new S-wave observables, cancelling the dependence on ng and
n's and hence their predictions do not require the S-wave form factors. The Wi 5 observables bring new
information that can help to disentangle the SM from different NP scenarios, as illustrated in Fig. 2.5.
From W; in the region above 4 GeV?2, the SM and Cé\LP = —C%IZL are not distinguishable but all the other
scenarios shown can in principle be distinguished from the SM. The expected experimental precision for
such measurements is detailed in Section 2.5.

Finally we can use relation III, again neglecting all terms including quadratic products of observables
sensitive to imaginary parts of bilinears (Ps, Ps g and nggf))7 to find:

1 Fr
xT \/FLFT

however, this does not give any additional experimental insight.

ro_
SSl__

(2(P4(1 + Py) = 28 Py P5) S, + 5*(P5(1 — 1) — 2P P;) S) (2.74)

2.4 Common zeroes of P- and S-wave observables

The optimized observable P, can be rewritten in terms of the g?-dependent complex-vectors n; and nj|
in the following way:

Py

1 (1 (=)t (e —ny) + CP) . (2.75)

" 28 [ni|? + |ny|*+CP

In the absence of right-handed currents, the maximum of P, denoted P3*%", occurs at a certain value
of ¢%, which we denote ¢7. At the maximum, P}"%*(¢?) ~ 1/(23). To a very good approximation, this
maximum occurs when

ny(q5) ~ny(q) (2.76)

where in principle a different ¢? is involved. This is because this expression is in fact four equations (two
for the real and two for the imaginary part) and, moreover, they have to be combined with their C'P
conjugated equivalents. Strictly speaking this would require that real and imaginary parts and left and
right handed parts have the zero at the same point in g2, which is not the case. If we restrict ourselves
to only Re(A% (¢3)) = Re(Aff(3)) the obtained position of the zero ¢§ is in very good agreement with

the position of the maximum given by ¢?, as illustrated in Table 2.1.
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Hypotheses qg @ @
SM 2.03 | 2.02 | 2.02
Chyr 2.31 | 2.30 | 2.30

Hypothesis V: (g7, Cop = —Crorp) 2.37 | 2.37 | 2.36
LFU Scenario 8: (Cy,, = —C},,,Cg) 2.43 | 2.46 | 2.45
Hypothesis I: (C5,, = —Co/, Cly, = C10r) | 2.45 | 2.34 | 2.18

Table 2.1: Position of the zero evaluated from: a) Re(A 1 (q§)) = Re(A)(¢3)), b) position of Py***(¢}) and
c) the exact position given by X5(g3). This shows that only in the presence of right handed currents that
do not fulfill conditiong, as in Hypothesis I [4], do the zero points differ significantly from one another.

In the presence of right-handed currents the condition n, (¢3) ~ ny(¢3) can only be fulfilled if a very
concrete combination of Wilson coefficients is realized in Nature:

eff
¢

C7/ ~ —W
10p = Loy

(Crorp +Corp). (2.77)
One of the NP scenarios that presently has the highest pull with respect to the SM, (C7 = 0, C§}, Coryy =
—Ciorp,) indeed fulfills this condition. From now on we will refer to this combination (Eq. (2.77)) as
conditiong.

In the SM, in the absence of right-handed currents, or in the presence of right-handed currents that
fulfill conditiong, Table 2.1 illustrates that ¢2 and ¢% are within 1% of each other. This can be understood
due to the small phases entering, but also because the equation:

Re(Af(q5)) = —Re(Af(q5)), (2.78)

is exactly fulfilled in the large recoil limit in the absence of right handed currents, or if such currents are
present but obey conditiong. Under these conditions, deviations from this relation then owe to departures
from the large recoil limit. We can parametrise these tiny deviations and the effect of imaginary terms

in the following form®:

1 1 AL 2\ AL 2 .

& (e —ny) = N( ;f%s Illifo)2 ) - (5 veL ) (2.81)
—AT(q5) — A" (45) T 1€R

where N is the normalization factor for the helicity amplitudes defined in Eq. (1.31).

For NP scenarios with right handed currents that satisfy conditiong or in the absence of right handed
currents, a number of other observables are zero at the same point in ¢? at which P, is maximal. The
relevant observables are formed from pairs of P- and S-wave angular observables:

X1 =P (q}), Xo=pPP—PF;, Xs=pS5 255, Xi=pSk 285 (2.82)

In Fig. 2.6 the dependence of the position of the zero for several P-wave observables is shown for different
NP scenarios. The observables P3 and Pé, s would also in principle give a further zero. However, given that
they are numerically small over the entire low-q? region, they are difficult to determine experimentally.

5Besides the fact that we can compute §, e, and eg, these quantities can be bounded experimentally using
Eq. (2.75) and Eq. (2.81) and rewriting P» at the point of its maximum (again, for NP scenarios with right-handed
currents that satisfy conditiong, or in the absence of right handed currents) as:

1 161> + |ec|” + |er|* + CP
Pygd)= — (1 - N? :
() 2ﬁ< 0Ll + o2 + CP

This implies that the tiny difference between 1/(28) and the maximum imposes a bound on each term |d], |ez|
and |er| separately:

(2.79)

16, fer]?, lerl* < (1/(28) — P (q})) Fr (' /dg®) /N*. (2.80)

_ PQmeasured(

However, measuring the difference 1/(25) qg) would require an experimental precision that is presently

unattainable.
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Moreover, the small contribution coming from the A\, = V,,,V,}; piece of the Hamiltonian distorts the
position of the zero for such observables, which motivates their omission from the list above. For the
same reason, the S%. observables and P; in the absence of right handed currents are also not included.

The X3 3 4 observables then offer the possibility of looking at the compatibility of multiple zeros, rather
than just the zero of single variables such as Arg. In the presence of sizeable right handed currents that
do not fulfill conditiong, P does not reach the maximal value 1/(28), and a small difference between the
X; observables should be observed. Misalignment between the zeroes of the X; observables could then
help confirm a right handed current scenario, although another possible reason for a tiny misalignment is
the presence of scalar or pseudoscalar contributions. The observable X is not included in the list above
because it is difficult to identify precisely the position of the maximum experimentally.

The point where P and Pj cross gives the zero of X5, as shown in Fig. 2.6. Unfortunately, when
including theory uncertainties using the KMPW computation [23] of the form factors V, Ag 1,2, T1 2,3 and
long-distance charm, the overlap between the zeroes of different NP scenarios is as shown in Fig. 2.7.
This implies that further efforts are required to improve on the theoretical uncertainty of the observables.

We use the complete longitudinal and transverse (perpendicular and parallel) amplitudes defined in
Egs. (1.28)-(1.27) to determine the corresponding theoretical position of the zero, which is the solution
of the following implicit equation:

, ceft [Tl(l +me)AT 4 Ty(1 - 1

S
dp my

2my (Cro — CST(g2)) (22— V + (mp +mi-)Ar)

mp+mg*

2 2
Jm, —mie)| + 7L [AF o+ (md, — ) Ey

(2.83)

where C§T(g?) collects all pieces and, in order to simplify the expression, we take all non-factorizable
power corrections at their central values but keep long distance charm (see Eq. (1.34)) explicit inside C§T

(taking ¢'o"& = chong = clome)

A .
f 1
Ctl 1(6®) =Co+ Vi + TZY“ +e R (s)s L) (2.84)

The form factors Tj 5 include soft form factors, as; and power corrections and 7 also includes the
non-factorizable QCDf contribution. Eq. (2.83) offers an interesting combined test of form factors, Wilson
coefficients and long-distance charm at a specific point in ¢2.

2.4.1 A closer look at the observable X,;: from New Physics to hadronic
contributions

In this section the properties of the observable Xy = SP; — P; are analyzed in detail, focusing on the
q? bin where the zeroes fall both in the SM and in the NP scenarios considered [4, 55]. While all the
relevant observable information is already included inside global fits, analyzing particular observables like
X5 can provide guidance on how to disentangle NP effects in the longer term. This observable has a
simple structure in terms of Wilson coefficients when evaluated in the ¢ bin [1.8,2.5]:

(Xo)18,2.5 ~ —0.14+ 0.22(C1, — Copr ) + €, (2.85)

where € in this equation refers to a tiny contribution that is non-zero only in the presence of right
handed currents, in particular contributing to Co,, that can be cast as —0.02Co (1 + 2(Cy/p, — Cé\LP)).
As can be seen immediately from this equation, <X2>[Sll\'/é72.5] ~ —0.14. Independent of the details of
the physics model, almost all NP scenarios with Cé\LP # 0 yield 0.88 < C{\g; — CgLP < 1.26, implying
0.05 < (X2)[1.8,2.5 < 0.14. One relevant exception is Scenario 8, corresponding to (X2)[1.82.57 = 0.19.
This scenario contains a LF'U contribution in Cg, which would imply a contribution to the electronic mode
t00, (Xac)[1.8,2.5) = (BP5 . — P )1.8,2.5 =~ 0.07.

In summary, given that (Xs)[; s2.5) is predicted to be approximately —0.1 in the SM and up to +0.2
in some relevant NP scenarios, an experimental precision of +0.1 would allow some of the NP scenarios to
be disentangled from the SM. However, as shown above, with the present theoretical accuracy the theory
predictions in ¢? bins yield a large overlap, preventing any clear discrimination. This is not surprising,
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Figure 2.6: Predictions for different P; observables in (top left) the SM, (top right) Scenario 8, (bottom
left) Hypothesis V and (bottom right) Hypothesis I.

because the deviation of P! in the [1.8,2.5] bin is not so large compared to the anomalies in the bins [4,6]
or [6,8]. Moreover, given that Pj is quite SM-like (see discussion below), it is expected that the largest
deviation for this observable will occur in the [4,6] and [6,8] bins. This is confirmed in Fig. 2.8.

Due to the stability of X5 under most NP scenarios, it is essential to improve on its theoretical
uncertainties. In parallel we can explore the sensitivity that P and P; may offer individually in the
[1.8,2.5] bin. For completeness, we provide the relevant expressions here:

(Pps2s ~ 0.13—0.22(CRp, — Ciorn) 4+ 0.03(Co, — Corpi)? (2.86)
(PY)iszs =~ —0.01+0.22Ci0, — 0.26Cy, + 0.06C15,,Crory -

For the most prominent NP scenarios, we find the ranges 0.04 < <P1>[1_872,5] < 0.33 and 0.10 <
(P5)1.8,2.5) < 0.38, with theory uncertainties of +0.20 and £0.13 for (Pj)[1.5,2.5] and (Ps)[1.8,2.5], respec-
tively. These show that (Pj)[1 s,2.5 exhibits a SM-like behaviour (in the absence of right handed currents)
and gets a wider range only if right handed currents are rather large, as in Hypothesis I (see Table 2.1
and Refs. [4, 55]). This is different in the case of (Pj)[1.82.5, which exhibits an enhanced sensitivity
to Cé\LP that drives the wider range. Moreover, the current size of the theory uncertainty of (Pj)(1.52.5]
erases any possibility of discrimination between the SM and NP scenarios, but in the case of (Pg>[1‘8’2,5}
the smaller size of the error leaves some discrimination power.

In order to discern hadronic contributions, the following strategy can be employed. The best fit point
from a global fit that excludes P; and P; can be used to predict the NP contributions entering (Xs) (1.8,2.5]>
as well as P and P} individually. These predictions can be contrasted with the experimental results in
order to assess the SM contributions to P§ and Pj. As noted above, the SM predicts (X2)(1.82.5) = —0.14,
but (Ps)p1.8,25 = —0.01 and (Pj)1.82.57 = 0.13. Such values arise from a complex interplay between
several SM sources, among them the hadronic form factors, non-factorizable power corrections inside
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Figure 2.7: X5 predictions for the SM, Hypothesis V and Scenario 8, including theory uncertainties.

TL, T (see Ref. [14, 29| for their explicit definitions), the value of the Wilson coefficients in the SM but
also perturbative charm-loop contributions. Here we parametrise the remaining charm loop long-distance
contributions in a manner that matches the non-perturbative computation from Ref. [23]. In practice,
when quoting long-distance charm loops we refer to Eq. (1.34) for the transverse and perpendicular
components and for the longitudinal one.

Using Eqgs. (1.28-1.27) we can write the observables as follows”:

(P)irs2s = 0.35+10.63ReTL + 1.43ReT) + 49.30 (ReTL)? +0.015, — 0.05s,
(P25 = —0.34—1171ReTL + 1.57ReT) — 55.32Re(71)* — 0.01s —0.05s0,  (2.87)
(X2)i§25 = —0.68—2233ReTL +0.13ReT) — 104.62 (ReT1)* — 0.01s) — 0.01s .,

where in the SM in this particular bin one expects: Re7, ~ —0.028, Re7| ~ +0.025, and in Refs. [4,
53, 55] s |0 is taken as a nuisance parameter allowed to vary in the range s; € [~1,1] . The constant
coefficients in these equations are intricate combinations of Wilson coefficients and form factors in the
SM.

The first point to notice is that both (Pj)p1 5255 and (P5)[1.52.5 are dominated by Re7) and the
dominant long distance comes from sg, in both cases with a very similar magnitude. Subleading contri-
butions arise from 7 and s, . Secondly, (X2)[1.52.5 has a negligible sensitivity to 7 and so, and the
first long-distance piece enters via subleading contributions from s, . Thus this observable is basically
dominated by Re7T, and proves to be quite robust against long-distance charm loop contributions in this
bin.

"We neglect tiny contributions from Im7}
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Figure 2.8: SM and NP predictions for X5 binned in ¢2.

Finally, recalling the stability of (X2)[1.5,2.5) under different NP scenarios, we can parametrise this
observable to a very good approximation as:

(Xa)[1.8,2.5 = —0.68 — 22.33ReTL — 104.62 (ReT1)* + 0.22(Cyyy, — Co)1 ) » (2.88)

where the interplay between NP and the non-factorizable QCDf hadronic contributions is clearly en-
coded. This implies that a measurement of (X3)[;.52.5 could provide an experimental constraint on
ReT, in [1.8,2.5], correlated with the NP scenario used, to be confronted with the SM prediction. The
determination of Re7| can be seen as a non-trivial test of QCDf. Notice also that, as discussed at the
beginning of this section, Re7 | has a significant impact on the position of the zero of X5. As soon as
T, is experimentally determined, the correlated measurement of the individual observables <P4’>[1_872.5]
and (Pj)[1.5,2.5) will provide a handle on sg, the dominant long-distance charm loop in this bin (see
Eqgs. (2.87)). The size of such effects should be clearly seen with the precision that should be attained
during Run 4 of the LHC.

2.5 Experimental prospects and precision

Finally, in this section we provide a brief comparison of the theoretical predictions of the observables
described in the previous sections with the corresponding projected experimental measurements in future
runs at the LHC. For the experimental study, data sets are generated with the expected sample sizes
collected by the LCHb collaboration at various points in time. The data the experiment currently has



58 Chapter 2. P- and S-wave contributions to the B® — K*0(— K+n~){T{~ decay

in hand, referred to as the Run 2 data set, is the combination of the Run 1 and Run 2 data with
integrated luminosity of 9fb~'. Projections are made for future LHCb runs: Run 3 with 23fb™', Run 4
with 50 fb~! [126], and Run 5 representing the total data collected by the proposed Upgrade II with
300 bt [127].

The SM values of the angular observables are used in the generation of the pseudo-data. For the
P-wave observables (and only for the experimental sensitivity study), the B — K*O form factors are
taken from Ref. [128] and rely on a combination of Light Cone Sum Rules and Lattice QCD calculations.
For the S-wave observables, the B® — K¢ form factors are taken from Ref. [116]. For all observables the
non-local charm contribution is taken from Ref. [17], with the longitudinal and S-wave phase difference
for all JP¢ = 17~ dimuon resonances relative to the rare mode set to zero. The exact choice of these
parameters has no impact on the conclusions of this study. The stability of the fit and the experimental
precision on the P-wave observables is largely independent of the details of the model.

2.5.1 Experimental test of symmetry relations

The six symmetry relations may be applied to the results of the binned fits as an independent check of
the robustness of the experimental methodology. As the fitted observables are averaged over a ¢ bin
the relations are not exact in this experimental context. This is particularly apparent in the lowest ¢2
bin, where the changes in the variables with ¢? are most notable. Furthermore, as only the bins for
¢®> < 1GeV? are treated as having massive leptons® there is some small imprecision in the symmetry
relations for the bins immediately above 1GeV? albeit rather marginal effects of the massless lepton
treatment. Example distributions of the relations are shown in Fig. 2.9.

These distributions of the symmetry relations may be used for a ready check by an experimenter
of their fit to real data. If the relation calculated from the data lies outside these distributions the fit
can be discounted and the experimenter invited to check their method. Care must be taken however
as the experimental relations are calculated with ¢? averaged observables. This introduces some model
dependence in the distributions of the pseudo-experiments.

2.5.2 S wave in the global fits

Equations (2.71) and (2.73) allow us to include S-wave interference observables in Wilson coefficient fits
for NP without having to calculate the S-wave form-factors. The expected precision for Wy and Wy
with only the P-wave observables, with the interference observables, and the combination of the two
has been assessed. Pseudo-experiments are run with the SM hypothesis and using the new optimized
interference observables, PS; /" introduced in Section 2.1.2. For each of the 1000 pseudo experiments
used, W7 and W5 are calculated along with their uncertainties, accounting for the correlations between
the fitted parameters. The correlation between the expressions involving only P-wave observables and
that including the interference observables is assessed for each of W7 and W5. Subsequently the average
and statistical uncertainty when combining the P wave only part with the interference part is found for
each observable.

For the Run 2 data set the narrow bins cannot reliably be used to extract the optimized observables.
Therefore here the wider ¢? bins are used. The expected precision of W; and Wy is shown in Fig. 2.10. It
can be seen that the combination of P-wave only with the P- and S-wave observables is only marginally
more precise than for the P-wave only alone. This is to be expected due to the small contribution of the
S wave that is simulated and the presence of P-wave parameters in the combination with the interference
observables such that the contribution of the S wave is not statistically independent.

In the future the size of the data sets will become sufficient for the narrower bins to be readily used.
An example is shown in Fig. 2.11 of the putative LHCb Run 4 data set with 50 L.

8Results corresponding to binned quantities in the region ¢ > 1.1 GeV? are assumed to be massless, since
lepton mass effects are small enough so that they can be safely neglected in this range.
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Figure 2.9: Example distributions of the six symmetry relations for the various ¢ bins. The red line is
a reference at 0 for the case when the relations are exact. The spread of the distributions is a reflection

of the statistical precision of the fit.
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Figure 2.10: Pseudo-experiment results for (left) Wi and (right) W5 with the LHCb Run 2 data set.
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Figure 2.11: Pseudo-expriment results for (left) W; and (right) Wa with the expected LHCb Run 4 data
set of 50fb~!.

2.6 Summary and Conclusions

This chapter presents a study of the B® — K*0(— K+7~)¢{*¢~ decay once the fully differential decay
rate, including contributions of the K7~ system in a P- or S-wave configuration, is considered. This
can be used to analyze such decays in current and future experiments, paving the way for the next step in
the analysis of this decay, going beyond previous analyses by identifying and exploring the experimental
prospects of massive and S-wave observables that were previously neglected or treated as nuisance param-
eters. Our analysis relies on a complete description of the symmetries that apply to the full distribution.
This enables us to define the complete set of observables that describe the decay and the relations between
them, excluding only the presence of scalar or tensor NP contributions.

Our study shows, in particular, that the symmetries of the B®— KTm—¢*{~ decay rate give rise
to relations that allow a combination of S-wave observables, W 5, to be expressed in terms of P-wave
only observables. These combined observables then have no dependence on the poorly known S-wave
form factors and therefore offer genuine probes of physics beyond the SM. This opens a new seam in the
phenomenology and, for the first time, will allow S-wave events in the data to contribute to global fits
for the underlying physics coefficients.

We also present strong bounds on the set of new S-wave observables using two different methods, the
relations themselves and Cauchy-Schwartz inequalities relying only on the structure of the observables in
terms of 2D complex vectors. They serve as important experimental cross-checks.

Finally, concerning the comparison between the theoretical and the experimental status, we have
shown that the exploitation of the symmetry relations for the observables will allow an immediate test
of the robustness of the experimental fits to data without resorting to theoretical predictions.
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Chapter 3

Symmetries in B — D*/v angular
observables

Following the hints of a growing tension with respect to SM expectations concerning b-quark decays, we
have reviewed in previous chapters the state-of-the-art analysis of the anomalies in the neutral-current
b — s¢t¢~ transition. However, those are not the only type of semileptonic B decays that currently
exhibit discrepancies with respect to the SM. While observables related to the neutral channel b — s{* ¢~
show tensions in global significances at the level of ~ 7o, charged-current b — c¢fv transitions also exhibit
deviations from the SM predictions, mainly in LFUV observables comparing £ = 7 and lighter leptons.
First measured as deviating significantly from the SM in 2012 [129, 130], the relevant ratios Rp and
Rp+ have been updated regularly, leading to a recent decrease of the tension with respect to the SM
down to 3.1¢ [131-135]. Additional observables have been considered for B — D*rv concerning the
polarisation of both the D* meson [136] and the 7 lepton [137, 138]. If the latter agrees with the SM
within large uncertainties, the precise Belle measurement of the integrated FP " yields a relatively high
value compared to the SM prediction, which appears difficult to accommodate with NP scenarios, as can
be seen in Refs. [139-144] that considered a wide set of NP benchmark points.

While neutral-current anomalies observed in a large set of channels and observables can be caused
by NP contributions competing with the SM ones generated at the loop level, charged-current anomalies
seen in two LFUV ratios require a much larger NP contribution able to compete with tree-level SM
processes. In this sense, the latter were much more unexpected and should be scrutinised in more detail,
in order to confirm their existence.

In this chapter, based upon Ref. [124], we pay close attention to the decay B — D*{v governed by the
quark level transition b — ¢/ with ¢ = 7 and £ = e, i, and more specifically to its angular distribution.
Depending on the NP hypotheses chosen, we will identify a set of symmetries for the massless (electron
and muon) and massive (tau) distributions that will lead us to find a set of dependencies or relations
among the angular coefficients of the distribution. A similar exercise was done in Refs. [28, 122, 125] for
the case of the decay mode B — K*u*p~. Here we will follow closely the detailed work in Ref. [28] (in a
very similar way to the one described in Chapter 2) to use the symmetries of the distribution in order to
show that depending on the assumptions of the type of NP at work and the mass of the leptons, not all
angular coefficients are independent. These relations can be used in the case of the B — D*fv decay as
a way of cross-checking the consistency of the measurements of angular observables', but also to provide
hints on which kind of NP can be responsible for deviations with respect to the SM observed in these
observables.

These relations among the observables, based on the symmetries of the angular distribution, lead to
a new way of measuring F'P " for B — D*71v, relying on different coefficients of the distribution compared
to the direct measurement performed by the Belle experiment. This can provide a different handle for
experimentalists to cross-check the polarisation fraction and confirm or not its unexpectedly high value.
Such an alternative extraction of the longitudinal D* polarisation can also be useful if instabilities occur
when extracting the p.d.f. of angular observables due to values of F'P " beyond physical boundaries for

! An alternative approach is illustrated in Ref. [145] in the case of B — p(a1)fv semileptonic decays where the
study of specific NP operators extending the SM effective hamiltonian and the large-energy limit of form factors
allows one to disentangle the role of the possible new structures in the differential 4-body distribution.
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instance?. We will provide general expressions for the relations among observables but we will focus

mainly on a baseline case without tensor contributions® (for the benchmark points analyzed in Ref. [141],
the presence of tensor operators decreases the value of FP " for B — D*rv substantially, increasing
the discrepancy with the measured value). On the other hand, we will consider the contribution of the
pseudoscalar operator that can help to increase F} " and bring it closer to the Belle measurement, as
found in Ref. [141]. We will also discuss the simplified case where there are no large NP phases in the
Wilson coefficients, i.e. we assume the coefficients are real or the NP phases are small.

This chapter is structured as follows. First, in Section 3.1 we recall the structure of the angular
distribution and define the most relevant observables following Ref. [141]. In Section 3.2 we describe
the formalism and explain how to count the number of symmetries and dependencies for each particular
case and we work out the dependencies in the massless and massive cases, paying special attention to
the presence of pseudoscalar operators. In Section 3.3 these dependencies are used to determine F’ g : (or
equivalently F.F ) in terms of the other observables in various ways and we discuss the impact of binning
when using these relations. In Section 3.4 we discuss a possible signature of the presence of light right-
handed neutrinos in the absence of tensors and imaginary contributions using the different determinations
of F 5 ", and in Section 3.5 the expected experimental sensitivity of forthcoming experiments is discussed.
We summarize our conclusions in Section 3.6. In Appendix D.1 some details on the derivation of the
exact massive dependencies are provided. Finally, illustrations of the binning effects for the relations
discussed in this chapter are given in Appendix D.2.

3.1 B — D*(v angular distribution

3.1.1 Effective Hamiltonian and angular observables

The angular distribution for B — D*{v has been extensively studied in the literature [148-154]. We will
base our studies on the approach described in Ref. [141]. Assuming that there are no light right-handed
neutrinos, the distribution can be computed using the effective Hamiltonian:

Heer = V2GEVap [(1+ gv) (@7b) Loy ve) + (=1 + ga) (@,75b) (LLy*ve)
+ 95(b)(Lrvr) + gp(eysb) (CrvL) (3.1)
+ gT(EO'le)(ERO'MVVL) + gT5(EO'#V'75b)(£_R0HVl/L)] + h.c.

As it can be seen, we do not include right-handed neutrinos at this stage, which will be discussed
later on. One may also use the equivalent notation of Refs. [139, 140] (for instance)

G _ _
o = 155V [(1+ g0, earbe) (2 #v1) + avi ) (1101)
+ 95, (€rbL)(CrVL) + 985 (€LbR)(CRVL) + 91, (CROWL) (LRT" V)| + he.c. (3.2)
with the corresponding effective coefficients

gv,A = gvg T 9vi, gs,p = gsp T gs; gr = —9r5 = g1y, - (3.3)

The resulting angular distribution is

2This kind of problem was already found in the analysis of the angular distribution of B — K*pu™u~ by CMS:
the fit to data [146] used to extract Py, Pi and Fp altogether from the data exhibited instabilities that forced the
authors of Ref. [146] to include additional information on Ff, rather than leave it free in the fit.

3See Ref. [147] for the impact of tensor operators on Rp~ and other observables.
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d*T 9
=~ d.cos20p + I1,sin2 0 Ipecos®0p + Irg sin? 0 20
dquCOSHDdCOSngX 3277{ 1c COs“ Up + 11ssmm” 0p + [ 2¢COS“ Up + Iog SIN D] cos 20,y

+ [IGC cos? 0p + Igs sin® HD] cos By + [Ig cos2x + Ig sin 2)d sin? 6, sin® 6 p (3.4)
+ [14 cos X + Igsin X] sin 26, sin 20p + [15 cos x + I sin X] sin 0, sin QHD} ,

where the angular coefficients I; = I;(¢?) are given in Ref. [141]:

he = 2| P SEALP 2T (35)
N[, oo oo m2, - )
I, = 2[3(|H+2+H|2)+(];(|H1|2+|H+|2)], (3.6)
_ T—12 mf 7+ 2
Iy = 2N|-[Hg| +?|Ho| ; (3.7)
N[ oy im0 m2, - i

B = IR - AR AP (35)
~ ~ 2 ~ ~

L = —2NRe{H;H:*—m24HIHf*] (3.9)

q

~ ~ ~ 2 ~ ~ ~

I = NRe{(H; +H__)HO_*TZ;(HI+HDHJ*] (3.10)
~ ~ ~ 2 ~ ~ ~

I, = 2NRe{(H;H:)HO‘*ZL;(HI+H1’)H§‘}, (3.11)

m2 P

Iee = 8Nq—;Re[H0+ 7, (3.12)

Iy = 2N(H]-|HZ]"), (3.13)
~ ~ ~ 2 ~ ~ ~

I = lem[(H; +H7) g*—?j(ij—Hi)Hg‘], (3.14)
rr— rT—\ L7 —* m2 [ 1] r7-+*

Iy = NIm[(H+—H_)HO —q;(Hi—Hf)HJ} (3.15)
~ ~ 2 ~ ~

Iy = —2NIm{H;H:*—m;Hin*}, (3.16)

q

where N is a normalization

G |Ves|?

N = Bpe_y pr—E0__
PP g2 )3 ma,

2
1/2 m

QQAB/D*((f) (1 - Z) . (3.17)

with Agp-(¢2) = mb + mb. + ¢* — 2(m%Em>. + miq® + m%.q?) and the amplitudes H correspond to

linear combinations of transversity amplitudes for various currents. We can write them in the following

way to make the dependence on m, explicit:

s a2 . m - a2

g =m-2YYg,, B =H-2"LHr, H=YLH, (3.18)
my A /q2

where i = 0,4+, — and H; correspond to vector and axial currents whereas Hr; correspond to tensor

currents, and Hp combines two amplitudes H; and Hp:

= L”Q Hi+ Hp (3.19)

vd

The H; amplitudes depend on form factors and on ¢2, but not on the lepton mass. In particular,

Hp



64 Chapter 3. Symmetries in B — D*{v angular observables

the presence of 1/my in H;” means that the discussion of the limit m, — 0 should be considered after
expressing all the angular coefficients in terms of H;.

3.1.2 Observables

Contrary to B — K*¢*¢~ |11, 12|, in the B — D* transition any ratio of angular observables is appro-
priate to reduce uncertainties from form factors. We thus take almost the same list as Ref. [141] for the
12 observables that form a basis®:

Oi = {AO7A?nA4aA5aA6saA77A87A97AFBaRA,B7FL[,)*7dF/dq2 } (320)

Compared to Ref. [141], we do not include the observable Ay, in this list because it is related to
the 7 polarisation and requires one coeflicient not included in the angular distribution. Instead we must
introduce an additional observable (not included in Ref. [141]) so that the numbers of angular coefficients
and observables match. We may choose for instance:

1
Ag = ——(l1c+ I1s 3.21
0= T 7 dqg( 1c + I1s) ( )
We recall here the definition of the observables defined in Ref. [141] that will play an important role in
this chapter:

e The differential decay rate
dar

1
dT]Q = Z(gl—lc + 6-[13 - I2c - 2125) (322)

e The longitudinal and transverse D* polarisation decay rates:

. dr'y, /dg? 11
F - 2 (3110 — e 3.23
L dl/d¢g? ~— dTU'/dg? 7 B30e — ) (3.23)
. . dDp/dg? 11
FP" = 1-FP = r/dg” _ (3115 — Ins) (3.24)

dU'/dg?> — dU'/dg? 2

In order to make a more explicit contact with the integrated longitudinal polarisation we also
introduce FP" = (dl/dg®)/T and FR™ = (dT'r/dg?)/T, where T' = T'(B — D*{v) with £ = 7, u, e.

e The ratio R4 p describing the relative weight of the various angular coeflicients in the partial
differential decay rate with respect to 8y, in analogy with the longitudinal polarisation fraction

(Ilc + 2115 - 312(: - 6I2s)
(Ilc + 2-[15 + I2c + 2125)

_dl/dg?

1
=3 (3.25)
Eqgs. (3.22), (3.23) and (3.24) are the “standard definitions” of dI'/dg?, FP" and FR" respectively, and
they are used to determine these observables with this particular functional dependence of the angular
coefficients I.
Similarly to the discussion in Ref. [157], the definition of observables integrated over a bin (or over the
whole phase space) requires some care. Experimentally, the measurement yields the integrated angular
coefficients (Iy), with the definition®

(mp—mpx) 9
(X)e = / 2 dg® X (3.26)
my

where the subscripts ¢ and 0 indicate the massive case (with my) and the massless case respectively. We
can then define the “standard” integrated longitudinal and transverse polarisations

4Further discussions of this differential decay rate can be found in Ref. [155] including CP-violating observables
and in Ref. [156] when D" subsequently decays either to D or to D~.

®Notice that the definition of (I;) in Ref. [141] is normalized with T'(B — D*fv), while we prefer to keep the
dependence on I'(B — D*{v) explicit.
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(FP)e = g (oo — (D)o (321)
(FP)e = (3~ (aubo) (3.29)

The Belle measurement is actually (FP")Belle = 0.60 + 0.09.

3.1.3 Global fits

At this stage, a brief overview of our current understanding of the possible NP contributions is use-
ful. Global fits to b — crv favour overwhelmingly a NP contribution through a real gy, for b — crv,
as it allows one to modify the tauonic branching ratios involved in Rp and Rp~ by the same amount
without altering the angular observables, in agreement with the current data (apart from FP " already
discussed) [139-141]. For real contributions, scenarios based purely on scalar and pseudoscalar contri-
butions exhibit some tension with the B, lifetime, depending on the relative size of the contribution
allowed for B, — 7v in the total lifetime, which requires the pseudoscalar contribution to be somewhat
small [158-160]. Similarly, real tensor contributions are disfavoured, as they tend to decrease the longitu-
dinal polarisation of the D* meson compared to the SM [141], when the first measurement from the Belle
experiment indicated a value higher than SM expectations [136]. If gy, is allowed as well as contributions
of other operators, the former is dominant and the other operators (scalar, pseudoscalar, tensors) are
subleading. Other constraints on b — ¢7v come from direct searches at LHC involving mono-7 jets [161].
The corresponding bounds are again much tighter on tensor operators than on vector or scalar operators.

Some of these scenarios allow large imaginary parts [139-141], with a similar hierarchy of scenarios
as in the real case. However, one must take into account that such large imaginary parts are allowed due
to the limited number of observables. Additional observables could bring a dramatic modification of the
landscape of the allowed scenarios, restricting the possible size of imaginary parts and the applicability
of scenarios currently viable severely. Indeed some of the NP scenarios favour large imaginary parts so
that there are no interferences between the SM and NP contributions, which add up in quadrature only
(see for instance the scenario of a purely imaginary gs, discussed in Ref. [162]). Restricting the size of
these imaginary parts would enhance the interferences between SM and NP parts and would restrict the
viability of the NP models where these interferences are negative.

This trend is confirmed by model-dependent analyses. Most of the models with a single-particle
exchange aiming at reproducing the data in b — cfv do not generate tensor contributions, apart from the
scalar SU(2)-doublet leptoquark Ry (as illustrated, for instance, in Ref. [163]) which however generates
much larger contributions to gs, (i.e. gs and gp) than to gr, (i.e. gr and grs). This effect is enhanced
by the running from the NP scale (1 TeV) down to the my scale (reducing the tensor contribution by
~ 20% and increasing the scalar contribution by ~ 80%), so that scalar contributions are likely to be
larger than the tensor contributions if the latter are present [139]. In Ref. [139, 140], a model with a
single Ry leptoquark with complex couplings was shown to have a lower SM-pull than other NP scenarios
once the constraint from the B, lifetime was taken into account. In Ref. [162], a viable model with the Ry
leptoquark was proposed in combination with the S; leptoquark, leading to (large real) vector couplings
as well as (large imaginary) scalar and (smaller imaginary) tensor couplings.

We will thus consider as a baseline scenario that tensor contributions are subleading compared to
other operators. We will also consider that the imaginary parts of the amplitudes can be neglected.
In the SM as well as in the case of real NP, the only phase comes from the CKM matrix element,
and it is actually the same for all the amplitudes. Under our baseline scenario, for instance, the angular
coefficients corresponding to imaginary parts (I7 g 9) are either small or vanishing, as well as any imaginary
contribution. For completeness we will provide full expressions for the relations among the coefficients
including these terms (see Appendix D.1 for the general expressions in the massive case).
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my | Tensor ops. | Pseudoscalar op. | Coefficients | Dependencies | Amplitudes | Symmetries
0 No No 11 6 3 1
0 No Yes 11 5 4 2
0 Yes No 11 0 6 1
0 Yes Yes 12 0 7 2
#0 No No 12 5 4 1
#0 No Yes 12 5 4 1
#0 Yes No 12 0 7 2
#0 Yes Yes 12 0 7 2

Table 3.1: Symmetries and dependencies among the B — D*{r angular observables depending on the
mass of the lepton and the contribution of tensor and pseudoscalar operators.

3.2 Relations among angular coefficients

3.2.1 Symmetries and dependencies

The decay B — D*fv has a rich angular structure, and it is interesting to investigate whether all
the angular observables defined in the previous section are independent, following the same steps as in
Refs. [11, 28, 122, 125] for B — K*¢T¢~%. We can consider the angular coefficients as being bilinears in

A = (Re(HO),Im(HO),Re(H+),Im(H+),Re(H,),Im(H,),
Re(Hr,),Im(Hr,), Re(Hr 4 ), Im(Hr 4 ), Re(Hr, ), Tm(Hr, ), Re(Hp), Im(Hp)) (3.29)
Recalling the discussion in Section 2.2, an infinitesimal transformation will be given by

A= A+§ (3.30)

For the infinitesimal transformation to leave the coefficients I unchanged, the vector 5 has to be perpen-
dicular to the hyperplane spanned by the set of gradient vectors VI (with the derivatives taken with
respect to the various elements of ff) If the I; are all independent, the gradient vectors should span the
whole space available for the coefficients, i.e. the dimension of the space for the gradient vectors should
be identical to the number of angular coefficients.

One can define:

e The number of coefficients n., given directly by the angular distribution

e The number of dependencies ng, given by the difference between the number of angular coefficients
I; and the dimension of the space given by the gradient vectors (provided by the rank of the matrix
Mij = Vil;)

e The number of helicity/transversity amplitudes n4, leading to 2n 4 real degrees of freedom

e The number of continuous symmetries ng explaining the degeneracies among angular coefficients

One has the following relation

Ne —Ng = 2N4 — Ny (3.31)

which we can investigate in various cases for B — D*{v summarised in Table 3.1.

As discussed above, the assumption of no tensor contributions seems favoured by the current global
fits and we will stick to this assumption. In this case it is expected according to Table 3.1 the existence
of 5 or 6 relations. The presence or absence of the pseudoscalar operator does not modify the outcome
of the analysis and the number of dependencies in the massive case due to Eq. (3.19). However, we

6See also Section 2.2 in Chapter 2 of this thesis for a review on the strategy to determine the number of
independent coefficients and existing symmetries in the case of B — K*¢1¢~.
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find interesting to discuss its effect separately as it was found in Ref. [141] that such a pseudoscalar
contribution can help to alleviate the tension in F ,f) " for B — D*rv.

We can now explore the dependence relations between angular coefficients, depending on the lepton
mass, the presence of pseudoscalar and tensor operators. These relations can be used as a consistency
test among the observables if all of these observables are measured in order to check the very general
assumptions made to derive them. If these relations are not fulfilled, it means that there is an issue with
one or more of the measurements or some of the underlying assumptions (negligible NP in tensor operator,
negligible imaginary parts) are not correct. Such tests are completely independent on the details of the
NP model or the hadronic inputs.

3.2.2 Massless case with no pseudoscalar operator and no tensor operators

The expressions for the angular observables become in terms of the amplitudes themselves

I, = 2N x |Hy|? (3.32)
L, - %x3[|H+|2+|H_|2] (3.33)
I = 2N x(=1)|Hy|? (3.34)
by = O (HP+|H-P] (3.35)
Is = —2N xRe[H H"] (3.36)
I, = N [Re[HoH} +Re[HoH"]] (3.37)
Is = 2N [Re[HoH; — Re[HoH"]] (3.38)
Iee = 0 (3.39)
Ies = 2N [|[Hi? —|H-|?] (3.40)
I; = 2N [-Im[HoH}] — Im[HoH"]| (3.41)
Is = N |[-Im[HoH}]+ Im[HoH"]| (3.42)
Iy = —2N xIm[H,H"] (3.43)

In this case, the only continuous symmetry that can be found is simply

Hy — ¢““Hy, H_ —ée“H_ , H,—e“Hy (3.44)

and only 5 of the 11 observables” are independent and 6 dependencies are found. Consequently, one can
invert the system to determine the value of the real and imaginary parts of the amplitudes in terms of
some of the angular coefficients, and re-express the other ones in terms of the same angular coefficients
leading to the following relations:

Ilc = _I2c (345)
Ils = 3IQS (346)
—Al3ly, = —AID +13 — 12 + 412 (3.47)
9ol = Isl; — 4L Ts (3.48)
1 2

_4-[26 <2-[65 + 3115) = (2-[4 + 15)2 + (I7 + 2-[8)2 (349)

1 2 9 9
*4]’20 *5165 + glls = (7214 + I5) + (I7 - 218) (350)

These relations can be used as a consistency test among the observables if all of these observables are
measured, under the hypothesis that we have outlined (negligible lepton mass, negligible pseudoscalar
and tensor operators).

Another way of exploiting these equations consists in combining the non-trivial relations Eqs. (3.47)-
(3.50) under the assumption that I7 g 9 = 0 (taking all imaginary parts to be zero). For future use under

"Notice that there are 11 coefficients in this case: Is. = 0 and consequently there are 11 observables since Arp
and Ags are proportional.
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this assumption we reorganise these equations, allowing us to make contact with the massive ones later
on:

4 1
) 1 1
Iy = _§118120 + 512613 (3.52)
2
I = —§IQC(2115 + 313) (3.53)

One of the dependencies disappears once I7 g9 = 0 is taken.

3.2.3 Massless case with pseudoscalar operator but no tensor operators

The same relations between angular observables and amplitudes hold as in the previous case, apart from
Iic = 2N [|Ho|> + 2|Hp|] (3.54)

One can see that the two symmetries are
Hy — e H,, H_ —e“H_, H, —e“H,, Hp — P Hp, (3.55)

Again, by inverting the system one can obtain the same relations as in the massless case without
pseudoscalar contributions, see Egs. (3.46)-(3.50), except for Eq. (3.45) which is not fulfilled.

Like in the previous case, these relations can be used as a consistency test among the observables
if all of these observables are measured, under the hypothesis that we have outlined (negligible lepton
mass, negligible tensor operators).

3.2.4 Massive case with pseudoscalar operator but no tensor operators

The symmetries in the massive case with pseudoscalar operator but no tensors are in principle a simple
extension of the analogous massless case. However, obtaining the expression of the dependencies in the
massive case is a rather non-trivial task. The absence of tensors implies that there is no distinction
between “+” and “-” components of H & and H . (see Eq. (3.18)) and the only surviving symmetry in this

case is
Hy —e“Hy, H_ —e“H_, H, —e“H,, H, —e“H,, Hp—e“Hp (3.56)

One finds five dependencies in this case, which are identified by solving the system of non-linear equations.

The first one is trivial:
2 2
0 = I, ( - m;) — I, (3+ mj) (3.57)
q q

and the other exact four non-trivial dependencies are detailed in Appendix D.1.

We will consider the simplifying case where all Wilson coefficients are real so that I7 g9 and all imag-
inary contributions can be neglected (see Appendix D.1 for the general case without these assumptions).
The remaining four dependencies are then simplified substantially

2\ 2 2 2
2r I
1'2 — 1— ﬂ 1s _ 6s 3.58
? ( q2> <3+m3/q2 4 (3.58)
Ioo(211,(m2 — ¢2) + I3(m? + 34>
2(mj + 3¢?)
IZ = [—ADLclscdos(mi — ¢°)?(mf + 3¢°) + I5.(m§ — ¢*)* [2L1s(m] — ¢°) + Is(m + 3¢°)]
—1615.q" [2115(—m] + ¢*) + I3(m} + 3¢%)]] / [8Lac(mi — ¢*)*(m] + 3¢7)] (3.60)

5, = —8mi [Leloe(—mj + ¢%) + I (mi + ¢%)] / [(m — ¢*)?] (3.61)
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The first three equations above are the generalisation of Eqgs. (3.51)-(3.53) in the massive case while the
last equation is new: it would vanish in the massless limit with no tensors. These relations can be used
as a consistency test among the observables if all of these observables are measured, under the hypothesis
that we have outlined (no tensor operators, imaginary contributions negligible).

The last two equations can be combined to get rid of the I2, term and obtain the massive counterpart
of Eq. (3.53):

2 = [4(mi - ¢*)*Lis(mi(Tic — Iae) — 2¢°Iae) + 2(mj + 3¢%) (my (Lie — Iac) — 2q* Ioe
—miq* (I + Io))Is — (mj — ¢*)*(mf + 3¢°) Iscles| / [2(m] — ¢°)° (mf + 3¢°)] (3.62)

Eq. (3.61) has obviously no counterpart in the massless case, as it vanishes then®.

3.2.5 Cases with tensor operators

In the massive case with tensors the degeneracy between the H f and H ; is broken and two symmetries
are identified. The symmetries are better described in terms of the tilde-fields:

HS —€°H, Hf—é?Hf, H —”H,. (3.63)

Unfortunately there are no dependencies in this case. The same is true in the massless case.

3.3 Expressions of the D* polarisation

In the previous section, we have obtained several relationships between the angular coefficients under
various hypotheses, assuming that tensor contributions are negligible. We can use these relations in
order to obtain alternative determinations of the longitudinal polarisation F'P . From Section 3.3.2
to Section 3.3.4, we will provide these exact relationships in their binned form, but the corresponding
unbinned versions have exactly the same form.

3.3.1 Massless case without pseudoscalar operator

For completeness we discuss the case with zero mass and no pseudoscalar operator, but still including all
imaginary terms. Eqs. (3.45)-(3.46) are trivial. Eqgs. (3.47)-(3.50) can be rewritten in terms of observables
providing different determinations of F}? T

RASFY = (43— D)~ Sn(4] - AD) (3.64)
TAFPT = gA5A7+i7r2A4A8 (3.65)

(FPY = |S(A2+43) 4 oo (43 + A7) | Rap (3.66)
AppFP" = 7 (A4ds — A7 Ag) (3.67)

We recall that A; are defined from the angular observables up to a numerical normalization given in
Ref. [141]. A similar set of expressions can be written for FLD*, A; and App rather than FLD*, A;
and App, respectively, by substituting the normalization in terms of dI'/dg® by the integrated decay
rate I'. These expressions can then be binned trivially, however they are rather cumbersome to use.
In the following two subsections we will restrict to the case of removing any imaginary contribution

corresponding to our baseline scenario that will be relevant to the extraction of FP "

81n the massive case, this relation provides access to a sum of two related observables Ags and Arp:

27 1 1
HAos)e +9(Arm)e = o e <m\/hclzc(m? —q*) — I3.(m} + q2)>[
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3.3.2 Massless case without imaginary contributions

Using Egs. (3.46) and (3.51) we obtain one of the most relevant results of this chapter:

. 1 1 . _
(FP™y, = f<2\/1§+11625>0 where  (EP")o=1— (FP"), (3.68)

This expression can be used as an alternative way to determine the integrated F'P " in the massless
case (without imaginary contributions but allowing for the presence of pseudoscalars) from experiment
instead of the traditional determination in terms of I15 and I, in Eq. (3.27) and Eq. (3.28).

This expression can be generalised to the case of smaller bins spanning only part of the whole kinematic

range, leading to
D \i 1 o, 1o, ‘
FRY = g2y B+, (3.69)

where i means that the integral in Eq. (3.26) is taken over the bin i with a narrower [g7 i, 47 nax] range’.
If we restrict further to the case without pseudoscalars (in this case I;. = —I5,. is fulfilled), we obtain
further expressions using Egs. (3.52) and (3.53):

. 1 /12 — 412
(o = (P ), (3.70)

1 12 1 12
= = I 44 12 == —I 5 12 3.71
F<RA,B<3+ RA,B+ 3) >0 F<RA,B< 3+ RAB+ 3) >0 (3.71)

)

where R4 p is positive and non-vanishing by construction.

3.3.3 Massive case with pseudoscalar operator but without imaginary con-
tributions

In this case, we focus on Eqs. (3.57), (3.58) and (3.59) to derive new descriptions of F" since Eq. (3.60)
is too involved to provide a useful alternative approach to F". Egs. (3.57) and (3.58) yield:

(FP ) = ;<\/(A L)% + %(B Io)),  where (B} =1-(F"), (3.72)

where we define the auxiliary kinematic quantities (whose value in the massless case is two)

2 4 9.2 2
A= Mt B=2+"2 (3.73)
2
q? —mj q>

One can write an equivalent equation to Eq. (3.72) for narrower ¢ bins similary to the previous section.
In the case of Eq. (3.59) we do not substitute Is., leading to:

(FP Yy =1— (FP"), = %<A <13 - 2142) >£ (3.74)

-[20

Relating this equation with the massless case is not straightforward given that in the massless case I,
was substituted (before integrating) in terms of " and Ra p.

9Notice that (FP )0+ (FR )o = 1 holds because the integration is performed over the whole kinematic range.
For the observables (FLD*% and (F’f?*)é shown in Figs. 3.1-3.3 and also in Figs. D.1-D.6, this is no longer the
case due to the normalization of F£" and FF : (FP™)i + (FR")) = (dT'/dg®)y/T < 1. Tt is trivial to check
that a different normalization for F'P " and FEP " would only affect the normalization 1/I" appearing in the binned
expressions.
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3.3.4 Cases with pseudoscalar operator and imaginary contributions

This corresponds to the most complete expression allowing for the presence of pseudoscalars and also
imaginary parts, but no tensors. This can be achieved, as in the previous section, by using I1s and I
instead of I;. and Is. as a starting point. The corresponding expression in the massless case is:

o 1 1 ~ % U
(EP7y, = f<2~/f§+192+11§s>0 where  (EP")o=1— (FP"), (3.75)

and in the massive case

(EP"), = I{<\/(A B+ (ALY + ((BI)®)  where  (EP)=1-(FP")  (376)

Similar expressions can be written for (F:P *>§ defined for narrower ¢? bins. These expressions rep-
resent the most general alternative ways to determine the massless and massive polarisation fractions.
Compared to the previous case, one can see that the presence of imaginary contributions comes simply
from the additional Iy term in Eqs. (3.75) and (3.76), see also Eq. (D.10) in Appendix D.1.

Within this more general framework, Egs. (3.57) and (D.10) yield the following simple relation among
the observables defined in Section 3.1.2:

(@1(FP7)%)e = (ws (fli + AS) + a3 (AGS)QN (3.77)

where A; stands for the observables A; normalized to I' rather than dU/dq*, =1 = (m% — %)%, a9 =
472 (m3 +2¢*)? and z3 = 4x122/(72972¢*) (A9 vanishes in the absence of large imaginary contributions).
This relation implies that the large (small) value of F'P . (FR ") requires a corresponding suppression in
A%+ A3, in Ags or both. For this reason it would be particularly interesting to have available predictions in
specific models for this couple of observables in case that the unexpectedly large value of this polarisation
fraction remains.

3.3.5 Binning

We have obtained these alternative expressions for (FP"), (or (ER"),) assuming that there are no tensors
and (in some cases) no large imaginary contributions at short distances. From now on we introduce the
notation (F:R"21), (or (FP"21t),) to refer to Eq. (3.76) as the alternative way to extract F:2~ (or FP"). In
the absence of imaginary contributions we will use the notation (F2" alt}i"zo corresponding to Eq. (3.72).
In the massless case we denote (F2"21%) for Eq. (3.75) and (FR" 21t =0 for Eq. (3.68).

Experimentally we have to consider binned versions of these expressions, which are nonlinear functions
of the angular coefficients. Since the binned angular coefficients are the only quantities measured, we
should be careful that f((Ix)¢) # (f(Ix))e when f is non-linear. From an experimental perspective there
are two ways to proceed: i) measure the coefficients Is and Ig, of the massless or massive distribution in
very small bins in order to reconstruct a ¢> dependence of these functions, so that we can perform the
integration in Eq. (3.68) for the massless case or in Eq. (3.72) in the massive case (or their counterparts
including imaginary parts Eq. (3.75) and Eq. (3.76)); i) use an unbinned measurement method (as was
done for B — K*u*p~ [164]) to determine the ¢ dependence of the coefficients and introduce the
obtained expressions inside Eq. (3.68) or Eq. (3.72) as explained above.

Both approaches are however difficult to implement when statistics are low, and one has to choose
between the extraction of the whole angular distribution and the study of the ¢?> dependence of simpler
observables like the decay rate. Currently, the measurements are integrated over the whole kinematic
range, which constitutes a single bin for the analysis.

By comparing with our exact results, we will thus investigate the accuracy of the approximation
F(Ix)e) = (f(Ix))e, which requires the following transformation on the unbinned expressions:

dUx /d¢* — (dTx /d¢®) I = (L;)  wl; = (wl;)  wI? = (/|w|L)? (3.78)

where w stands for any positive weight depending on m and ¢°. This leads to the following “approximate
formulae” in the massless case, starting from Eq. (3.75):
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(PR o~ 1{2\/@3% + (Ig)2 + i<16$>(2) (3.79)

and in the massive case, starting from Eq. (3.76):

1

. 1
(PP 2y, ~ 1ﬂ\/(A I3); + (Alo)] + ~

4
In the massive case, one should measure the I; and multiply each event by a numerical factor A for I3,
Iy and B for Ig.

Similarly, in the absence of imaginary parts, we obtain the approximate binned expression, starting
from Eq. (3.72):

(B Iss)? (3.80)

~ % _ 1 1
<FT alt>é9—0 o~ F\/<A I3>g + Z<B I6s>% (381)

and the approximate expression for <F7’? ")y starting from Eq. (3.74)

%<A (13 - 222> >Z ~ % [<Alr3>Z —2 éjf;ﬁi (3.82)

All these expressions have a corresponding expression for (F2")% for narrower bins where () is trans-
formed into ()} corresponding to the integration over the narrow bin i.

In order to get an idea of the accuracy of these approximate relations, we perform the following
numerical exercise. We consider a set of benchmark points corresponding to the best-fit-points of the 1D
and 2D NP hypotheses in Ref. [139, 140]. Among the 1D hypotheses, the most favoured one is assuming
NP in gy, , followed by NP in gg,. Specifically we will take for this numerical analysis as benchmark points
the best-fit-points of the following four different NP hypotheses (in each case, the remaining couplings
are set to zero):

(R1) gv, = 0.07 (3.83)
(R2) gs, = 0.09 (3.84)
(R3) gs, = 0.07 (3.85)
(R4) gs, = 4gr = —0.03 (3.86)

where the values are given at the scale y = 1TeV, and we run them down to the scale p = m; [139,

140, 165]. For 2D hypotheses, there is a wider range of relevant possibilities, and we select the following

ones'’:

(R5) : (gv,.9s, = —4gr) = (0.10,—0.04) (3.87)

(R6) — (R7) : (gsn,9s,) = (0.21,—0.15) or (—0.26, —0.61) (3.88)
(R8) : (gv,,9s,) = (0.08,—0.01) (3.89)

(CO) — (COY* : gs, =4gr = —0.06 £0.31 (3.90)

where once again we run these coefficients down to u = my,.

In Ref. [141], a set of benchmark points is determined by considering the best-fit points of different
scenarios with one free complex parameter. The resulting 2D benchmark points (in each case, the
remaining couplings are set to zero) at the scale y = my, are:

%Even though (C0) and (C0)* are formally different scenarios corresponding to opposite imaginary parts, they
yield the same results for our observables which are not sensitive to the sign of the imaginary part.
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(C1) gv, = 0.07 —i0.16 (3.91)
c2) - gvs = —0.01 — i0.39 (3.92)
c3) gs, = 0.29 — i0.67 (3.93)
(c4) s, = 0.19 + 70.08 (3.94)
(C5) gr =0.11 —i0.18 (3.95)

Using a different operator basis, alternative benchmark points are found to be'!:

(C6) gv = 0.20 +140.19 (3.96)
() ga = 0.69 +1i1.04 (3.97)
(C8) gs = 0.17 — i0.16 (3.98)
(C9) gp = 0.58 +10.21 (3.99)

In the following we will check the relations given in the previous sections against these benchmark
scenarios. We have used the binned approximation of the relations using 6 bins of equal length as shown
in Fig. 3.1. On the one hand, this allows us to test the quality of the binned approximation. On the
other hand, we can check the impact of the assumptions used in order to derive the various relations:
for instance, checking the expressions obtained for real NP contributions in Section 3.3.3 in the case of
the scenarios (C0) — (C9) with complex parameters provides an estimate of the impact of realistic NP
imaginary contributions on these expressions.

We need to choose a set of form factors to evaluate the hadronic contributions and to be able to
test how accurate the relations remain within the binned approximation discussed above, taking into
account possible unexpected NP contributions (imaginary parts, tensor contributions). Since our goal is
only to check the accuracy of this approximation for the various NP benchmark points it is enough to
work using a simplified setting. For this reason, we refrain from using form factors obtained by elaborate
combinations of heavy-quark effective theory [166—-169] sum rules and lattice simulations [34, 139, 141,
170-177] and we stick to the simpler quark model in Ref. [178] without attempting to assign uncertainties
to these computations.

A sample of the results is shown in Figs. 3.1, 3.2 and 3.3 to illustrate the accuracy of the determina-
tions from Egs. (3.80) (taking into account the contribution from imaginary parts) and (3.81) or (3.82)
(neglecting this contribution). Additional scenarios are considered in Appendix D.2. In order to be more
precise, the relative errors of the approximate binned expression for F}j “alt with respect to F%D " are given
in Tabs. D.1 and D.2. Let us add that the I; are integrated with the kinematical weight A or B defined
in Eq. (3.73) for the evaluation of the massive expressions whenever needed. We obtain the following
results for the benchmark points considered:

e The binned approximation works very well in all cases when testing the relations in the case of
scenarios where they are expected to hold. Conversely, when one considers a NP scenario with
significant tensor contributions (like (C0) or (C5)), the expressions are off by ~ 70% in the worst
cases. Only when the NP contribution to the tensor coefficients is very small (|gr| < 1), the
expressions work quite well, for example ~ 5% for (R4).

e When we consider NP scenarios for the 7 lepton with complex values for the Wilson Coeflicients
but without tensor contributions, i.e. (C'1)—(C4) and (C6)—(C9), the expressions hold with errors
at the percent level. This occurs even when we consider the expressions meant for real coefficients
(Section 3.3.3). We stress again that this does not apply to scenarios with tensor contributions
such as (C0) and (C5).

e We also tested the massless expressions in the case of NP scenarios affecting light leptons at the
same level as the 7 lepton. Such scenarios are ruled out by the current data, but they provide
a further check of the robustness of our expressions. In these cases, the expressions that do not
contain the angular coefficients containing imaginary parts of the amplitudes (I7s.9) (Section 3.3.2)

"For completeness, we quote (C8) although this NP scenario has no impact on B — D*fv and is thus equivalent
to the SM for our purposes.
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Figure 3.1: Illustration of the errors induced by binning on the relation in Eq. (3.80). The orange dashed
curve corresponds to the standard definition of FTD ", whereas the blue one corresponds to 157’? “alt The
orange bins in this plot are obtained using the binning form of the “standard” expression for I:}Q " while
the blue ones are obtained using the approximate binned expression of F2"!* in Eq. (3.80). The plots
labelled SM correspond to the case my = m,. and my = m, in the SM and the other plots correspond
to 2" in B — D*7v in different NP scenarios described in the text. The differences come from the
presence of tensor currents for (C0) or from binning effects for the SM case.

are off by ~ 20% at worst. The agreement can be restored once we generalise the corresponding
expressions so that they include these angular coefficients (Section 3.3.4), where we find a perfect
agreement.

e In the first bin of most of the massless expressions, the relations are not completely fulfilled, with a
difference up to 10% due to binning effects enhanced at the endpoint of the massless distribution.

This study shows that the expressions derived above under the assumption of no imaginary NP
contributions and no tensor contributions in Sections 3.3.2 and 3.3.3 work very well even in the binned
approximation. They are very accurate even in the presence of imaginary NP contributions. Their simple
generalization including imaginary parts in Section 3.3.4 are as expected to be even more accurate also
in the binned approximation. Finally, all relations fail in the presence of large tensor contributions.

3.3.6 Decision Tree

We have proposed different ways of determining F'2 ' (or FP ) which can be compared to the usual
definition, based on the existing symmetries if additional assumptions are made about the nature of
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Figure 3.2: Same as Fig. 3.1 for Eq. (3.82).
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Same as Fig. 3.1 for Eq. (3.81).
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NP (no tensors, real contributions). One may then wonder how to interpret the situation when the
determination of F.2 " in a narrow bin in the case of the tau lepton yields different results from Eq. (3.72)
and from the traditional determination. While we have provided different possible determinations we
will focus on Eq. (3.72) because it includes pseudoscalar contributions and it is easily generalised in the
presence of phases, see Eq. (3.76). There are three possible conclusions:

1) Our first hypothesis is the absence (or negligible size) of tensors. In the presence of tensors, there are
no dependencies among the angular observables, and we cannot use Eq. (3.72) to determine F.? "
This first possibility seems to be in disagreement with the study in [141] that shows that tensors
tend to substantially worsen the situation reducing even further the value of FP " (or increasing
FP *). If needed, this question can be tested by probing the relationships shown in Section 3.2
among the angular coefficients.

2) The second hypothesis is the absence of large imaginary parts. In this case one can generalise the
expression Eq. (3.72) to the presence of imaginary parts to get Eq. (3.76), simply substituting:

(AL3)* = (AL)* + (ALy)* (3.100)

and similarly for the massless case. This simple substitution covers the presence of large phases
but of course at the cost of measuring also Iy. Alternatively one can also measure I7 g9 which are
sensitive to large imaginary parts and determine if they differ from zero in a significant way.

3) The third option is the presence of an experimental issue in the determination of F LD " in the tra-
ditional way for B — D*7v. The alternative determination proposed here could help to determine
the problem to be fixed and whether this second determination is also in disagreement not only
with the SM but also with NP models.

3.4 Impact of the presence of light right-handed neutrinos

We turn now to the analysis of a case beyond the framework considered up to now, namely, the presence of
light right-handed neutrinos (RHN) entering the decay b — ¢7. The inclusion of light RHN was discussed
in Refs. [152, 179-188] as a way to obey all phenomenological constraints as well as cosmological and
astrophysical limits. Here we will follow closely the recent discussion in Ref. [188] and we will use the
results presented there to generalise our expressions.

If one neglects neutrino masses, the b — c¢7 decay probability is given by an incoherent sum of the
contributions from left- and right-handed neutrinos. This introduces a substantial change in the structure
of the angular distribution, requiring a separate discussion.

The inclusion of RHN leads to a more general dimension-six effective Hamiltonian (see Ref. [188] for
the definitions of the operators):

4GV A,B=L,R
Heﬂz% Ofr+ Y, CipOip (3.101)
X=S,V,T

The Wilson coefficients are defined in such a way that C5Xp = 0 in the SM. Eq. (17) of Ref. [188] provides
a translation table between our helicity basis and the transversity basis used in that reference.
The inclusion of RHN requires us to consider left and right chiralities of the leptonic current, while the

hadronic current is not modified. Consequently the coefficients of the angular distribution get modified
(see Ref. [188]):

where the relative sign depends on the angular observable considered, and I;(L) and I;(R) involve different
helicity amplitudes including C* and C** Wilson coefficients respectively. The total number of amplitudes
entering the distribution gets thus enlarged from 7 to 14 (two of the helicity amplitudes always come in
the same combination).

We can now discuss the impact of RHN on our previous discussion. Let us assume that there are
neither tensor nor imaginary contributions, but that RHN are indeed present. We can compare the
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two determinations of F¥": the standard definition in Eq. (3.28) and the alternative determination in
Eq. (3.72). The following relation holds:

2

. = D" alt, To=01 2
(FPY = (BP0, o 64 (CYa(l+CYy) = CCla) (3103)

(BAss)?)- 29 ((1+0Y,)" O’ — CY° + Ok’

where Ag, refers to the observable including left and right components defined by

<A6S>T = _2773<168>T (3104)

In order that the previous expression becomes useful we have checked that Eq. (3.103) still holds in the

following binned form'?:

T (R l=)”

<B;168>72—

(FF)r)

~AF (3.105)

Notice that given that AF is always positive, Eq. (3.105) implies that an experimental determination
using (FR"#1%)1s=0 should always be found equal or smaller than the “standard” (F2"), in absence of
tensors and imaginary contributions.

We derived this expression assuming the hypotheses above and using the fact that Eq. (3.57) is valid
in presence of RHN while Eq. (3.58) holds if the constraint

CLr(1+CL1) = CrrClr =0 (3.106)

is imposed. In other words, only if this constraint is fulfilled, (F:2"!*) can be interpreted as the physical
transverse polarization fraction.

In Ref. [188] several interesting scenarios are identified which are able to fulfill the constraints from
BBC%T;,, RD,D*7 Fl{j* and 'PP*

1) The scenario with the highest pullgnm corresponds to scenario 3 (V,,) with NP only in CER. Since
CY, = C{r = Ck; = 0 in this scenario, Eq. (3.106) is fulfilled and A" = 0. However, in this
scenario the NP contributions to Ff " cancel exactly and the tension with the experimental value
is not relaxed.

2) A second interesting scenario is called 4b (@) in Ref. [188]. This scenario can be generated by a two
Higgs doublet model and it yields non-zero values for C5 with X = LL, LR, RL, RR. Assuming
Bp, 5 < 30%, this scenario is able to relax the tensions of all observables including FLD ", Since

this scenario yields NP contributions only in C? it fulfills automatically the constraint, leading to
AF =0.

3) In scenario 1 of Ref. [188], there are two solutions with non-vanishing values for CY; | p pp as well
as CER, rp and C’gR. One of the two solutions has a tensor contribution compatible with zero
at 1lo. If we take this solution to remain under our initial hypothesis of the absence of tensor
contributions we obtain A ~ 1073 (central value of b.f.p) if C};; = 0, which, obviously, cannot
be detected. In Ref. [188] the coefficient C};; is neglected because it is lepton-flavour universal
within SMEFT and it cannot help to accommodate any of the deviations observed with LEUV
observables. However, assuming the best-fit point of this scenario does not change when non-
vanishing values of C’gL are allowed, we find that A" can be much larger when CXL approaches

:I:\/(l +CY,)2— CXRQ + CXRz, leading to a rather visible effect.

In summary, a difference between the two measurements of F2" (or FP") in absence of tensors and
imaginary contributions could be attributed, barring experimental issues, to contributions coming from
RHN. For some RHN scenarios, this would generate a non-zero value for A,

12We have scanned over a range of values of the RHN coefficients CXLLR’RL’RR to compare Eq. (3.103) and
Eq. (3.105). The result of this test clearly indicates that for combinations of RHN resulting in reasonably small
values of Ar < 1, the two expressions agree up to O(10™2) corrections in all bins.
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3.5 Experimental sensitivity

Our analysis is based on the possibility of performing a full angular analysis of the B — D*{v with
a reasonable accuracy to check the relationships derived among angular observables. There is a major
experimental challenge associated to the difficulty of measuring angular distributions of semitauonic
decays due to the loss of the two neutrinos, one from the B decay and the other from the subsequent
7 decay, making it difficult to reconstruct the 7 direction. This problem arises both when the 7 decays
into a pion or a lepton [151, 152]. A novel approach [153] has been proposed using the three-prong
7+ — 7taTr~ U, decay instead of the muonic 7 decay and a multidimensional template fit able to
measure the coefficients of the angular distribution. We can use the numerical results from Ref. [153] to
compare the expected experimental sensitivity of F'P " using the standard definition in Eq. (3.28) with
the one using the alternative determination in Eq. (3.72)'.

Taking the results of the template fit for the 50 fb™! collider scenario given in Tab. 11 and Fig. 10
of Ref. [153] and applying the transformation described in Eq. (3.78) we can obtain a rough estimate of
the sensitivity of (FP*21t)9=0_ Obtaining this estimate is not straightforward since (F2*2*)19=0 includes
not only the angular observables I3 and Igs but also the kinematic factors A and B. As mentioned in
Section 3.3.5, experimentalists can measure directly A I3, and B Igs following the same binning as the
angular observables arising in the differential branching ratio. In order to get a rough idea of these
quantities in the absence of a dedicated experimental study including estimates of Al3 and Blg,, we
study the ratios (AIs)/(I3) and (B Igs)/(lss) and how they change in the presence of NP. Scanning
the parameter space, we find these ratios to be rather independent of the NP considered. We find
that (A T3)/(I3) ~ 4.1 and (Blgs)/{Iss) = 2.4, leading to our approximate determination of the binned
observables

<A I3>exp ~ 4-1<I3>exp <B I6s>exp ~24 <16$>exp (3107)

It is important to emphasise that this approximation would not be needed for future experimental mea-
surements as long as A I3, A Iy and B Igs are measured directly.

Under these approximations and considering the uncertainties and correlations given for the 50 bt
collider scenario in Ref. [153], we obtain the following rough estimate for the alternative determination
for the SM case considered in this reference

(FPra1 =0 | =047 +0.12 (3.108)

to be compared with the standard determination

(FP*) oo -1 = 0.45 £ 0.01 (3.109)

The alternative determination suffers from the larger errors of the angular observables involved in its
definition, in comparison with the standard determination which is dominated by I;s with a smaller
uncertainty than the other angular observables, as shown in Fig. 10 of Ref. [153].

These uncertainties would be enough to identify discrepancies coming from tensor contributions,
such as our scenario C5. The smaller differences between the two determinations coming from other
types of scenarios (such as Wilson coefficients with imaginary parts) could not be distinguished and the
two determinations should yield similar results. Conversely, it means that our relations will provide a
non-trivial experimental cross-check of the angular analyses projected in Ref. [153], unless large tensor
contributions are present.

3.6 Summary and Conclusions

The charged-current B — D*/v transition has been under scrutiny recently, as it exhibited a deviation
from the SM in the LFUV ratio Rp« comparing the branching ratios £ = 7 and lighter leptons. Moreover,
the polarisation of both the D* meson and the 7 lepton have been measured for B — D*71v. If the latter
agrees with the SM within large uncertainties, the Belle measurement of F}? " yields a rather high value
compared to the SM prediction, which appears difficult to accommodate with NP scenarios.

13We refrain from using the more complete alternative definition in Eq (3.76) because the ratio (A Iy)/(I)
necessary to get the rough estimate described in the text is not properly defined in the SM.
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We could understand better this situation by considering in more detail the angular observables that
can be extracted from the differential decay rate, as described in Ref. [141]. We applied the formalism of
amplitude symmetries of the angular distribution of the decays B — D*{v for £ = e, u, 7. We showed that
the set of angular observables used to describe the distribution of this class of decays are not independent
in absence of NP contributing to tensor operators. We derived sets of relations among the angular
coefficients of the decay distribution for the massless and massive lepton cases. These relations can be
used to probe in a very general way the consistency among the angular observables and the underlying
NP at work, and in particular whether it involves tensor operators or not.

We used these relations to access the integrated longitudinal polarisation fraction of the D* using
different angular coefficients from the ones used by Belle experiment. This in the near future can provide
an alternative strategy to measure F LD* for B — D*rv and to understand the relatively high value
measured by Belle. We presented expressions in Eqgs. (3.75) and (3.76) for the massless and massive case
that cover the most general NP scenario including also pseudoscalars and imaginary contributions, with
the only exception of tensor contributions.

We then studied the accuracy of these expressions if only binned observables are available, or if
they are used in the case of scenarios beyond the assumptions made in their derivation (imaginary
contributions, tensor contributions). We used several benchmark points corresponding to best-fit points
from global fits to b — c7v observables, relying on a simple quark model for the hadronic form factors for
this exploratory study. The expressions derived under the assumption of no imaginary NP contributions
and no tensor contributions work very well even in the binned approximation. They are very accurate
even in the presence of imaginary NP contributions. As expected, their generalisations, derived assuming
the presence of imaginary contributions, are very well behaved also in the binned approximation. All
relations fail in the presence of large tensor contributions, where no dependencies can be found among
the angular observables.

Besides presenting the most general expressions for FP " in the massless and massive case, we also
derived a relation among observables (/~13’9,65 and FP ) that are potentially interesting from the NP
point of view if the deviation in FP " is confirmed. Having specific model building predictions for these
observables would be highly interesting. We also discussed the impact of the presence of light right-handed
neutrinos. We showed that we could test their presence in some specific cases under the hypothesis that
there are no tensor nor imaginary contributions, by comparing our two determinations of F}’ ", Moreover,
under this hypothesis, the sign of the difference between the two determinations is fixed.

In addition, these alternative determinations of F/P " provide an important cross check for the exper-
imental measurements: if our relations are not fulfilled by the experimental measurements, this would
imply either a problem on the experimental side or the presence of large tensor contributions. Using
recent projections on the experimental prospects for the measurements of angular observables, we find
that these relations could be checked with an accuracy of 0.1 in the scenario of a 50 fb~! hadron collider,
which would be enough to spot a scenario with tensor contributions and would provide an interesting
cross-check of the determination of the angular observables.

These additional measurements needed for this extraction make obviously this determination more
challenging experimentally, but they can help to corner the kind of NP responsible for this high value
or to understand if there exists an experimental problem responsible for this unexpected value of the
D* polarisation. We hope that our results will be of particular interest once the LHCb and Belle II
experiments are able to analyze the B — D*{v decays in more detail and thus to provide us with a more
detailed picture of the intriguing deviations currently observed in b — ¢fv transitions.
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Chapter 4

A new B-flavour anomaly in
Bgs— K*YEK*: anatomy and
interpretation

If NP is indeed at the origin of the anomalies in semileptonic B decays, it is natural to expect signals
in other observables involving b — s transitions, possibly with different realisations though sharing some
common features. A natural place to explore the possible existence of these signals are nonleptonic B
decays. This type of decays suffer from larger uncertainties compared to semileptonic B decays and are
therefore more difficult to compute with a high accuracy. In particular, branching ratios and polarisation
fractions receive contributions from transverse amplitudes that suffer from large uncertainties due to
power-suppressed but infrared-divergent weak annihilation and hard-spectator scattering [189, 190]. In
this sense a deviation with respect to the SM prediction in nonleptonic B decays requires to be much
more conservative regarding these uncertainties than in the case of semileptonic B decays.

In this chapter, based on Ref. [191], we will follow a similar strategy to the one we used in Refs. [11, 12]
for semileptonic rare B decays and we will establish a parallelism constructing observables in nonleptonic
B decays with a limited sensitivity to hadronic uncertainties. As described in Chapter 1, in b — s/ decays
one can build two different kinds of observables with a reduced sensitivity to hadronic uncertainties: on
the one hand, angular observables from decays involving muons in the final state [12, 157| constructed
exploiting heavy quark symmetry. On the other hand, ratios of branching ratios with muons versus
electrons in the final state that test LFUV and where the dependence on the form factors cancels almost
exactly in the SM [192]. We observe tensions with respect to the SM predictions in observables involving
leptons of the second family (for the former) and between the second and the first family of leptons (for
the latter).

For that reason, we explore the parallel approach of using nonleptonic B decays rather than semilep-
tonic ones, comparing quark transitions involving quarks of the second and first families instead of muons
and electrons, through the use of the R4 observable defined in [193]. More specifically, we compare
transitions involving s-quarks and d-quarks to benefit from the approximate U-spin symmetry of the
SM in analogy with Lepton-Flavour Universality used to build the LFUV ratios in b — s¢™¢* decays.
The analogy has evident limitations: since both symmetries are broken by fermion mass effects, the size
of the corrections is easier to compute or estimate for LFU (involving mainly QED) than for U-spin
(involving QCD). However, even in the nonleptonic case it is well known that ratios of this type offer
many advantages in reducing hadronic uncertainties, explaining the popularity of the ratio £ to describe
neutral-meson mixing in lattice QCD and phenomenological studies. We may reach an even better con-
trol of hadronic uncertainties by combining several approaches. In Refs. [193-195] it was shown that the
specific structure of penguin-mediated nonleptonic B-decays could lead to a better theoretical control on
combinations of hadronic matrix elements within factorization approaches. In the case of vector final
states, it is also known that the decays into longitudinally polarised light mesons can be described more
precisely than the transverse ones within these factorization approaches, providing a further guide to
build optimized observables (in analogy with the angular observables in semileptonic decays). Finally, if
the By-meson decays have been studied at B-factories extensively, LHCb is now able to provide accurate
measurements for many Bg-meson decays with the possibility to assess the correlation between B, and
B, mesons decaying into the same final state.

We will thus focus on a type of observables for penguin-mediated nonleptonic decays of B mesons
into two vector particles, that we will refer as L-observables. These correspond essentially to the Rgqy
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observable from Ref. [193] in the case of By — K**K*C (up to a phase space). We present here a
detailed and complete anatomy of this observable in the SM, updating the SM prediction and observing
an increase in the tension with the experimental measurement compared to Ref. [193]. We then discuss
NP explanations for the tension observed. We also point out possible improvements of the theoretical
prediction of this observable.

In Section 4.1 we develop the theoretical framework that will be used to compute the L observable.
We put particular emphasis on the sources of hadronic uncertainties coming from infrared divergences
that affect mostly branching ratios and polarisations. In Section 4.2 we construct this observable and
we compute it. Then, using the data of the previous section, we determine its experimental value and
the pull. In Section 4.3 we explore possible solutions in terms of NP shifts to Wilson coefficients in
a model-independent EFT approach, before considering particular models illustrating the difficulty to
explain this nonleptonic anomaly together with the b — sff anomalies in Section 4.4. We finally conclude
in Section 4.5. In Appendix E.1 we discuss the framework used, providing the expressions of the set of
operators of the Weak Effective Hamiltonian as well as the parametrisation based on QCD factorization.
Appendix E.2 consists of the semi-analyical expressions of the relevant hadronic matrix elements, and in
Appendix E.3 we show complementary details of the sensitivity of L to different sources of NP.

4.1 Theoretical framework

4.1.1 Helicity amplitudes

We start by considering the theoretical description of a generic transition Bg — V'V with @) = d, s. Since
the initial state has spin 0, the two vector mesons must have the same helicity, leading to a description
of the decay in terms of three helicity amplitudes A, AT and A~. A naive factorization analysis [190]
indicates a hierarchy of the type: A° > A~ > A% for a B — VV decay and A° > AT > A~ for a
B — V'V decay. This hierarchy with a dominance of longitudinal amplitudes is easy to understand by
means of the V-A structure of the SM [196] together with the fact that high energy QCD interactions
conserve helicity [39]. Each amplitude is suppressed with respect to the previous one by O(A/m;) due
to helicity suppression [189]. The longitudinal amplitude in a b — s transition is dominant as compared
to the positive helicity: the s quark is produced with an helicity —1/2 by weak interactions (in the limit
ms — 0), which is not affected by the strong interactions, then the strange quark combines with the light
spectator quark to form a V with a helicity which can reach 0 or —1 but not +1. In A~, a light-quark
helicity flip is required to obtain both vector mesons with a negative helicity, whereas in AT, two helicity
flips are required to reach a positive helicity for both vector mesons. Each of these helicity flips yields a
suppression by a factor O(A/my), as expected in naive factorization.

4.1.2 Hadronic matrix elements

For a BQ meson decaying through a b — ¢ penguin-mediated process into a V; V5 state with a definite
polarisation, the decomposition

Af = A(Bg = ViVa) = AP, + M9 P, (4.1)

is always possible, with the CKM factors )\g) = VupVij,- We denote by T and P the matrix elements

accompanying the )\Q(Lq) and A&” CKM factors respectively. In the SM, P, is usually associated to penguin
topologies, whereas Ty, receives contributions from tree topologies (but it can also contain only penguin
topologies in some decays). As discussed above, if we consider the longitudinal polarisation, T;, and P,
can be computed using factorization approaches based on a 1/m; expansion (see Appendix E.1). In QCD
factorization [197], T, and P, are affected by possibly large long-distance 1/my-suppressed effects that
will be discussed in the next section. In the case of penguin mediated decays like B4 ) — K*OK*0 the
same type of (long-distance) infrared divergences affect both P, and T}, so one can construct [194, 195]

A, =T, Py, (4.2)

free from these next-to-leading-order infrared divergences.
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Using the unitarity relation AD A9 )\Eq) =0, we can write Eq. (4.1) in terms of A and qu)
A =22 A, - \9p, (4.3)

The weak phase in )\,Eq) is the angle 3, defined as

_ VinVig A
Bq = arg (— Vv ) = arg —w , (4.4)
cq c

whereas )\ﬁq) is real to a very good approximation for both ¢ = d,s, and )\1(;1) = —)\SI) — /\§‘1). The
CP-conjugate amplitude is given by

Ap = )Ty + D) Py = (D) A = )Py (45)

If f =V1V; is a CP-eigenstate, note that Af is different from A = A(B — V41%), even though the two
types of amplitudes are related: o
A=Ay AZ?’]fAf, (4.6)

where 7y is the CP-parity of the final state, given for j = 0, |, L respectively as 1,7, —n where n = 1 if
V} is the charge conjugate of V5 (this is the case for K*0K*0).

4.2 The L-observable for By — K0 |0

4.2.1 Definition and experimental determination

The 2019 LHCb analysis with 3fb~! data measured the ratio of the untagged and time integrated decay
rates [19§]

B 0 o
ZPBy— K*0K*0 =0.0758 =+ 0.0057(stat) + 0.0025(syst)
BBS—>K*°R'*“

s

+ 0.0016 (fd) , (4.7)

The longitudinal polarisation of both modes has been measured as well. The average of By — K*0K*0
from LHCD [198] and Babar [199]:

LHCh(B, 5 K*OK*0) = 0.724 + 0.051 + 0.016, (4.8)
fBabar(p L gORH0) — 0.801010 4 06, (4.9)

yields
fr(Ba — K*K*) = 0.73 + 0.05, (4.10)

whereas the polarisation for the By — K*9K*Y mode is [198]:

fr(Bs — K*OK*%) = 0.240 4 0.031(stat) & 0.025(syst) .

Most of the experimental determinations are made assuming no direct CP-violation; however, the ones
searching for CP violation found no hint in these decays [200].

One can notice already that the longitudinal polarisations are very different for these two modes,
although they are related by U-spin symmetry in its most obvious form, i.e. the d <+ s exchange. In the
SM, U-spin is broken only by the quark masses, and it is thus expected to be fairly well obeyed (up to
a 20-30% correction). We propose to define an observable that will be sensitive to this effect but with a
cleaner theoretical prediction:
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Lyoy, = Booss gooaf”® _ |AG] + 145
1 By—q gbasffﬁd |A(C)i|2 + |Ag|2 ’

(4.11)

where By_.q ( fz_”") refers to the branching ratio (longitudinal polarisation) of the Bg — ViV, decay
governed by a b — ¢ transition. AJ and AJ are the amplitudes for the Bg and B decays governed by
b — ¢ with final vector mesons being polarised longitudinally and

gb%q = W\/{M%Q — ZV1V2:| [M%Q — AV1V2:| s (412)
stands for the phase space factor involved in the corresponding branching ratio, with

TBQ

2 2
w = W , gh = (ma + mb) s Aab = (ma — mb) (413)

and all quantities are CP-averaged.

This observable is defined such that the dependence on the troublesome transverse (parallel and
perpendicular) amplitudes entering the branching ratio and longitudinal polarisation fraction cancel and
it is close to the observable R, for the case of By s — K**K*? up to a phase space factor [193].

Being purely sensitive to the longitudinal amplitudes, L is less affected by the hadronic uncertainties
which impact the transverse polarisation amplitudes significantly and which are difficult to estimate
within QCD factorization (QCDF) or other approaches based on a 1/m; expansion. The choice of this
observable thus avoids the difficulties encountered in the interpretation of low longitudinal polarisation
fractions observed in some nonleptonic modes [189]. In this article we will focus on:

Bp, _ k-0i+o gbadffs _ | A5 + |/§(S)|2
Bp, koo gy 20  |AG2+ A4’

Ly-ge = (4.14)
where the spectator quark Q) of the initial b-flavoured meson and the quark ¢ from the b — ¢ transition
coincide.

In the definition of L. z. and its connection with the longitudinal amplitudes |Ad|? in Eq. (4.14), we
have not included the effect of Bs-meson mixing that arises in branching ratios when measured at hadronic
machines. This effect of time integration at hadronic machines generates a correction of O(AI'/(2I')), as
discussed in Refs. [193, 201], which would multiply the last term in Eq. (4.14) by:

1+A2Fy51—yfl
1"‘AdAFyd1_y§7

(4.15)

where y, = Al', /(2I'p,) is well measured (yq4 is negligible and y, ~ 0.065) and the asymmetries —1 <
A% <1 combining C'P violation in mixing and decay are difficult to estimate theoretically, leading to a
correction of at most 7%.

Since we use the LHCb measurement Eq. (4.7) and since there are other sources of (theoretical and
experimental) uncertainties, we treat Eq. (4.15) as a systematic uncertainty of 7% combined in quadrature
with the other uncertainties, leading to the experimental value:

Exp: L. = 4.43+0.92. (4.16)

4.2.2 Theoretical prediction in the SM and comparison with data

On the theory side, we have

A§ = QDA [P+ ()74 (4.17)
Al = (A9 4 DY [P, +alA,], (4.18)

where a? = A2 /(A2 + A\2). We thus get
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2
2 |1+ \oﬁ\z ’%: + 2Re (IAD) Re(a®)

Py
LK*R* =K Fd

, (4.19)

2
1+l 42] + 2Re (%2 ) Re(a®)

with the combinations of CKM factors (estimated using the summer 2019 CKMfitter update [202-204]
(see Table E.1):

at = (—0.0136700050) + i(0.4181F5:008%), (4.20)
o = (0.00863%0:00030) + i(—0.0182970:000%7), (4.21)
A5 428 |2 .
‘A§+/\g = 22.9210:32. (4.22)

From QCD factorization and the discussion in Section 4.1, we have

A

7‘1 = (~0.16 £ 0.15) + (0.23 =+ 0.20)7,

d

A, .

5 = (-0.15£0.22) + (0.23 £ 0.25)i, (4.23)

so that the brackets in Eq. (4.19) are very close to 1, with the main uncertainty of 1% from the term
proportional to |a?|? (which will be included in the theoretical uncertainties below). The leading uncer-
tainty in the theoretical evaluation of Ly g« comes thus from the ratio |Ps/Py|, which we can attempt
to estimate in different ways. A naive SU(3) approach would consist in assuming

P
naive SU(3) : B, = 1+0.3, (4.24)
while a naive factorization approach would rather yield
Py 40.20
fact SU(?)) . ?d = f = 0.9170.17, (425)

where the SU(3)-breaking ratio related to the form factors of interest is given by

f o Ak A" (O (4.26)
Ao mp, AGTH(0)

and we used the values of Ref. [128] for the form factors to estimate f. A last possibility amounts to
using QCD factorization. Using the same inputs as before, we obtain

Py
QCD fact : ’p =0.92757%9. (4.27)

d

The QCD factorization-based prediction follows the theoretical computations of the different contri-
butions to the amplitudes from Refs. [190, 205]. The numerical values of the input parameters used are
updated with respect to the ones in Ref. [205] and can be found in Table E.1 of Appendix E.1.

Observable lo 20
Lyes o [12.7,28.8] | [7.5,43]

Table 4.1: 1o and 20 confidence intervals for the SM prediction of L.z within QCD factorization.

Hard-gluon exchanges with the spectator quark and weak annihilation feature 1/my, suppressed con-
tributions exhibiting infrared divergences related to the endpoint of the meson light-cone distribution
amplitudes. These divergences are parametrised in the same manner as in Ref. [205], involving two
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contributions Xy and X 4 treated as universal for all channels:

Xua=(1+ PH7A6W)H’A) In (m3> . (4.28)

Ap
We take pp 4 € [0,1] and ¢m 4 € [0,27] with flat distributions. This translates into assigning a 100%
uncertainty to the magnitude of such corrections.
We propagate the uncertainties by varying each input (given in Tab. E.1) entering the penguin
ratios in Egs. (4.24), (4.25) and (4.27) and the CKM contribution x following Eq. (4.22), using Gaussian
distributions. We determine then the distribution of L in each case, leading to the 1o ranges:

naive SU(3) : Lycaje = 23715 1.90, (4.29)
fact SU(3) : Ly« = 192703 3.00, (4.30)
QCD fact : Ly g = 195783 2.60, (4.31)

where we put the level of discrepancy with experiment, in units of o. We stress that these discrepancies
are obtained using the whole distribution for L and not just the 1o confidence intervals in the Gaussian
approximation (see Tab. 4.1 for the 1 and 20 confidence intervals). In Tab. 4.2 we present the error budget
for Ly - in the SM. The comparison with the error budget of | Py s|? shows that the impact of X4 (Xp)
is reduced from 18% (2%) in | Py s|? to 4% (0.2%) in Ly. .. A similar reduction is observed for other
inputs such as fx«, showing the benefit of defining the ratio L. .. It also indicates that the accuracy
of the theoretical prediction of Ly.gz. could be improved significantly by determining the correlations
among the relevant B — K* form factors in order to compute the associated SU(3) breaking. Moreover,
the impact of the weak annihilation and hard-scattering divergences on the uncertainty is subdominant
and would not be affected strongly by using a different approach for these power-suppressed infrared
divergences.

From the comparison of the SM predictions in Egs. (4.29)-(4.31) with the experimental result in
Eq. (4.16), we see that all our theoretical estimates point towards a deficit in the b — s transition
compared to the b — d one for these penguin-mediated modes, in analogy with the deficit observed in
semileptonic decays to muons versus the decay to electrons in b — s¢T¢T decays.

Relative Error
’ Input \ Lyev e \ | Ps|? ‘ | Py|?
free || (=0.1%,+0.1%) | (=6.8%,+7.1%) | (—6.8%,+7%)
AJE || (—22%, +32%) — (—24%, +28%)
AB | (—28%,+33%) | (—28%, +33%) -
2B, || (=0.6%,40.2%) | (—4.6%, +2.1%) | (—4.1%, +1.9%)
o (-0.1%, +0.1%) | (—=3.6%, +3.7%) | (—3.6%, +3.6%)
Xy | (-0.2%,40.2%) | (—1.8%,+1.8%) | (—1.6%, +1.6%)
Xa || (—4.3%, +4.4%) | (—17%,+19%) | (—13%, +14%)
K (—1.4%,+2.2%) — —
Others || (=1.3%, +1.1%) | (=2.7%, +2.5%) | (—=1.6%, +1.6%)

Table 4.2: Error budget of Ly . and |P;s|>. The relative error of each theoretical input is obtained
by varying them individually. The main sources of uncertainty are the form factors, followed by weak
annihilation at a significantly smaller level.
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4.3 Model-independent NP analysis

Even though the deviation in Ly« k. is not yet at the level of a troublesome discrepancy with the SM,
its potential connection with other B-flavour anomalies makes it interesting to investigate it further in
terms of possible SU(3)-breaking NP contributions. We may explore in a model-independent way how
to explain this anomaly via contributions only to the Wilson coefficients of the b — s transition, while
keeping the corresponding b — d SM-like (or with opposite NP contributions).

This can be performed by using the weak effective theory, whose basis within the SM we recall in
Eq. (E.1) of Appendix E.1. Note that in the presence of generic NP, the basis of operators must be
extended since we expect this NP contribution to couple with different strength to different flavours (and
in particular to d and s quarks), there is no a priori reason for it to yield “strong” and “electroweak”
penguin operators with sums over all quark flavours following the same pattern as in the SM [206].

However, for simplicity, and in parallel with the results of the global fits for NP in b — s¢T¢~ decays
favouring SM operators or chirally-flipped versions of it, we consider here NP only entering the Wilson
coefficients associated with the SM operators Q; or the chirally-flipped ones Q; as defined in Ref. [196]
by exchanging V' — A and V + A in all quark bilinears constituting the operators. These right-handed
currents would modify the longitudinal amplitude by adding contributions that are functions of CNF — Ci
(where C; is the coefficient of the chirally-flipped operator) leading to the structure Ao[CSM]+Ag[CNF —C;).
In practice this means that the NP contribution to each coefficient entering the longitudinal amplitude
should be interpreted as stemming not only from the standard operators but also from the chirally flipped
ones (with opposite sign).

We consider the sensitivity of Ly« z- on each Wilson coefficient. We want to determine if there is
a dominant operator that can naturally explain the low experimental value of Ly.g., as it happens
for b — sf¢ with Og. We assume that NP enters as described above with the further requirement that
there are no additional NP phases, leading to real-valued Wilson coefficients. We can then compute the
hadronic matrix elements within QCD factorization exactly like in the SM. In Appendix E.2 we provide
semi-analytical expressions for P; and Ps, needed to compute Ly« in terms of Wilson coefficients.
We provide the explicit dependence on the infrared divergences X 4 and Xy although their numerical
impact on the uncertainty is limited. Let us note in passing that the quantity A, is still protected from
infrared divergences in this NP extension: the structure of the longitudinal hadronic amplitudes 7" and P
is unchanged, and only the numerical values of Wilson coefficients are modified compared to the SM (the
protection of A from infrared divergences would not necessarily hold in more general NP extensions).

Considering the sensitivity of L. z. on each Wilson coefficient of the weak effective theory individ-
ually, we can determine the coefficients where a limited NP contribution would be sufficient to explain
the discrepancy observed. We thus identify three dominant coefficients: Cf,, C44 and ngq (see Fig. 4.1
and Fig. E.2 in Appendix E.3). The strong dependence on these coefficients with respect to the others
can be seen already in the explicit form of Py 4:

Py = (198 —5.04) + (2.37 — 1.65)C7,"" + (9.98 + 148.76i)Ch0 — 7.98iCens" " + ...
Py = (217 —5.49i) + (2.60 — 1L80i)CT;" + (10.95 + 161.74i)CR} — 8.76iCqny+ + ...

which translates into a dominant contribution for L.z« as well.

The reason behind this strong dependence on these coefficients can be understood in the following
way. Let us consider a penguin-mediated decay, so that the SM tree-level operator C{, contributes through
a closed cc loop to the decay, putting its contribution at the same level as the “strong” penguin operators
i=3...6in the SM. A very similar contribution at the level of the underlying SM diagrams comes thus
from both Cf, and Cy4s, as can be seen from the V' — A structure of the operators (this is also the case for ngs
with the emission of a gluon coupling to a ¢g pair). The effect of the diagrams is similar in the SM, but the
separation between long and short distances in the weak effective theory yields C45 and cggfs much smaller
than C{,, which must be compensated by larger weights in Eqs. (4.32) and (4.32). The other penguin
operators are suppressed either because of color suppression (Cs, thus associated with 1/N, factors in the
QCD factorization formula) or helicity suppression (C5 and Cg, which yield a vanishing contribution in
the naive factorization approach as they must be Fierzed into (pseudo)scalar operators with vanishing
matrix elements). In the SM, the “electroweak” penguins i = 7...10 are suppressed. Their contributions
might be very significantly enhanced by NP which would not require such an electromagnetic suppression,
although it would be difficult to obtain then “electroweak” operators at the my-scale since they involve
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explicitly the quark electric charges. If we nevertheless allowed for such very large contributions for the
electroweak part (which we will discard in the following), the same argument would apply as in the case
of the “strong” penguins, so that the leading contribution from the “electroweak” penguins would be Cjqq.

As can be seen in Fig. E.2, the coefficient C{, requires a very large NP contribution w.r.t. the SM
of order 60% to reduce this discrepancy at 1o. We will not pursue the possibility of a contribution to

1g» as the size of the effect being so large at an absolute scale is in conflict with recent analyses of the
global constraints on this coefficient [207] that suggest that the room for NP contributions is of O(10%)
of the SM. Dijet angular distributions [208], together with flavour bounds following from SU(2);, gauge
invariance, suggest bounds which are even tighter.

The penguin coefficient Cys requires a NP contribution of order 25% (which is incidentally similar
to the NP contribution needed in Cy for b — sup) in order to reduce the discrepancy in L.z« at lo.
The NP contribution needed is thus quite large but not significantly constrained from other nonleptonic
decays where many other coefficients enter [197].

Finally, ngs would require a NP contribution of order 100% of the SM in order to obtain a similar
reduction of the discrepancy. Although it might seem a large contribution, it is actually very difficult
to obtain a precise bound on this effective coeflicient which combines Cgys with some Wilson coefficients
of four-quark operators (see Appendix E.1). Due to QCD loop effects, the constraint from b — sv is
actually on a linear combination of the Wilson coeflicients C?gs and ngs at the scale pp [209]. Therefore,
gs can always be cancelled by an effect in C?ffs so that the experimental bound from b — sy

is obeyed (the same is also true for b — dry [210]). Even without such a cancellation from C?gs, the

an effect in C§

current measurements can accommodate a NP contribution to ngs of the order of the SM. Another more
direct bound on Csegs is provided by the b — sg contribution to inclusive nonleptonic charmless decays.
The current bound on the b — sg branching ratio in Ref. [211] is at the level of 6.8%, whereas the SM
contribution [212] is estimated at the level of 0.5%, leaving room for a NP contribution to Cgh, up to
three times as large as the SM one.

Naturally, in each case, if we allow for NP in both C;s and C;q, we may get the same reduction of
the discrepancy by assigning half of the NP contribution (with opposite signs) to both coefficients, as
illustrated for C4 in Fig. 4.2. Thus, allowing NP in b — d transitions in addition to b — s transitions
requires smaller NP contributions in each type of transition, and allows one to evade some of the bounds
discussed above as they applied only to b — s transitions (e.g. Cggs). Csqq is constrained from b — d.

4.4 Simplified NP models

Our model-independent analysis showed that L.z~ is mostly sensitive to color-octet operators and to
a lesser extent to the chromomagnetic operator. In the following, we will consider NP models able to
generate such contributions, and for concreteness, present the formula for the case of b — s transitions.

80 -
35F
60 - i 30F
* * 25 E
S0 Th B Th
3 J— L 20f 1 —
5 3 SM
15F B
20 SM 1 — Exp — Exp
10} B
(S 5
—d.O3 —0‘402 —0‘401 04(‘)0 04‘01 OA‘OZ 0.63 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
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Figure 4.1: The tension between the theoretical prediction (blue) and the experimental value (orange)

is reduced below 1o for C}'F ~ 0.25C$M (upper plot) or ngé’,NP o~ —C;E;SM (lower plot). The predictions
off,NP

are given for C}F' and Cggs  for arange corresponding to 100% of their respective SM values. The plots
for the remaining Wilson coefficients can be found in Appendix E.3.
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Figure 4.2: 1o and 20 CL regions from L. z. allowing NP contributions to both C4s and Cyq.

Concerning Cy4, it is natural to search for a tree-level explanation in terms of NP and a massive
SU(3). octet vector particle, i.e. a Kaluza-Klein (KK) gluon, also called axi-gluon, comes naturally to
mind. We parametrise its couplings to down quarks of different flavours as

L= ALsy* PLT bGS, + Al sy PRT“DGS, . (4.32)

with Ag‘b’R assumed real. We also define from Eq. (4.32) analogous flavour diagonal couplings which we
will denote as AL

We may consider the constraints from neutral-meson mixing through the effective Hamiltonian of
Ref. [213]

B = YSCPR PR YRR Om

j=1 j=1
OPB =[50y Prbo) (557, Prbs) . (4.33)
OB = [5,PLbo] [55Prbg) , (434)
OBBs = [5,PLbs] [55Prba) (4.35)

where only the operators relevant for the discussion are displayed and where the operators with a tilde
are obtained by exchanging the chirality projectors Pr and Pr. We get the matching contributions

B 1 21 1
BB L
sBs — (A (1= —=— 4.
G Qm%(K( ) 2( Nc) ’ (4:36)
~r A 1 21 1
CBsBs — __ — (AR Z (71— _— 4.37
! Qm%(K( ) 3 Ne¢ )’ (437
5 1
CBeBe — — ALAR (4.38)
KK
A 1
CrBSBS — 7ASL ASR s 4.39
5 NomZ,e s (439

where m i is the mass of the KK gluon. Using the two-loop Renormalization Group Equations of
Refs. [214, 215] and the bag factors of Ref. [216] this translates to
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AMET —10 B.B. | B.B B.B B.B 2
e} 10710 = (1.1(01 +Bs | GB:Bs) 4 g.4CP-Be +3.1CB ) GeV?, (4.40)
B

for a NP scale around 5 TeV. This has to be compared with the outcome of global fits allowing for NP
in mixing [217, 218], favouring a value slightly above 1 for the ratio AMZ®/ AMEM. Encompassing the
results obtained from these recent fits in a conservative manner, we consider here

AMEY

AMEM

=1.11+0.09. (4.41)

We obtain the allowed region shown in blue in Fig. 4.3 for real values of the Wilson coefficients and
neglecting the bag factor uncertainties related to Cf gB

Assuming that the KK gluon has universal flavour-diagonal coupling to the first two generations of
quarks, which is also needed to avoid unacceptably large effects in K — K and/or D° — D° mixings [219],
our model generates ! a NP contribution to C4, given at the matching scale by

1 AsLbqu

C s — T )
B AVRG RV Vimi

(4.42)

(and similarly for C4, with L replaced by R). The couplings ASLb’R are defined in Eq. (4.32) while Aqu’R
stand for the corresponding flavour-diagonal couplings to up and down quarks of the first two generations.

However, couplings of first generation quarks to KK gluons are strongly constrained by di-jet searches
[220]: (AL, /mik)? < (2.2/(10TeV))?. Allowing for NP also in b — d transitions could increase the effect
in L.+, but since here the effect is bounded by By — By mixing, whose constraints are of the same order
as B, — B, mixing, one can only gain a factor ~ 2. Using this maximal coupling for the Aqu couplings
and setting the Aq% couplings to zero, we can see from Fig. 4.3 that a significant amount of fine-tuning
is needed to account for L. z-.

Alternatively, one could try to explain L. g+ with a NP contribution in the chirally-flipped coeflicient
Cas, given by Eq. (4.42) with the AL and qu couplings replaced by AZ and Af;;, respectively. In
principle, one could exploit the fact that the couplings do not have to respect a U(2) flavour symmetry
(since up- and down-type quark couplings are not related via SU(2)r), so that couplings to first-generation
quarks could be avoided, which would relax LHC bounds and reduce the fine-tuning needed in By — B
mixing. However, as in the previous case, flavour universality for diagonal couplings to quarks is needed
to be able to make use of our expressions for Ly.z«. Moreover, according to QCD factorization, the
dominant LO effect in L. - originates from the term in Q45 with down quarks in the bilinear summed
over flavours. Therefore, (dominant) right-handed couplings cannot be used to evade LHC bounds and
still fine-tuning in B, — B, mixing, like in the case of left-handed couplings, is needed.

As indicated earlier, one could also try to explain L g« z- with the Wilson coefficient of the chromo-
magnetic operator Oggs. Here an effect of the order of the SM contribution is required. Cgqs can only be
generated at the loop level and involves necessarily colored particles for which strong LHC limits exist.
Therefore, a value of the order of the SM contribution can only be obtained thanks to chiral enhancement.

A simplified model fulfilling these requirements features two vector-like quarks, one SU(2)y, doublet
and one SU(2)y singlet (with a large coupling A to the SM Higgs doublet) and an additional neutral
scalar particle [221]. In this setup, Cs,s receives a contribution which scales like A\/(my/v) x v?/M? w.r.t.
the SM, where M is the NP scale. Inevitably an effect in C74, is generated at the matching scale M which
however has free sign and magnitude as it depends on the (not necessarily quantized) electric charges of
the new fermions and scalar inside the loop. Therefore, the electric charges of the new particles can be
chosen in such a way that in C7,, (at the my scale) the NP contributions to C7,s and Cggs (taken at the
matching scale) cancel. As we need a NP contribution to Cggs of the order of the SM one, and Cz, at
the low scale is known at the 5% level, a tuning of the order of 1/20 is necessary here.

!Note that our model is only flavour universal with respect to four but not five flavours and does not fulfill
the requirements of Section 4.3. However, the effect of bottom quarks within the Q4s operator in L.z« is
O(as)-suppressed within QCD factorization and thus the impact of our model on Ly« 7+ can be mimicked by a
shift in C4s to a good approximation.
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Figure 4.3: Preferred regions from B, — B mixing (red) and L. g (blue) for AF = 0 and the maximal
value of Aqu compatible with LHC searches assuming real couplings. Note that explaining Lz« 5« requires
some fine-tuning in AL vs A

Both simplified models allow for the possibility of a connection with the b — s¢/*¢~ anomalies. On the
one hand, the KK gluon may be part of the particle spectrum of a composite/extra-dimensional model
and is then accompanied by a Z’ boson. This could explain b — s ¢~ without violating LHC di-lepton
bounds [222] due to the large sb coupling of the Z’ needed to explain L.z, leading to NP contributions
with the correct sign in both types of anomalies. On the other hand, the model generating a large effect
in Cg, could easily be extended by a vector-like lepton in order to account for b — s¢*¢~ [221].

4.5 Summary and Conclusions

In this chapter we have analyzed the nonleptonic penguin decays By — K*°K*0 and By, — K*OK*0,
where recent LHCb results indicate striking differences in the longitudinal polarisation of these two
modes. This is unexpected since they are related by U-spin and should thus have a similar QCD and
EW dynamics (up to tiny corrections due to the down and strange quark masses).

We introduced the L-observable as a combination of polarisation fractions and branching ratios in
order to compare the longitudinal amplitudes in both modes, as they can be computed with better
theoretical control in a 1/my expansion such as QCD factorization. We exploited the fact that these
penguin-mediated decays exhibit very similar hadronic matrix elements for the “tree” and “penguin”
contributions in the usual decomposition based on CKM factors, so that these contributions are very
strongly correlated. This means that the L-observable is a measure of U-spin breaking between the
penguin contributions to By and B, decays, with a deviation from the SM expectation between 20 and
30 depending on the specific theoretical framework considered. This observation reinforces and puts on
a firmer ground the hint for NP already suspected by considering the difference between the longitudinal
polarisation fractions in these two modes. We performed a detailed error budget analysis for L.z«
and we found a relatively small impact of infrared divergences coming from weak annihilation and hard-
spectator scattering, compared to observables like branching ratios or polarisation fractions involving
troublesome transverse amplitudes.

We then interpreted this deviation in a model-independent approach using the weak effective theory.
For simplicity, we allowed NP only in SM Wilson coefficients or their chirally-flipped counterparts. We
identified three operators which could accommodate the deviation with NP contributions at most as
large as the SM. While Cy, is already very significantly constrained by other nonleptonic modes and
LHCb bounds (up to the point of excluding this solution), the situation is less constrained for the strong
penguin coefficient C4y and the chromomagnetic one ngq where NP contributions of a similar size to the
SM one are allowed and could explain the deviation in L. z.. We discussed examples of simplified NP
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models that could provide large contributions, at the price of accepting fine tuning to accommodate the
bounds on By — By mixing and b — s7. Interestingly, within a general composite or extra-dimensional
model [223], the Kaluza-Klein gluon contribution to the b — s amplitude in By — K**K*9 has the same
sign as the Z’ contribution to b — s¢*¢~ w.r.t the SM. Therefore, if one accepts the fine-tuning in By — B
mixing, such models can provide a common explanation of L. 5. and b — s¢T¢~ data.

This hint of NP in L. . could be sharpened with a precise estimate of U-spin breaking in the form
factors involved, as they drive the theoretical uncertainty of the SM prediction and their correlation is
not known precisely. A comparison of the theoretical and experimental information on the polarisations
in By - K*¢ and By — K*¢ could also be valuable to check whether a similar tension arises. Com-
plementary information could be obtained also from PV and PP penguin-mediated modes (K°K*? and
K°K?Y). Moreover, if the same source of NP is responsible for the suppression of b — sqg versus b — dqq
and b — suTp~ versus b — sete”, it would be certainly interesting to perform a thorough study of
b — d¢*¢~ modes compared to b — s¢T¢~ ones, which should be accessible with more data from the
LHCb and Belle II experiments. This interplay between nonleptonic and semileptonic rare decays could
prove highly beneficial in the coming years to identify new B-flavour anomalies and understand their
actual origin in terms of physics beyond the SM.
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Chapter 5

Importance of Z — Z' Mixing in
b — s¢T¢~ and the W mass

We have seen in previous chapters that simple patterns where NP couples solely to muons can in fact
explain the discrepancies between the SM and experiment very well. However, it turns out that structures
with additional Lepton Flavour Universal (LFU) contributions can describe data even better [54]. This
means that allowing simultaneously for presence of Lepton Flavour Universality Violating (LFUV) and
LFU NP effects, one can further improve the goodness of the global fits. Indeed, some of these hypotheses
exhibit the highest significance among all studied scenarios [4, 53, 55, 57|, showing preferences of more
than 7o compared to the SM hypothesis'. However, in such a model-independent approach it is difficult
to be certain that the most optimal and/or minimal NP hypothesis have been found due to the large
number of possibilities. One way to make progress is to use UV complete (or simplified) models where the
number of generated scenarios is usually smaller. In this context several models giving rise simultaneously
to LFUV and LFU effects have been proposed in the literature, including 2HDMs [98], leptoquarks [103,
226], SU(2), triplets vector bosons [227] and models with vector-like quarks [99, 228].

In this chapter, based off of Ref. [229], we will focus on SM extensions by new heavy neutral gauge
bosons (Z’) which are very popular NP solutions of the b — s/~ anomalies [228, 230-281|. While the
Z' at tree-level preferably gives LFUV effects in b — s¢fT¢~, LFU effects can be generated via Z — Z’
mixing. In fact, because both bosons have the same quantum numbers, this mixing cannot be avoided by
any symmetry. Furthermore, in the case that electroweak (EW) symmetry breaking and the breaking of
the symmetry giving rise to the Z’ mass are connected, one even expects a mixing of the order of m%/m?%,.
Importantly, Z — Z' mixing has also an impact on the global EW fit, in particular on Z¢*¢~ and Zvv
couplings and if the Z’ is an SU(2)y, singlet (i.e. not the neutral component of an SU(2); multiplet),
also the prediction of the W mass is altered compared to the SM. The latter is very important since the
current global EW fit displays a tension of 1.80 [282] (before adding the new CDF measurement [283])
and, as we will see, the effect of Z — Z’ mixing has the right sign to account for this.

Therefore, in Z’ models an interesting interplay between b — sfT¢~ processes and the global EW
fit arises if the Z — Z’ mixing angle is non-zero. While this mixing has usually been assumed to be
negligibly small? in the literature, this is not at all given for granted. Therefore, the goal of this chapter
is to assess the possibility and size of Z — Z’ mixing via a combined analysis of flavour and EW data.
For this purpose, the chapter is structured as follows: in the next section we will define our setup, then
consider the relevant observables in Section 5.2 and discuss the impact of Z — Z’ mixing on the EW
fit and b — s¢T¢~ data in Section 5.3. We reassess our results in light of the new measurement of the
mass of the W boson in Section 5.4 and eventually we conclude in Section 5.5. Relevant details on the
observables are provided in Appendix F.

Very close results and pulls were found in the analysis of Ref. [68] using also a complete set of observables but
a different treatment of hadronic uncertainties and form factors. See also results in Ref. [57] for an analysis using
a smaller subset of the available data as well as Ref. [56, 78, 224, 225| (see Ref. [3] for a detailed comparison).

2Note that the effect of Z — Z' mixing in the W mass in the context of b — s¢T¢~ was already pointed out in
Ref. [278].
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5.1 Setup

We extend the SM by adding a heavy neutral SU(2);, singlet gauge boson®. Following the notation of
Ref. [284, 285] the kinetic term and the mass term of this new boson, before EW symmetry breaking, are

3

Lz

0

1 L 2 . —
= 712(/),;102(/)# + 7ZZ(I);LZ(/]# + gZ/Z(/)#Z(I)#QSTqS - Zgg’Z(/)HQbT D uéf’, (51)

— — —
where 7, = 0,24, — 8,2, is the field strength tensor, D,, = D, —(D,)', ¢ is the SM Higgs SU(2)L,
doublet and we use

D, =8, +igaWiT® +igY B, , (5.2)

as the definition of the SM part of the covariant derivative and g% is real by hermicity. The physical Z
and Z' masses are obtained from diagonalizing the mass matrix

2 y 2
my e v
M? = (J’ mzzw) » V=S 0 9% (5.3)
cw 0
in the Zy, Z{ basis, where Z; coincides with the SM Z for gg, = 0withm% = % (93 +d3), % ~ 174 GeV

and cy is the cosine of the Weinberg angle. At leading order in v/my; we have

2
my ~m — o =m%, (14 0m%) . (5.4)

chZ(/]

Note that the corrections to the mass of the Z with respect to the SM value mz, can only be negative.
The mass eigenstates Z() can then be expressed as

Z \ _ [ Zysin&+ Zycosé (5.5)
Z" )\ Zlcos& — Zysing )’ )
where
siné ~ Y T (5.6)
chzé

describes the Z — Z’ mixing.
The interactions with the SM fields are given by

EfZanmionS =0y (g;»‘,»LPL + g;'liRPR)ui Z(/JH + Jj’)/u(g;lZ‘LPL + g;iLRPR)dz Z(’)#

(5.7)
+ 950 (D1 PLvi) Z¢" + (g5t Pr + g5 Pr): Z4
where, in the down basis, g}‘f = jk;ggé/ Vi3.. Note that the couplings to left-handed charged leptons

and neutrinos (up and down quarks) are the same (up to a CKM rotation), due to SU(2);, invariance
and that only the relative phase between sin ¢ and giLj’R is physical, such that one can assume sin & to be
positive without loss of generality. In the following, we will assume flavour diagonal coupling to leptons
and in the quark sector disregard all couplings except left-handed b — s couplings.

3We do not consider the case in which the Z’ is the neutral component of a triplet because then no effect in
the W mass would be generated and the necessarily purely left-handed lepton couplings could not explain the P
anomaly.
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5.2 Observables

5.2.1 b— slti™

In Z’ models without Z — Z’ mixing, the simple one dimensional scenario with the best fit to data is
obtained from a left-handed b — s coupling and a vectorial muon coupling, i.e. the CQL scenario [4].
Allowing in addition for Z — Z’ mixing we have

m? 4v2g85 g5y

Cou =550
12 e2 GFmZ/V;bV;; (5 8)
CU — _ko _ \/§7T2 92 gg?]} sin§
10 9 62 CwGFm2ZthV{; ’
where g% = (g5% + g&%)/2. This corresponds to the scenario
{Coy+ Clo = —kC5'} (5.9)

with k = 1/(1 — 4s2) (see Eq. (1.5) and Eq. (1.6) for the definitions of the operators associated to the
Wilson coefficients in Eq. (5.9)). The superscript V (U) in the Wilson coefficient stands for a LFUV
(LFU) contribution.

We perform the most recent fit [4] to the scenario in Eq. (5.9), including 254 observables as described
in Section 1.3 (see Appendix B for SM predictions of the whole set of observables included in the fit).
We obtain the best fit point and confidence level regions in Table 5.1 and the corresponding confidence
level regions in Fig. 5.1. Note that this scenario is preferred over the SM hypothesis by 6.90.

Best-fit point 10 CI 2 0 CI
Co, —0.96 [-1.11,-0.80] [~1.25,—0.64]
Cl = —kCY +0.30 [4+0.15,+0.45]  [+0.00, +0.61]

Table 5.1: 1o and 20 confidence intervals for the NP scenario in Eq. (5.9) with a Pullgy of 6.90 and
p-value=28.3%.
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Figure 5.1: Preferred 1o, 20 and 30 regions in the (Cg),,Cfyy = —kC§’) plane for the scenario in Eq. (5.9),

including all available b — s¢{T¢~ data and using the most updated version of ACDMN code [4]. Note
that the SM case corresponds to the (0,0) point.
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5.2.2 B, — B, Mixing

The most important constraint on Z/ — b — s couplings, Le. g3k, comes from B, — B, mixing where the
contribution to the Hamiltonian H.g = C1O1, with O = (b'y”PLs) X (b'y#PLs), is given by

1( g4k \? as 11
=) (1+== 5.10
! 2<mz/ Tm3) (5.10)

including the NLO matching corrections of Ref. [286]. Note that the effect of the mixing induced Z —
b — s couplings can be neglected as it corresponds to a dimension 8 contribution. Employing the 2-loop
renormalization group evolution [214, 215], this leads to an effect, normalized to the SM one, of

g3E 10 TeV
0.52 mg:

using the bag factor of Ref. [216] and the global fit to NP in AF' = 2 observables of Ref. [217].

2
) =0.110 + 0.090 , (5.11)

5.2.3 LFUYV in tau decays

Assuming lepton flavour conservation, Z' — W boxes contribute to 7 — pv,.7, as [233]

_ In (2i)
Alr »pvewy) 3 gZLglLl (5.12)
A(T = pv:vy)sm g2 T2 my,
My

and analogously for 7 — e, 7, and p — e, V.. This has to be compared to the experimental results [135]

Alr =2 w7l 0020+ 0.0014 |

Alp = evd] |pxp

Alr = mwrll 018+ 0.0014, (5.13)
Alr — evd] |pxp

A

=1.0010 £+ 0.0014,

Alr = evi]
Alp = evi] |gxp

with the correlation matrix given in Ref. [135]".

5.2.4 Electroweak fit

The EW sector of the SM has been tested with a very high precision at LEP [288, 289] but also at
the Tevatron [290] and the LHC [291-293]. Since it can be parametrized by only three Lagrangian
parameters, we choose as usual the set with the smallest experimental error consisting of the Fermi
constant (Gp = 1.1663787(6) x 10~ GeV 2 [211]), the mass of the Z boson (mz = 91.1875(21) GeV [289])
and the fine structure constant a,, = 7.2973525664(17) x 1073 211, 294-296].

In our model, the relation between the Lagrangian values and the measurements of Gp and myz is
shifted with respect to the SM. While the effect in y4 — evv is analogous to the one in 7 — pvv discussed
above we have for the Z mass

2 m2
m . z!
—Z ~1—sing®—2, (5.14)
my, my,

from Eqs. (5.4) and (5.6). However, since the Z mass is used as in input, this translates into a shift in
the W mass prediction of approximately

“Here we neglected semileptonic tau decays as well as other probes of LFUV in the charged current which are
not affected in the absence of quark coupling (see Ref. [287] for a recent review).
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m2 m2/
W o1 4 sing2—0 (5.15)
mWO mZO

Furthermore, both the Z — Z’ mixing and Z’ vertex corrections lead to modified Z¢¢ and Zvv couplings
(see Appendix F for details) which are included in the global EW fit.

The set of observables given in Appendix F are implemented in HEPfit [297] taking into account the
modifications induced by Eq. (5.14) and Eq. (F.4). In addition, the Higgs mass (my = 125.16 4+ 0.13
GeV [298, 299]), the top mass (m; = 172.80 & 0.40 GeV [300-302]), the strong coupling constant
(as(mz) = 0.1181 £ 0.0011 [211]) and the hadronic contribution to the running of cep (Aanaa =
276.1(11) x 10=* [211]) have been used as input parameters, since they enter EW observables indirectly
via loop effects.

5.2.5 Neutrino Trident Production

The production of a u* ™~ pair from the scattering of a muon-neutrino off the Coulomb field of a nucleus,
known as neutrino trident production, constitutes a sensitive probe of new neutral current interactions
in the lepton sector [233, 303]. Generalizing the formula of Ref. [303] we find

OSMANP _ | 895& miy (1+4s3y) (955 + 955) + (955 — 95%) (5.16)
osm 95 M7 (144s2,)% +1
This ratio is bounded by the weighted average
Texp _ .83 +0.18, (5.17)

OsM
obtained from averaging the CHARM-II [304], CCFR [305] and NuTeV results [306].

5.2.6 Direct searches

LEP-II sets stringent bounds on 4-lepton operators from eTe™ — £T¢~ (with £ = e, u, 7) [288] for specific
chiralities. A general approach to derive the constraints for any Z’ model is discussed in Refs. [307, 308]
which provides the formula used in our analysis. In the limit in which the only quark couplings of the
Z' are to b — s, LHC searches are not very constraining and assuming a lower limit of 2 TeV is not in
conflict with ATLAS and CMS searches.

5.3 Phenomenology

Let us now study the combined phenomenological consequences of Z — Z’ mixing in b — s~ and the
global EW fit. For this purpose we will focus on an illustrative simplified scenario for an SU(2),, singlet
Z'. As discussed in the previous section, b — s¢T¢~ data motivates vectorial couplings to leptons, i.e.
gfiL = gfiR = gfy which also allow for simple configurations without gauge anomalies such as L, — L. [233,
242] or B3y — Lo [274]. We consider in this illustrative scenario only left-handed Z' — b — s couplings but
assume absence of sizable couplings to light quarks in order to avoid direct LHC searches. Note that such
a scenario could be generated in models with vector-like quarks [99, 233],. While these assumptions are
justified by the b — s+ ¢~ fit, we will assume in addition g{} = 0 and gy = —g5% = ¢/, i.e. a L,=—-L;,
symmetry [309-311]. This does not only avoid the LEP II bounds on 4-lepton contact interactions but
also the effect of Z — Z’ mixing in the total Z width will cancel to leading order such that in this scenario
the largest lepton couplings are possible (see Fig. 5.2) and 7 — pvv receives the desired constructive
contribution via W — Z’ box diagrams®.

Let us now consider the impact of Z — Z’ mixing in this scenario. Notably, as discussed in the
introduction, the current experimental average for the mass of the W boson, my = 80.379(12) GeV [312],
shows a 1.80 discrepancy with the value predicted from the EW fit within the SM [282], before considering
the impact of the new CDF measurement discussed in Section 5.4. This prediction is changed in our

5Note, that our analysis would to a good approximation also apply to other scenarios, such as Bs — Lo.
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Figure 5.2: Global fit to EW data, neutrino trident production, LEP bounds on 4-lepton contact inter-
actions and 7 — pvv data with vectorial flavour diagonal couplings g% = g2 = g. Here we marginalized
over the Z — Z' mixing angle £. The 68% and 95% confidence level regions are shown for a Z’ mass of
2TeV. Note that a preference for the L, — L, scenario emerges.

model according to Eq. (5.15) such that one accounts for data with a non-zero mixing angle of |sin | ~
2.5 x 10_3%, i.e. solving this tension.

Moving to the complete EW fit (including also LFUV in tau decays, LEP bounds on 4-lepton oper-
ators and neutrino trident production) we have myz/, ¢’ and sin & as free parameters. However, since all
expressions depend on g’?/m%, despite logarithmic terms we set mz = 2TeV. The resulting preferred
regions from the EW fit and LFUV in tau decays are shown in Fig. 5.3. Now we include b — s/~
corresponding to the scenario {CQL, CH) = —kCéj 1, as well as B, — B, mixing. This introduces in addition
g9% as a free parameter. Marginalizing over g3 we find the 1o and 20 regions shown in blue in Fig. 5.3.
Note that all 1o regions nicely overlap, showing that there is a preference for a non-zero Z — Z’ mixing
angle which can account for the tension in the W mass prediction of the EW fit.

Observable Scenario 1 Experiment  Pull
RIL10) +0.79+£0.01 +0.85+0.04 —1.3
Rgglﬁ] +0.79£0.01  +0.66 =020 +0.7
RO +0.87£0.08 +0.69+0.12 +1.3
R4 +0.84£0.04 +0.70£0.18 +0.8
Q?‘l’ﬁ] 10.28+£0.02 +0.66+0.50 —0.8
(Phy46] —0.57+0.11 —0.4440.12 —0.8
(PHI6:8] —0.79+£0.11 —0.584+0.09 —1.4
107 x B, Lo 40784015 +0.6240.06 +1.0
10° X B, - +3.0840.14 +2.85+£0.34 +0.6

Table 5.2: Predictions for some of the most relevant observables in the b — s¢1¢~ fit within the scenario

of Eq. (5.9). The pulls are given in units of standard deviations.
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Figure 5.3: Global fit EW precision observables, neutrino trident production, LEP bounds on 4-lepton
contact interactions and 7 — pvv data (red) and b — s££~ data (blue) in the ¢’ - sin& plane for
mz; = 2TeV. One can see that both regions overlap nicely and that a non-zero value of the mixing angle
is preferred.

5.4 Implications of the new measurement of my,

Intriguingly, the CDF collaboration just released results [283] which point towards a W mass above the
SM expectation [312] with a significance of = 7o. Combining this new measurement with the existing ones
from the LHC [291-293, 313], one finds my = (80.4133 4= 0.0080)GeV and my = (80.413 = 0.015)GeV,
where in the second formula the error has been inflated to reflect the tensions between the different
measurements. The SM prediction is given by mM = (80.3499 + 0.0056)GeV, and m{}M = (80.3505 +
0.0077) GeV for a conservative error estimate [314]. This corresponds to a 6.50 and 3.7¢ tension for the
standard and the conservative scenario, respectively.

In our model, the prediction for the W mass is modified according to Eq. (5.15).° We updated
the phenomenological analysis for our SU(2);, singlet Z’ with vectorial L,, — L, [309-311] couplings to
leptons [233, 242| and left-handed Z’ — b — s couplings to quarks while we assume absence of sizable
couplings to light quarks in order to avoid direct LHC searches.

Since the new experimental average for the mass of the W boson deviates from the SM prediction, a
non-zero Z — Z' mixing angle is now clearly preferred according to Eq. (5.15), i.e. |siné| ~ 3.5 x 1073 x
1TeV/myz:,. Once all EW data and LFUV in tau decays are included the central value of |siné| gets
reduced to ~ 1.0 x 1073 and ~ 0.85 x 103 for the 2 TeV and 3 TeV scenarios, respectively, as can be seen
in Fig. 5.4. The resulting confidence level regions from the EW fit and LFUV in tau decays are shown
in orange in Fig. 5.4. Importantly, the region preferred by the b — s¢*¢~ fit (blue), including B, — Bj
mixing, overlaps significantly with this region when marginalizing over g4 for mz ~ 2 — 3 TeV.

In conclusion, the new measurement of the W mass by the CDF collaboration is consistent with
the expectations from a Z’ explanation of the b — s/~ anomalies and strongly suggests that SU(2),
breaking and the breaking of the new U(1)’ symmetry are linked. In this case, one predicts, in addition
to the direct LFUV contribution CE\)/;m a sizable mixing induced lepton flavour universal contribution to
b — s¢T¢~ data with the structure C}j, = —C§ /(1 — 4s2). This pattern can be tested by forthcoming
measurement of LHCb, CMS and Belle II.

5In this context, Refs. [315-320] pointed out that a Z’ mixing with the SM Z can explain the CDF measurement.
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Figure 5.4: Global fit to EW precision observables, neutrino trident production, LEP bounds on 4-lepton
contact interactions and 7 — pvv data (orange) and b — s¢T¢~ data (blue) in the ¢’ - sin& plane for
mz = 2 TeV (left) and mz = 3 TeV (right). One can see that both regions (nearly) overlap at the 1o
level and that a non-zero Z — Z’ value of the mixing angle, as preferred by the new world average for the
W mass, is compatible with b — s¢T¢~ data.

5.5 Summary and Conclusions

In this chapter we systematically studied the impact of Z — Z’ mixing on the global fit to b — s{T¢~
data and EW precision observables. Concerning the former, we observe that a LFU effect, mainly in Cy,
is generated while in the latter the mixing leads to modified Z couplings and to an enhancement in the
predicted W mass w.r.t. the SM which improves the agreement with data. Therefore, while in previous
analyses in the literature the effect of Z — Z’ mixing was usually assumed to be small and was therefore
neglected, we stress that the fit even prefers a small but non-zero value of the order of 10~. Note that
this is in agreement with the expectation sin & ~ gag’'m?% /M2, for a TeV scale Z’ with order one couplings
in case U(1)" and EW symmetry breaking are related.

If b — s¢T¢~ data is in fact explained by a Z’ with non-vanishing Z — Z’ mixing, giving rise to a
scenario like {CQ’H , Cip = —kC§'}, one predicts a pattern for the main observables driving the anomaly as
shown in Table 5.2. We observe that all tensions with experiment reduce significantly below the 1.50 level
in the scenario analyzed. Because b — s£T £~ ratios testing LFUV depend naturally (and almost entirely)
on CQ’H and thus do not carry information on sin &, angular observables are necessary for a distinctive
study of Z’ models. It will therefore be important to verify with more precise LHCb data together with
future Belle II analysis if this scenario gets reinforced.

Furthermore, the new measurement of the W mass by the CDF collaboration is consistent with the
expectations from a Z’ explanation of the b — s£T£~ anomalies and strongly suggests, through the need of
a non-zero Z — Z' mixing, that SU(2);, breaking and the breaking of the new U(1)" symmetry are linked,
implying the existence of a field charged under both symmetries, which has important consequences for
model building.
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Conclusions and Outlook

In this Thesis we explored one of the most promising areas in Flavour Physics in regards to the possibility
of unveiling physics beyond the SM. After several years of experimental measurements indicating clear
tensions with respect to the SM predictions in different decays involving a b quark, it is of common belief
that the B sector offers a great window of insight into the properties of a new theory that supersedes
the SM. We mainly focused on the current status of the global analyses of the semileptonic b — s{T¢~
transitions but also the charged partner current b — cfv. Furthermore, we provided interpretations for
the directions in the NP Wilson coefficient space that the experimental data seems to point to, which
may help setting the next steps in determining the underlying structure of NP.

For that reason, the goal of this Thesis is to provide the reader with the basic tools needed to
understand the whole framework that describes the B-anomalies, specially for the case of semileptonic
b — s¢*¢~ transitions as they are the channel showing the largest set of coherent deviations w.r.t. the
SM. Consequently, we devoted Chapter 1 to discuss the EFT framework used to describe the b — sf™¢~
transitions and to present the latest, most updated global analysis concerning this type of B decays.
We found that some NP hypotheses reach high levels of significance of ~ 7o when compared to the
SM hypothesis. While this is a remarkable achievement in terms of building consensus towards the
need of a new, more general theory, it is clear that still more data is needed. For instance, there are
several NP scenarios with different implications for model building that can explain data with a very
similar statistical importance. Therefore, we need new modes and new observables to help us disentangle
between those preferred scenarios and hence further constrain the NP parameter space. In this direction,
the measurement of interesting observables that can act as a discriminator of models is fundamental,
as we showed with the key observable ()5, which together with more and more precise measurements of
other essential observables such as Rx and R+ can ultimately provide us with a clear path towards the
right NP scenario.

Another important aspect that can supply new information is the inclusion of S-wave observables in
the analyses of the B — K*(K+t7n~ )¢t~ decay. So far, given the poor theoretical knowledge on the
form factors of the K7 system, this is treated as background in experimental analyses, and therefore
not included in phenomenological studies. We showed in Chapter 2 that using the symmetries of the
angular distribution of the decay we can define new P- and S-wave interference observables W; o that
give us access to additional information without having to rely on poorly known hadronic quantities by
expressing S-wave observables in terms of P-wave quantities. Moreover, the relations found between the
newly defined S-wave observables can be used as a crosscheck to validate the experimental methodology
applied in fits to data.

To close the first part of this Thesis, devoted to semileptonic B decays, we turned our focus to
the charged transition B — D*{v in Chapter 3. Starting from the symmetries existing in the angular
distribution of this process, we established a set of robust relations between the angular coefficients.
These relations allowed us to define an alternative way of measuring the longitudinal polarisation F'2 )
involving different angular coefficients, which can be useful in future measurements to better understand
the tension showed by the latest results from the Belle collaboration. On top of that, we also checked
that the binned version of the observables fulfill the symmetry relations to a good degree of accuracy and
tested their behaviour under the most relevant NP hypotheses from global fits.

The second main part of this Thesis shifted the attention towards a different mode of a b — s decay
which does not involve leptons of any kind. Chapter 4 presents a study of the nonleptonic By, —
K*0K*0 decays which exhibit a remarkable 2.6 tension between the SM prediction and data on the
observable from a naive SU (3) estimate concerning the observable L .o -0 that compares the longitudinal
polarisation fractions involving a spectator s quark over a d quark in the parent B meson. We explored
the possibility to reduce the observed tension with a simplified NP model, even if the conclusion turned
out to be that a significant amount of fine tuning is required. However, we firmly believe that one should
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pursue the enterprise of determining the interplay between different b — s modes, as it is somewhat
natural to expect a common origin for the different anomalies involving a b-quark flavour.

In Part 111 we discussed a possible extension of the SM based on adding an extra gauge boson Z’ that
mixes with the usual Z boson as a source for the NP contributions with the goal to explain the b — s¢T¢~
data as well as the EW precision observables. While the former see the tension with experiment reduced
below 1.50 once contributions to C!Yu and CY), are generated by the modified Z couplings, the latter
predicts an enhancement in the W mass compared to the SM value, which goes exactly in the direction
of the recent measurements of myy by the CDF collaboration, strengthening the hypothesis of a non-zero
Z — 7' mixing. If confirmed, this would imply, for instance, the breaking of the SU(2); and U(1)
symmetries, which has relevant consequences for model building.

In summary, we have discussed in this Thesis different sources of tensions with the Standard Model, as
well as novel ways to establish connections among them. However, we are certainly not at the end of the
road, as there are still issues that need a better understanding in order to set up a rock solid foundation
for future endeavours in the field of Flavour Physics. For instance, under the current criterium to claim a
discovery, we need to further refine the experimental precision, besides of course adding more statistics,
in order to reach the standard 50 deviation in a single measurement. The one observable closest to this
milestone is Ry, at 3.10, so there is still a gap to bridge in this regard. On the other hand, one could
argue that this particular indicator should be revised, given that we are studying a global set of indirect
measurements instead of a single one (like in the case of a resonance), and therefore we may already be
reaching a level of statistical significance to clearly discard the SM as a functional hypothesis to describe
the data collected.

On a different note, increased precision in experimental measurements should be matched by in-
creased precision in theoretical uncertainties. To achieve that, we can expect more precise theoretical
computations of the main source of uncertainties, the hadronic form factors. At a certain point Lattice
QCD techniques will be applied to extend ranges beyond the natural region of application (the low-recoil
region) thanks to more powerful computational tools. Moreover, new and improved computations of the
hadronic contributions that appear in the form of Light Cone Sum Rules and the parametrisation of the
challenging charm loop contributions will reduce the space for uncontrolled uncertainties, allowing us to
be even more certain of the underlying NP structure.

Finally, new analyses extending the scope to include CP-violating observables to constrain possi-
ble complex NP contributions should bring forth information that can provide a better handle on the
plethora of existing anomalies. Furthermore, we should expect that more attention is paid to the study
of potential connections between the B-anomalies and other flavour anomalies such as the anomalous
magnetic moment of the muon (g —2),, or the Cabbibo Angle Anomaly, among others. Establishing links
between apparently unrelated tensions w.r.t. the SM can only help us further confirm the existence of a
coherent pattern of deviations and set up future guidelines to chase the ultimate goal we face as a physics
community, which is none other than to determine the essence of what lies beyond the Standard Model.
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Appendix A

Angular conventions

In this appendix we provide a dictionary between the different definitions of the angles O+, 6, and ¢
used to describe the B — K*{T¢~ decay distribution, as the standard theory conventions [9, 11, 12| differ
from the ones used by the experimental collaborations, in particular by LHCb [27].

The connection between LHCb convention and our definitions for the three angles 0k+, 8, and ¢ is
the following:

O =0k, 0P =m—0,, P =—¢ (A1)

Therefore, concerning the definition of the optimized observables P; in Egs. (1.47), taking into ac-
count the different numerical factors LHCb uses to define these quantities from the whole differential
distribution, we obtain the following dictionary:

LHCb LHCb LHCb
P =P, P, =—PFP, P = P,

1 1
/LHCb /LHCb / /LHCb / /LHCb /
Py =3 Py = F, P =Fs, FBg __518'
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Appendix B

Predictions for the observables in the
Standard Model

We provide here the observables included in our Fits “All” (254 observables) and “LFUV” (24 observables,
replacing Py, w P;, u by Qa, @5, measured by Belle). In the following table, we provide all the observables
considered in both types of fits with the corresponding legend: no mark for observables for the fit “All”
only, I for the fit “LFUV” only, and { for both fits “LFUV” and “All”. The theoretical predictions of the
observables in the SM as well as the individual tension with respect to the experimental value are also
provided.

Our angle convention and definition of the angular observables for the B — K*¢*¢~ decay differs
from the usual LHCb convention [26, 27]. We follow the conventions given in Ref. [22] and explicitly
detailed in Appendix A.

Standard Model Predictions

10" x BR(B* — K*p*u~)|[LHCD] Standard Model Experiment [321]  Pull
[0.1,0.98] 0.32 +0.10 0.29 £+ 0.02 +0.3

[1.1,2] 0.33 £0.10 0.21 £ 0.02 +1.2

2, 3] 0.37 £ 0.11 0284002  +0.7

3, 4] 0.36 £ 0.12 0.25+£0.02  +0.9

[4, 5] 0.36 £ 0.12 0224002  +1.2

[5, 6] 0.36 +0.12 0.23 £ 0.02 +1.0

[6,7] 0.36 £ 0.13 0.25 £ 0.02 +0.9

[7,8] 0.36 £0.13 0.23 £0.02 +0.9

[15,22] 1.02£0.14 0.85£0.05 +1.2

107 x BR(B® — K°u* = )|[LHCD] Standard Model Experiment [321]  Pull

[0.1,2] 0.65 + 0.20 0.23£0.11 +1.9

2, 4] 0.68 + 0.21 037+£011  +1.3

[4, 6] 0.67 + 0.22 0354010  +1.3

6, 8] 0.66 + 0.24 0544012  +0.5

[15,22] 0.94 £ 0.13 0.67+0.12  +1.6

107 x BR(B® — K*%u* = )|[LHCb] Standard Model Experiment [109]  Pull
[0.1,0.98] 0.92 + 0.80 0.89 + 0.09 +0.0

[1.1,2.5] 0.56 £+ 0.35 0.46 £ 0.06 +0.3

2.5, 4] 0.58 £ 0.40 0.50 £0.06  +0.2

[4, 6] 0.91 £ 0.66 0.71 £0.07 +0.3

6, 8] 1.12+0.89 0.86 £ 0.08 +0.3

[15,19] 2.50+0.21 1.744+0.14 +3.0

10" x BR(B* — K**u* = )|LHCb] Standard Model Experiment [321]  Pull
[0.1,2] 1.40 £ 1.08 1124027 403

(2, 4] 0.84 £ 0.56 1.12+0.32 —-0.4

[4, 6] 0.99 4 0.72 0.50 + 0.20 +0.7
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6, 8] 1.22 + 0.96 0.66 + 0.22 +0.6
[15,19] 2.69 £0.23 1.60 +0.32 +2.8
10” x BR(B, — ¢ut ™ )[LHCb Standard Model Experiment |75 Pull
Bt
[0.1,0.98] 1.06 £ 0.23 0.68 £ 0.06 +1.6
[1.1,2.5] 0.71+£0.15 0.44 £0.05 +1.7
[2.5,4] 0.71£0.15 0.35 £ 0.04 +2.3
[4, 6] 1.04 £0.21 0.62 £ 0.06 +1.9
6, 8] 1.21+0.25 0.63 £ 0.06 +2.2
[15,19] 2.29£0.15 1.85+0.13 +1.9
Fr(B° — K*Ou* 1~ )[LHCb Standard Model Experiment [110]  Pull
I
[0.1,0.98] 0.23 £0.24 0.26 = 0.03 —0.1
[1.1,2.5] 0.68 £ 0.26 0.66 £ 0.05 +0.1
[2.5, 4] 0.77 £0.23 0.76 £0.05 +0.0
[4, 6] 0.71 £0.28 0.68 £ 0.04 +0.1
6, 8] 0.63 £ 0.32 0.65 £ 0.03 —0.0
[15,19] 0.34 +£0.03 0.35 £ 0.02 —0.1
Py (B® — K*u* =) [LHCD] Standard Model Experiment [110]  Pull
[0.1,0.98] 0.03 £0.08 0.09 £0.12 —-0.4
[1.1,2.5] —0.00 £ 0.05 —0.62 £0.30 +2.0
[2.5, 4] 0.00 £ 0.06 0.17£0.37 —-0.4
[4, 6] 0.02 +£0.12 0.09 +0.24 —0.2
6, 8] 0.02 £0.13 —0.07 +£0.21 +04
[15,19] —0.64 £+ 0.06 —0.58 £0.10 —0.6
Py (BY — K*Ou* =) [LHCD] Standard Model Experiment [110]  Pull
[0.1,0.98] 0.12 £0.02 0.00 £ 0.04 +2.8
[1.1,2.5] 0.44 £0.03 0.44 £0.10 —0.0
[2.5,4] 0.23 £0.13 0.19 £0.12 +0.2
[4, 6] —0.19+0.11 —0.11 +0.07 —0.6
6, 8] —0.38 £ 0.07 —0.21£0.05 -2.1
[15,19] —0.36 £ 0.02 —0.36 £ 0.02 —0.1
P3(B° — K*Outp~)[LHCDb Standard Model Experiment [110 Pull
ptp
[0.1,0.98] —0.00 + 0.00 —0.07 £ 0.06 +1.3
[1.1,2.5] 0.00 £+ 0.00 —0.324+0.15 +2.2
[2.5,4] 0.00 £ 0.01 —0.05+0.20 +0.3
[4, 6] 0.00 £ 0.01 0.09 £0.14 —0.6
6, 8] 0.00 £ 0.00 0.07 £0.10 —0.6
[15,19] 0.00 £ 0.02 —0.05+0.05 +1.0
P{(B° — K*Ou*p~)[LHCDb Standard Model Experiment [110]  Pull
4 2
[0.1,0.98] —0.50+£0.16 —-0.27+0.24 —0.8
[1.1,2.5] —0.07+0.16 0.16 £0.29 -0.7
[2.5, 4] 0.53 +£0.21 0.87 £0.35 -0.9
[4, 6] 0.82 £0.15 0.62 £0.23 +0.7
[6, 8] 0.93 +£0.11 1.154+0.19 -1.0
[15,19] 1.28 +0.02 1.28 +£0.12 +0.0
PY(B® — K*Ou* = )[LHCD] Standard Model Experiment [110]  Pull
[0.1,0.98] 0.67 £0.13 0.52£0.10 +0.9
[1.1,2.5] 0.19+0.11 0.37 £0.12 -1.0
[2.5,4] —0.47+0.12 —0.154+0.15 -1.7
[4, 6] —0.82 4+ 0.08 —0.44+0.12 —2.7
6, 8] —0.94 +0.08 —0.58 +0.09 —-2.9
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[15,19] —0.57£0.05 —0.67 £ 0.06 +1.2

Pi(B® — K*Ou* =) [LHCD] Standard Model Experiment [110]  Pull
[0.1,0.98] —0.06 £ 0.02 0.02 £0.09 -0.7

[1.1,2.5] —0.07£0.03 —0.23 £0.13 +1.2

[2.5,4] —0.06 £ 0.03 —0.16 £ 0.15 +0.6

[4, 6] —0.04 £ 0.02 0294012 +22

6., 5] ~0.02+0.01 ~0.164+0.10 114

[15,19] —0.00 £0.07 0.07 £0.07 —0.8

PL(B® — K*Ou* =) |[LHCD] Standard Model Experiment [110]  Pull
[0.1,0.98] 0.02 + 0.02 0.01+£024  +0.0

[1.1,2.5] 0.04 +0.03 0.73 +£0.32 —2.2

[2.5,4] 0.05 £ 0.03 —0.07£0.34 +0.4

[4, 6] 0.03 = 0.02 0334025  +14

6, 8] 0.02 £ 0.01 0264020  —1.2

[15,19] —0.00 £0.03 —0.02+£0.14 +0.2

Fr(BT — K*tptpu~)[LHCb| Standard Model Experiment [69]  Pull
[0.1,0.98] 0.23 +0.24 0.34 £ 0.12 —0.4

[1.1,2.5] 0.68 £ 0.26 0544019  +0.5

[2.5,4] 0.77£0.23 0.17£0.24 +1.8

[4, 6] 0.71£0.28 0.67£0.14 +0.1

[6, 8] 0.63 + 0.32 0.39+£0.21 +0.6

[15,19] 0.34 +0.03 0.40 +0.13 —-0.4

P (BT — K*tu*u~)[LHCD| Standard Model Experiment [69]  Pull
[0.1,0.98] 0.03 = 0.08 0.44+0.41 —-1.0

1.1,2.5] ~0.00 = 0.05 1.60+£4.93  —0.3

[2.5,4] 0.00 £ 0.06 —0.29+£1.45 +0.2

[4, 6] 0.02 + 0.12 ~124+121  +1.0

6, 8] 0.02+0.13 —0.78 = 0.70 +1.1

[15,19] —0.64 £ 0.06 —0.70 £ 0.44 +0.1

Py(BT — K*tu* ™ )[LHCD| Standard Model Experiment [69]  Pull
[0.1,0.98] 0.12 + 0.02 0.05+012  +0.6

[1.1,2.5] 0.44 £0.03 0.28 £0.45 +0.4

[2.5,4] 0.23 +0.13 ~0.03+£028 408

[4, 6] —0.19£0.11 0.15+0.21 —-1.5

6, 8] —0.38+0.07 0.06+0.14  —2.9

[15,19] —0.36 £ 0.02 —0.34 £ 0.10 -0.2

P3(Bt — K*tut ™ )[LHCD| Standard Model Experiment [69]  Pull
[0.1,0.98] —0.00 = 0.00 0.42 +0.22 —-2.0

[1.1,2.5] 0.00 £ 0.00 0.09 £1.01 —0.1

2.5, 4] 0.00 £ 0.01 0454065  —0.7

[4, 6] 0.00£0.01 0.52 £0.83 —0.6

6, 8] 0.00 £ 0.00 —0.17+0.34 +0.5

[15,19] 0.00 £ 0.02 0.07£0.13 —-0.5

Py(BT — K*tu*u~)[LHCD| Standard Model Experiment [69]  Pull
[0.1,0.98] —0.50 £0.16 0.18 £0.76 —0.8

[1.1,2.5] —0.07+0.16 1164126 +0.9

[2.5,4] 0.53+0.21 1.62 £2.20 —-0.5

[4, 6] 0.82+0.15 1.58 £0.96 -0.8

6, 8] 0.93+0.11 0.86 = 0.91 +0.1
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[15,19] 1.28 +0.02 0.78 £0.47 +1.1

P{(BT — K*tu*u~)[LHCD| Standard Model Experiment [69]  Pull
[0.1,0.98] 0.67+0.13 0.51 £0.32 +0.5
[1.1,2.5] 0.19+£0.11 0.88 £0.72 —-1.0

[2.5,4] —0.47£0.12 —0.87 £ 1.68 +0.2

[4, 6] —0.82 +0.08 —0.25+0.41 —-1.4

6, 8] —0.94+0.08 0154041  —1.9

[15,19] —0.57£0.05 —0.24 £0.17 -1.9

P{(Bt — K*tut ™ )[LHCD| Standard Model Experiment [69]  Pull
[0.1,0.98] —0.06 £ 0.02 —0.02£0.40 —0.1
[1.1,2.5] —0.07 £ 0.03 0.25 +£1.32 —-0.2

[2.5,4] —0.06 £0.03 —-0.37£3.91 +0.1

[4, 6] ~0.04 £ 0.02 009041 +0.1

6, 8] —0.02+0.01 0744040 418

[15,19] —0.00 £0.07 —0.28 £0.19 +1.4

Py(Bt — K*tut ™ )[LHCD| Standard Model Experiment [69]  Pull
[0.1,0.98] 0.02 £ 0.02 —0.90+£1.02  +1.0
[1.1,2.5] 0.04 £ 0.03 0244152 +0.2

[2.5, 4] 0.05 £0.03 —0.24 £15.80 +0.0

[4, 6] 0.03 £0.02 0.30 £0.97 -0.3

[6, 8] 0.02 £0.01 0.78£0.78 -1.0

[15,19] —0.00 £ 0.03 0.22 +0.38 —-0.6

Pi(Bs — ¢utu~)[LHCD| Standard Model Experiment [74]  Pull
[0.1,0.98] 0.11 £0.08 —0.01£0.19 +0.6

1.1,4] 0.01 £ 0.06 0224042 405

[4, 6] —0.17£0.11 —1.09 £0.47 +1.9

[6, 8] —0.21 +0.11 0.07 +0.43 —0.6

15, 18.9] —0.60 £ 0.03 —077£014 406

Pi(Bs — ¢utu~)[LHCD| Standard Model Experiment [74]  Pull
[0.1,0.98] —0.45£0.15 —0.98 £0.38 +1.3

[1.1,4] 0.44 £0.15 0.49£0.35 —0.1

[4, 6] 1.01 £0.08 0.97£0.41 +0.1

[6, 8] 1.08 £0.06 0.73 +0.32 +1.1

[15,18.9] 1.30 £0.01 0.87£0.20 +2.2

P}{(Bs — ¢ptp~)[LHCD] Standard Model Experiment [74]  Pull
[0.1,0.98] —0.07 £ 0.02 0414016  +2.1

[1.1,4] —0.07£0.02 —-0.23 £0.17 +0.9

[4, 6] ~0.03 £0.01 0.38+020  -2.1

6, 8] —0.02£0.01 0.07£0.17 —-0.5

15, 18.9] ~0.00+ 0.07 0014010  —0.1

Fr(Bs — ¢ptp)[LHCD] Standard Model Experiment [74]  Pull
[0.1,0.98] 0.28 £0.09 0.25 £ 0.05 +0.3

1.1,4] 0.77 % 0.05 0.7240.06  +0.6

[4, 6] 0.71 £ 0.05 0.70 £ 0.05 +0.1

6, 8] 0.60 £+ 0.06 0.62 £ 0.05 -0.3

[15,18.9] 0.36 £0.02 0.36 £ 0.04 —0.1

BY — K*%¢te~ [LHCD| Standard Model Experiment [322]  Pull
F1,[0.008,0.257] 0.03 £ 0.06 0.04 +0.03 —-0.2
P;[0.008,0.257] 0.03 £0.08 0.11+0.10 —-0.6
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P,[0.008,0.257] 0.01 £ 0.00 0.03 £0.04 —0.5
R+ [LHCD]' Standard Model Experiment [63]  Pull
[1.1,6.0] 1.00 + 0.01 0854004  +34
Ryco[LHCD]' Standard Model Experiment [52]  Pull
[1.1,6.0] 1.00 £ 0.01 0.66 £ 0.20 +1.7
R [Belle]! Standard Model ~ Experiment [323]  Pull
[1.0,6.0] 1.00 + 0.01 1.03+£028  —0.1
[14.18,22.90] 1.00£0.01 1.16 £0.30 —0.6
Ryc+o[LHCb|' Standard Model Experiment [324]  Pull
[0.045,1.1] 0.91 £ 0.02 0.66 £ 0.11 +2.2
[1.1,6.0] 1.00 £0.01 0.69 £0.12 +2.6
R+ [LHCB]' Standard Model Experiment [52]  Pull
[0.045,6.0] 0.93 £0.05 0.70 £0.18 +1.2
R [Belle]' Standard Model ~ Experiment [325]  Pull
[0.045,1.1] 0.92 £0.02 0.52 £0.36 +1.1
[1.1,6.0] 1.00£0.01 0.96 + 0.46 +0.1
[15,19] 1.00 £0.00 1.18 £0.53 —-0.5
Pi(B — K*ete™)|Belle] Standard Model Experiment [50]  Pull
[0.1,4] —0.09£0.15 —0.68 £0.93 +0.6
[4, 8] 0.88£0.13 1.04 £0.48 -0.3
[14.18,19] 1.26 £0.03 0.30 +0.82 +1.2
P{(B — K*utu™)|Belle| Standard Model Experiment [50]  Pull
(0.1, 4] —0.06 + 0.16 0.76 £1.03  —0.8
[4,8] 0.88 +0.13 0.144£0.66  +1.1
[14.18,19] 1.26 £0.03 0.20£0.79 +1.3
P!(B — K*ete™ )[Belle] Standard Model Experiment [50]  Pull
[0.1,4] 0.18 +0.09 0.51 £0.47 -0.7
[4,8] —0.88 £ 0.07 —0.524028  —1.3
[14.18,19] ~0.60 + 0.05 —091+£036  +0.9
Pl(B — K*ut ) [Belle| Standard Model Experiment [50]  Pull
[0.1,4] 0.17£0.10 0.42+£041 —0.6
[4, 8] —0.89 £0.07 —0.03 £0.32 2.7
[14.18,19] —0.60 £ 0.05 —-0.13 +£0.39 -1.3
Q4(B — K*)[Belle* Standard Model Experiment [50]  Pull
[0.1,4] 0.03 +£0.01 1.45+1.39 —-1.0
[4,8] 0.00 = 0.01 —0.90+0.80  +1.1
[14.18,19] 0.00£0.01 —0.08+1.14 +0.1
Qs(B — K*)[Belle|* Standard Model Experiment [50]  Pull
[0.1,4] —0.02£0.01 —0.10 £ 0.62 +0.1
[4, 8] —0.00 £0.01 0.50 £ 0.42 —-1.2
[14.18,19] —0.00 4 0.01 0.78 +0.51 ~15
10" x BR(B* — K*pu*pu~)|Belle] Standard Model Experiment [323]  Pull
1, 6] 1.82 + 0.58 2.304+040  —0.7
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[14.18,22.9] 1.23 £0.17 1.34 £0.23 —-0.4
10" x BR(B® — K°u™ i~ )|Belle] Standard Model Experiment [323]  Pull
1, 6] 1.69 + 0.54 0.62+£0.38  +1.6
[14.18,22.9] 1.14+£0.15 0.98 £0.40 +0.4
Fr(BY — K*9u+ = )[ATLAS| Standard Model Experiment [326]  Pull
[0.04, 2] 0.36 = 0.30 0.44+0.11 —-0.3
[2,4] 0.76 + 0.23 0.64£012  +0.5
[4, 6] 0.71£0.28 0424018  +0.9
P (B — K*u* =) [ATLAS| Standard Model Experiment [326]  Pull
[0.04, 2] 0.02 £0.07 —0.056 £0.31 +0.2
[2,4] —0.00 £ 0.05 —0.78 £0.61 +1.3
[4, 6] 0.02 +£0.12 0.14 + 0.50 —-0.2
Py(B® — K*u* 1= )[ATLAS| Standard Model Experiment [326]  Pull
[0.04, 2] —0.35£0.14 —0.62 £0.89 +0.3
[2,4] 0.43+£0.21 1.52+£0.75 —1.4
[4, 6] 0.82 £0.15 —1.28£0.75 +2.7
Pl(B® — K*°u* 1~ )|ATLAS] Standard Model Experiment [326]  Pull
[0.04, 2] 0.50 = 0.10 0.67+031  —0.5
(2, 4] —0.36 £0.12 —0.33£0.34 —0.1
[4, 6] —0.82 £0.08 0.26 £0.39 2.7
P{(B° — K*°u* 1~ )[ATLAS] Standard Model Experiment [326]  Pull
[0.04, 2] —0.06 £ 0.02 —0.18 = 0.21 +0.6
[2,4] —0.06 £+ 0.03 0.31 +0.34 —-1.1
[4, 6] —0.04 £0.02 0.06 £ 0.30 -0.3
PL(B® — K*Ou* = )[ATLAS| Standard Model Experiment [326]  Pull
[0.04, 2] 0.03 £0.02 0.58 £1.03 -0.5
[2,4] 0.05 £ 0.03 —2.14+1.13 +1.9
[4, 6] 0.03 £0.02 0.48 £ 0.86 —-0.5
Py (B® — K*u*=)[CMS 8 TeV] Standard Model Experiment [327]  Pull
[1,2] 0.00 £ 0.06 0.12£0.48 —-0.2
[2,4.3] 0.00 £ 0.05 —0.69 £ 0.62 +1.1
[4.3,6] 0.03 £0.12 0.53 £ 0.38 -1.3
6, 8.68] 0.024+0.14 —0.47£0.31 +1.4
[16, 19] —0.70 £ 0.05 0534025  —0.7
PYB® — K*Ou*u=)[CMS 8 TeV| Standard Model Experiment [327]  Pull
[1,2] 0.33£0.11 0.10£0.33 +0.7
[2,4.3] —0.41 +0.12 —0.57+£038 404
[4.3,6] —0.84 £0.08 —0.96 + 0.33 +0.4
[6,8.68] —0.95 £ 0.08 —0.64+£0.23  —1.3
(16, 19] —0.53 £ 0.04 —0.56+£0.14  +0.2
Fr(BY — K*%u1~)|CMS 8 TeV]| Standard Model Experiment [328]  Pull
[1,2] 0.63 £0.28 0.64 £0.12 -0.0
(2,4.3] 0.76 £ 0.23 0.80 £ 0.10 —-0.2
[4.3,6] 0.71+0.28 0.62 +0.12 +0.3
[6,8.68] 0.62 £ 0.32 0.50+£0.08  +0.3
[16, 19] 0.34 £0.03 0.38 £0.07 —0.6
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App(BY — K*ut1=)|CMS 8 TeV]| Standard Model Experiment [328]  Pull
1,2] ~0.20 £ 0.18 0274041  +0.3
[2,4.3] ~0.08 £ 0.08 0124018  +0.2
[4.3, 6] 0.09+£0.11 0.01 £0.15 +0.4
[6,8.68] 0.22 £ 0.21 0.034£0.10  +0.8
[16, 19] 0.34 £0.03 0.35 £0.07 -0.2
107 x BR(B® — K*Ou*pu=)[CMS 8 TeV| Standard Model Experiment [328]  Pull
[1,2] 0.42 £0.26 0.46 £ 0.08 —0.1
[2,4.3] 0.89 £0.61 0.76 £0.12 +0.2
[4.3, 6] 0.78 £0.58 0.58 £ 0.10 +0.4
[6,8.68] 1.57 £1.25 1.26£0.13  +0.2
(16, 19] 1.73+£0.14 1264013 +25
Fy (Bt — Ktu"p)[CMS 8 TeV] Standard Model Experiment [329]  Pull
[1,2] 0.05 £ 0.00 0.21£0.49 —-0.4
[2,4.3] 0.02 +0.00 0.85+0.37 —24
[4.3,8.68] 0.01 £ 0.00 0.01 £0.04 +0.0
[16, 18] 0.01 £ 0.00 0.07£0.10 —0.6
18, 22] 0.01 £ 0.00 0.10£0.13  —0.7
App(BT — KT ptp=)[CMS 8 TeV] Standard Model Experiment [329]  Pull
[1,2] 0+ 0.00 0.08 +0.23 —-0.4
2,4.3] 04 0.00 —0.04+£0.14  +0.3
[4.3,8.68] 0=+ 0.00 0.00 £ 0.04 +0.0
[16, 18] 0=+ 0.00 0.04 £ 0.06 —0.8
[18,22] 0 % 0.00 0.05+£0.05  —1.1
Fr(BT — K*tptp=)|[CMS 8 TeV| Standard Model Experiment [70]  Pull
[1,8.68] 0.67£0.29 0.60 £ 0.34 +0.2
[14.18,19] 0.35 +0.04 0.55£0.14 —-1.7
App(BT = K*tptp™)[CMS 8 TeV| Standard Model Experiment [70]  Pull
[1,8.68] 0.08 £0.09 —0.14 £ 0.39 +0.6
[14.18,19] 0.37£0.03 0.33£0.12 +0.3
Fr(BY — K*9u* = )[CMS 7 TeV] Standard Model Experiment [330]  Pull
[1,2] 0.63 +0.28 0.60 £ 0.34 +0.1
[2,4.3] 0.76 + 0.23 0.654+017  +04
[4.3,8.68] 0.65 £ 0.31 0.814+0.14  —05
[16, 19] 0.34 £0.03 0.44 £0.08 —-1.3
App(B® — K*u*u=)[CMS 7 TeV| Standard Model Experiment [330]  Pull
1,2] —0.20 +0.18 —0.294£041  +0.2
[2,4.3] —0.08 £ 0.08 —0.07£0.20 —-0.0
[4.3,8.68] 0.18£0.18 —0.01£0.11 +0.9
[16, 19] 0.34 £0.03 0.41 £ 0.06 —-1.1
107 x BR(B® — K*0u*pu=)[CMS 7 TeV| Standard Model Experiment [330]  Pull
[1,2] 0.42 + 0.26 0.48 £0.15 —-0.2
2,4.3] 0.89 + 0.61 0.87+0.18  +0.0
[4.3,8.68] 2.35 + 1.82 1624035 404
(16, 19] 1.73+£0.14 1564023  +0.6
10° x BR(B® — K*O’}/)[PDG]Jf Standard Model Experiment [312]  Pull
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4.57 £ 5.27 4.18 £0.25 +0.1

10° x BR(B* — K*t~)[PDG]" Standard Model Experiment [312]  Pull
4.61 £5.49 3.92£0.22 +0.1

10° x BR(B, — ¢7)[PDG]' Standard Model ~ Experiment [312]  Pull
4.86 £1.35 3.40£0.40 +1.0

10* x BR(B — X,~)[HFLAV]' Standard Model [209] Experiment [100]  Pull
3.32£0.15 3.40£0.17 —-0.4

S(B — K*v)[BaBar+Belle|" Standard Model [25]  Experiment [100]  Pull
—0.03 £0.01 —0.16 £ 0.22 +0.6

AI(B — K*~)|BaBar+Belle|' Standard Model [25]  Experiment [100]  Pull
0.041 +0.025 0.063 +0.017 -0.7

10° x BR(B, — pt p~ )[LHCb+CMS+ATLAS]"  Standard Model [48]  Experiment [68]  Pull

3.64£0.14 2.85£0.34 +2.2

108 x BR(B — Xt~ )[BaBar|' Standard Model [331] Experiment [332]  Pull
[1, 6] 1.73+0.13 0.66 = 0.88 +1.2

10% x BR(B — X,e*e™)[BaBar] Standard Model [331] Experiment [332]  Pull

[1,6] 1.78 +0.13 1.93 +0.55 —0.3
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Appendix C

The 7th massive relation

In this Appendix we will provide the necessary steps to determine the last of the relations described in
Chapter 2. This relation vanishes in the massless limit and is particularly lengthy. For both reasons,
specially the latter, is of limited practical use. Therefore we will present here the steps to derive this
relation but will not write it out explicitly. The derivation is based on five steps:

Step 1: Our starting point will be a particular combination of the 2D vectors that will allow us to
introduce the structure of the observable M; for the first time.

(nﬁns + nﬁng) x (nﬁns - nﬁn’s)

+ (nlng +nlng) x (nlnly —nlng) = HA(AfAfF 4+ Al AT A AT (C.1)

In order to avoid repeating the coefficient 4m?/q? of Mj, we introduce a reduced version, that we
will call m, defined by

2

my = o (B3 J1s — (2+ B7)Jzy) = Re(AL AT + AL AR, (C.2)
4myi By

We will use the freedom given by the symmetry (see section 2.2) to choose the phase such that A"
has only a real component. Then we solve Eq. (C.1) for m; and its imaginary counterpart:

~ —bIm[AF] 4+ aRe[AY]
™S T AR AT (3
Lx 4R Lx gR] _ aIm[Af] + bRe[AfT]

where

a= + 6}(%) (—B21(853)" + (S52)° + (S5a)” + (552)°)

+ 4[(S5)" + (S5)? + (Sks)” + (S55)7])

333\ 3

Step 2: Using ng = eng + fn's and mul/tiplyi/ng this equation by o.ng, o.nly and o.ng, where o =
((0,1),(1,0)) one can show that all terms Aé )LA((J )R can be written in terms of AL A

2 41—‘/ 2 r 0 0 r T T T s
b= + — | (S525%4 — 552554 — S§35%5 + S535%5) (C.5)

ALAR + A Al = 2e A A
—AL AP AR Al = —2fAf Al
AGAT = (e = AT A (C.6)
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where
o (nfns) () o) = (nfne)(n n)
(n|ns)(n no) — (nno) (nf ns)
_ C.7
g (nfns)(n]nk) — (nfnis)(nf ns) 7

Both coefficients e and f can be trivially rewritten in terms of P- and S-wave observables, as in Eq. (C.5).
Step 3: We define a set of reduced observables related to the corresponding remaining massive
observables:

my = |A* + 2Re(ALA)

my = |A* + 2Re(AG" AG™)

my = Re(AjA}) + Re(AfAf* + A AT™)

mi = Tm(AA7) + Im(AF AR + Ak Al (C.8)

We can combine them in one single equation cancelling the dependence on Agl):

(ma2 — 2Re[AFAG])(mf — 2Re[AAGT]) =+ (m) — Re[AFAG™ + AGF AF™])?
+ (mg — Im[AGAG™ + A AF)) (C.9)

and using Egs.(C.6) we can rewrite this equation in terms of only AfA§**:

(m2 — 2Re[(¢® — ) A AG™]) (ms — 2Re[AFAT™]) =+ (m) — Re[2eAg" A5™))?
+  (mh — Im[2e A AJ**])?, (C.10)

giving the desired relation but involving Af" and A{® amplitudes that still need to be expressed in terms
of observables.

Step 4: Using the decomposition n; = gng + hn'y and after determining ¢g and h by multiplying by
n, and ny, we find the following relation:

(h*? — )nSTnS =h* nlns —g nins, (C.11)
where
L Pl - el
(anS)(nLns) (”||”S)(”J_”S)
L n1 2(nfns) — (nfn)(nf ng) €.12)
(anS)(nJ_nS) ("||"S)(”J_”S)

Then combining the previous equation with the observable Fs, one can determine |A{F|? and |A{F|?
(remember that AL’ is taken to be real using the symmetry properties) by solving the system:

h*nlng — g*nl n
h*Q _ g*Q

A2 = |AG°P = =4, (C.13)
|ALE? + |AE)? = FoT. (C.14)
Now we have all the necessary ingredients to arrive at the relation. If we define

= Re[Ay|Re[Af],
= Re[AIm[A[F], (C.15)
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we have two equations in terms of z and y (using Eq. (C.3) and Eqgs. (C.13) and (C.14)):

—by + ax
T A )
1
2?4y = 1 ((FsI')? — A?) (C.16)

These two equations can be solved to determine x and y in terms of observables.

Step 5: Finally, the last step consists of trivially expressing Ag%, AfF in Eq. (C.10) in terms of x and
y (all other quantities like the m; and the coefficients e and f are already direct functions of observables).
Then after solving the system for z and y using Eq. (C.16) insert the result in Eq. (C.10) to get a final
lengthly expression written entirely in terms of observables.

Notice that in order to relate the reduced observables to the measured massive observables M 2 3 4/ 5/
one needs to multiply the previous relations involving the m;’s on both sides by factors of 4m?/q?. For
this reason in particular Eq. (C.10) vanishes exactly in the massless limit.
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Appendix D

A hitchhiker’s guide to the symmetry
relations in B — D*(v

This appendix details the steps needed to derive the relations among observables of the transition B —
D*{v discussed in Chapter 3, as well as the effect of binning the polarisation fraction P~ under different
relevant NP scenarios.

D.1 Massive relations among angular coefficients of B — D*/v

Below we describe the methodology followed and the full expressions of the dependencies among the
angular coefficients in the massive case with no tensor contributions. It is useful to define the following
four combinations in order to obtain compact expressions:

Ryq=Re(Hy)+Re(H_), I,q=Im(H,)+Im(H_) (D.1)

One can solve the system of equations in terms of the variables defined above and find a twofold
solution:

1 L
Ry = ——5—— D.2
Hy q2 ,m% ( )
1 I8q2
Ii = 55— D.
d HO q2 _ m% ( 3)
2 2 2 2 2
n q° (1alsq” + Hylo(q® — mj)
Ry = (-1 - - = ( —— 0 0) - (D.4)
VH§(q* — mz)z\/_l4q4 + Hg(mj — ¢*) [(\H—P + [Hy [2)(mf — ¢*) + 13(12)]
R+ B — ) [(H- ]2 + | H )3 — ) + Isg?)]

VHZ(q? —m3)?

with n = 0,1. However, this sign ambiguity product of the twofold nature of the solution can be fixed,
since physical combinations prevent interference terms that could be problematic. This set of solutions
can be used to determine the square of the four amplitudes once Hj is fixed to be real and positive
through the symmetry of the angular distribution. One can also rewrite the real and imaginary parts of
H, in terms of the variables in Eq. (D.1) and Hy:

2 2 2
¢ [Ir I, + Is Ry — 2Ho (12 + R?)]

Re(H, = - D.6
e( t) 2m? (Idls + RSRd) ( )
@ [~Is1y + I;Ry + 2Ho(I4Rq — Ry1,)]

2m?2 (I4ls + RsRq)

Im(H,) (D.7)

With these definitions, one can find the whole set of dependencies among angular coefficients. Besides the
trivial dependency Eq. (3.57), there are four more relations which are obtained by taking combinations
of the modulus of Hy, H_ and Re(H,), Im(H,).
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The first non-trivial relation can be derived from the sum |H|* + |H_|*:

m2—q2
0 = P aR B} - ) + AL + 1) (m} - ¢)(m} + 3¢%)

b [F2T2 4 23R — AL STy + Lo (12 + I2)] (m2 + 3q2)2}

where
a = (mj —¢*)*(mj + 3¢%) 2L Lac(m} — ¢°) + (IacIs — 2I3) (m} + 3¢°)]
From |H, |?|H_|? one can obtain the second dependency:

2\ 2 2 2

21 I
02_12_12 _mé 1s _ 16s
3 9+( q? 3+m%/q2 4

The third one follows from [Re(H;)]?:

8¢ 2
0 = % {211812617(77@% — ) + (I IsIy — 21207 + 21,515 — I I5Io)(m?2 + 3q2)}

Issloe  4¢*
[626 - % (41125122c(m? — %) + AL e (IocIs — 213) (Mg — ¢°) (M + 3¢%)

2
+ (AIF(IF A+ I3) — Al L (I3 1y + Islo) + I3.(I3 + 13)) (m7 + 3q2)2>}

with a defined in Eq. (D.9).
Finally, the last dependency is related to [Im(H;)]?:

0 = 25613, (147 — IsI3)*(mi — ¢°)*¢*?
X [Ig.(m} — ¢*)* + 8L1cIaemi (—mi + ¢°) + 813,m; (mf + )]
+[64b — 64(1417 — IsIs)*(mf — ¢*)°¢® + 13,(m} — ¢*)*q* (Ig.(m} — ¢°)?
+811.Iremi(—mj + ¢*) + 815.mf (m] + ¢°))] ?
with
2¢'2 (2L IacIy(m? — ¢2) + (=214 (13 + 1) + Lac(I314 + Islo))(m?2 + 3¢?))?

b=
(2 + 3¢%) L1 Toe(m? — ) + (IocTs — 213)(m? + 3¢%))

(D.11)

(D.12)

(D.13)

As a final comment, notice that these dependencies among angular coefficients yield Egs. (3.58)-(3.61)
when one considers only real Wilson coefficients, so that all imaginary contributions and I7 g9 can be

neglected.

D.2 Comparison of binned expressions for ﬁ%) " in benchmark NP

scenarios

Following the setup of Section 3.3.5, we illustrate in Fig. D.1 to Fig. D.6 the errors induced on the
binning by the approximation Eq. (3.78) on relations derived using the amplitude symmetries under
various assumptions on the NP scenario in the 7 lepton case. We follow same convention as in Fig. 3.1.

We provide the relative errors for selected scenarios in Tables D.1 and D.2.
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Figure D.1: Study of binning effects for Eq. (3.81) for benchmark NP scenarios with real contributions.
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Figure D.2: Study of binning effects for Eq. (3.81) for benchmark NP scenarios with complex contribu-
tions.
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Figure D.3: Study of binning effects for Eq. (3.82) for benchmark NP scenarios with real contributions.
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Figure D.4: Study of binning effects for Eq. (3.82) for benchmark NP scenarios with complex contribu-

tions.
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Figure D.5: Study of binning effects for Eq. (3.80) for benchmark NP scenarios with real contributions.
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D.2. Comparison of binned expressions for FJQ " in benchmark NP scenarios
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Appendix E

Theoretical _framework for
Bgs— K*YEK* decays

In this appendix we present some additional definitions and discussion concerning the observable related
to the non-leptonic B decay discussed in Chapter 4. We will first detail the structure of the Weak Effective
Hamiltonian used to describe such transitions, as well as the elements needed to obtain a semi-analytical
expressions of the observable L. z- in Eq. (4.14). In the following section we show the sensitivity of the
observable L. - to NP contributions from different Wilson coefficients.

E.1 Weak effective theory and QCD factorization framework

The separation between short and long distances at the scale p, = my, is performed in the weak effective
theory to compute b-quark decays within the SM:

Gr
Heg = ﬁ Z )\;S)Q) (Cf,g 11)8 + C§S ’2’5 + Z CisQis + C?fysQ?'ys + CSngSgs) : (El)
p=c,u 1=3...10

This effective Hamiltonian describes the quark transitions b — wis, b — c¢s, b — sq'q with ¢ =
u,d,s,c,b, and b — sg, b — s7. Qfs,zs are the left-handed current-current operators arising from W-
boson exchange, (ss...6s and Q7s...10s are QCD and electroweak penguin operators, and Q7,5 and Qggs
are the electromagnetic and chromomagnetic dipole operators. They are given by [197]:

QY = (Pb)v_a(Sp)v_a, Q7s = (3b)v— AZ (@) via,

s = (Pibj)v—a(8jpi)v—a, Qss = (5:bj)v— AZ d(Ti%)v+a,
Qss = (b)v-a Y (G@)v-a, Qos = (Sb)v— AZ ¢(@@)v-a,

q
Qs = (5:bj)v_a Z (Gjg)v—-a, Q1os = (5:bj)v—_a Z (Ti%)v-a,
q

Qss = (8b)v—_a Xq: (@) v4a, Qrvys = 877:22 mp50,, (1 + v5)FH*'D,
Qss = (5ibj)v—a Z (GjGi)v+a, Qsgs = 8_7923 mpy 50, (1 + 5)GHD, (E.2)

q

where (q192)v+a = G17.(1 £75)q2, %, j are color indices, e, are the electric charges of the quarks in units
of |e|, and a summation over ¢ = u,d, s, ¢, b is implied. The NLO Wilson coefficients at the scale p = 4.2
GeV are given in Table E.1.

A similar weak effective theory can be written for the b — d transition by performing the trivial
replacement s — d. Neglecting the difference of mass between the d and s quarks, the SM values of the
Wilson coefficients are identical in both cases, and we omit the d or s subscript in Table E.1.
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In the SM, C{ = CY" is the largest coeflicient and it corresponds to the color-allowed tree-level contribu-
tion from the W exchange, whereas C§ = C§ is color suppressed. QCD-penguin operators are numerically
suppressed, and the electroweak operators even more so. It proves convenient to define the effective
coeflicients C;’g and ng which are given in the scheme of Ref. [197] as

1
C%ff = C¢y— 505 - Cs,

Csfl = Csg+0Cs.

QCD factorization relies on this weak effective theory to compute non-leptonic B-decay hadronic
matrix elements, by performing a further separation of scales between m; and the typical QCD scale,
later reinterpreted in terms of a Soft-Collinear Effective Theory (SCET). Following Refs. [190, 205] and
using the same notation as in this reference, we have for the vector modes for a given polarisation:

e 0 1 L1 1
T(Bg— K*K*") = Agu g o — §aZ,EW + B3 + By — §5§L,EW - §BZ,EW]

1
+Ag-g-[8) — §BZ,EW]7

D, [ % * c 1 c c c 1 c 1 c
P(By — K*K*) = Ag.pe.[af — 5 4. EW + 85+ B85 — 553,EW - §ﬂ4,EW}

C 1 C
+Ag-g-[B5 — 554,EW] )
D, [~ % * u 1 u
T(Bs - K 'K O) = Agepe+ By — 564,EW]

+Aggelaf — 5%, EW + 85 + 85 — 553,EW - 554,EW] )

D) [ * * c 1 c
P(By — K*K*°) = Ag. - 185 — 5/64,EW}

1 1 1
A g lag — §ai,EW + 85+ B — §5§,EW - iﬂiEW] .

(E.5)

The coefficients o and S involve form factors and convolutions of perturbative kernels with light-cone
distribution amplitudes multiplied by the Wilson coefficients of the weak effective Hamiltonian. The
difference between o and of occurs from the O(a;) penguin contractions in P} and PY, and specifically
from the loops with w or ¢ quarks and a W exchange (so that these contributions come with factors

as/(4m) and Cf). This comes from the fact that the effective Hamiltonian has a specific structure in

the SM: only two types of four-fermion operators O} and O% (p = u,¢) involve explicitly different )\éq),

whereas the other operators treat all quarks on the same footing, they come from top loops and are
accompanied with a CKM term /\Eq) — 2\ _\W leading to an identical contribution to T and P.

As discussed in Refs. [193-195], this explains why the quantity A defined in Eq. (4.2) can be computed
safely within QCD factorization for penguin mediated decays because of the cancellation of long-distance
contributions. As a consequence of this cancellation, only penguin contractions contribute to A, as can
be seen by inspection of the formulae above, leading to the following very simple expression within QCD
factorization:

Q CFOéS =

A = Ay, TG G, (2 /) = G, (0)] (E.6)

where the normalization A?/Il M, 1S defined as:

Gr
A, = ﬁm%q fr, AP Mi(0) (E.7)

and Gy, is the penguin function defined in Ref. [194].
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By s Distribution Amplitudes (at =1 GeV) [32, 333]

A, |GeV] AB,/AB, oB
0.383 £0.153 1.19+0.14 1.4£04
K* Distribution Amplitudes (at u =2 GeV) [334]
att a{i ay 0‘5&
0.02 £ 0.02 0.03 £ 0.03 0.08 £ 0.06 0.08 + 0.06
Decay Constants (at u = 2 GeV) [128, 216, 335]

[B4 fB./ 1B, [+ fien/ fre-
0.190 £ 0.0013 1.209 + 0.005 0.204 + 0.007 0.712 £ 0.012
Bg s — K* form factors [128| and B-meson lifetimes (ps)

Ag*(¢® = 0) Ag*(¢® = 0) By 7B,
0.314 +0.048 0.356 + 0.046 1.519 4+ 0.004 1.515 £ 0.004
Wolfenstein parameters [202]

A A p 1
0.82351 0005 0224847000025 0.15697 0005 0.349970 007
QCD scale and masses [GeV]|
mp (M) mp/me mp, mp, M Aqcp

4.2 4.577 £ 0.008 5.280 5.367 0.892 0.225
SM Wilson Coefficients (at p = 4.2 GeV)
Cl CQ C3 C4 C5 Cﬁ
1.082 -0.191 0.013 -0.036 0.009 -0.042
C7/aem CS/aem CQ/aem CIO/aem C’?’fyf ng
-0.011 0.058 -1.254 0.223 -0.318 -0.151

Table E.1: Input parameters used to determine the SM predictions.

E.2 Semi-analytical expressions

In the following we provide the key elements to construct a semi-analytical expression of Ly« z«. Specif-
ically we give Ps; and P, in terms of Wilson coefficients and the parameters Xy and X 4. & is given in
Eq. (4.22) and the last bracket in Eq. (4.19) has a negligible impact and can be taken to be conserva-
tive 0.99 & 0.01. We have followed the corrected expression of Ref. [336] for the modelling of the weak
annihilation in terms of X 4.
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107 x Py = i0.076C5T — i8.8Cgh + ((2.6 — i1.8) 4 i0.13X 4 — i0.041.X3 — i0.025X ;7)C§
+ ((—0.045 +40.39) — i0.61X 4 +i0.16 X3 +0.035X 7)C5
+ ((15.5 +i38.9) + i0.31X 4 4 i0.25X% +i3.8X1)C3
+ ((11.0 +i156.9) +70.25X 4 + i0.96 X% — i0.54X 5r)Cy
+ ((~7.4 —i7.2) +i9.2X 4 — i3.3X3 +i0.11X5)Cs
+ ((11.0 = 419.9) +927.7X 4 — 8.9X3% 4 i0.24X 11)Cs
+ ((3.74i3.8) — i4.7X 4 +i1.7X% 4 i0.00042X 5 )C7
+ ((i6.9) — i15.7X 4 +5.0X% — i0.008X ;)Cs
+ ((—6.4 — i19.4) — i0.55X 4 — i0.041X% — i1.9X;)Co
+ (—i81.9 — 1.4X 4 — i0.15X3 +i0.32X 5 )C10 (E.8)
107 x P, = i0.069CT — i8.0CST + ((2.4 —i1.7) +i0.16X 4 — i0.049X3 — i0.026X )C§
(—0.041 +40.45) — i0.74X 4 +i0.1X3 + i0.037X 1 )C§
(14.2 +i36.4) 4+ i0.37X 4 4+ i0.3X2 +i3.9X;)C3
(10.0 +3142.7) +0.31X 4 + i1.2X% — i0.56 X 7)C4
(6.7 —47.7) +i11.1X 4 — i3.9X% +i0.11X 5)C5
(10.0 — i21.7) + i33.5X 4 — 10.8X% +i0.25X 57)Cs
(3.4 +i4.0) — i5.7X 4 +i2.0X% 4 i0.00043X 5 )C7
(18.3) — i19.0X 4 + i6.0X3 — i0.008 X ;7)Cs
(=5.8 —i18.1) — i0.66 X 4 — i0.049X 3 — i2.0X)Co
i74.3 — 1.7X 4 —i0.18X% 4 i0.33X)C1g - (E.9)

+ 4+ + + + +

(
(
(
(
(
(
(
(
(=

E.3 Sensitivity to New Physics

We show how NP contributions can help to reduce the tension between theory and experiment for L. -,
completing the results shown in Fig. 4.1 discussed in Section 4.3. In Fig. E.1 we show the lo-range for
the NP contribution to each Wilson coefficient that is able to explain the experimental value of L.z,
normalized to its SM value.

eff NP / »eff, SM
C8gs /C8gs

CNP/Csl\[
P/CSI\[
CNP/cS\I
1s
r——
i i i i i i i
-2 0 2 4 6 8 10

Figure E.1: 1o intervals for the NP contribution to Wilson coefficients needed to explain Ly g+,
normalized to their SM value.
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Appendix F

Electroweak observables and

interaction Lagrangian

This appendix provides the list of Electroweak observables included in the fit described in Chapter 5,
well as the detailed expressions of the interactions between the Z boson and fermions.

Observable Experimental value
mw [GeV] 80.379(12)
Ty [GeV] 2.085(42)
B(W — had) 0.6741(27)
B(W — lep) 0.1086(9)
sin®0 5Pt 0.23248(52)
sm2933f? . 0.23146(47)
s1n260DF 0.2315(10)
sm260 s 0.2287(32)
sm?egggb 0.2314(11)
prt 0.1465(33)
A 0.1516(21)
A, 0.142(15)
Ar 0.136(15)
Tz [GeV] 2.4952(23)
o [nb] 41.541(37)
RY 20.804(50)
RS, 20.785(33)
RY 20.764(45)
AR 0.0145(25)
A%’]g‘ 0.0169(13)
AL 0.0188(17)
R) 0.21629(66)
RO 0.1721(30)
A% 0.0992(16)
AR 0.0707(35)
Ay 0.923(20)
A, 0.670(27)

137

as

Table F.1: Electroweak observables [211, 289] used in our fit performed using HEPfit [297] with mz,, «

and Gp as input.
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We write the interactions of the SM Z with fermions as
Lyzrr =L (A5 Pr + ASPR) 62" + 0y, A Pry 20
Ui Y (A}LiLPL + A}QRPR) u; 2" (F.1)
+djy (A PL + AJEPR) d; 27
with 4,7 = 1,2, 3 and
¢L(R)

Al
AYF ~sin€ giF + g&0105:
AYF ~sing Vgl Vi + 943165 (F.2)
AT~ sin gl + g4t

ji
dL(R . d dL(R
Aji( ) zsmfg?i( )Jr gSM( )5ﬁ,

. (L(R (L(R
~ sm{gﬂ( )+ gSM( )(5]'1',

where géﬁd(R) are the SM couplings given by

gVL — €
SM ZSWcW ’
(L € 2 ‘R esw
= 1-2s , = — ,
gsm DY— ( W) gsm ow
wl e 1 2, Wk 2esw (F.3)
= -— —_—— —s s P p— s
gSM SWECw 2 3 w gSM 3 Cw
dr, _ € 11, ar __lesw
gsm = P— (2 35W) ) gsm 3 oy

with e = g192/1/9% + 953 = gicw = gasw being the electric charge. Moreover, taking into account the
Z — 7' mixing in Eq. (F.2) and the vertex corrections [233, 337], we have the following modified Z
couplings to leptons

¢L _ (L . 17 [ j A
s =t s e 2 (22))

SM my,
(L ¢L (L 9
. 9i; 9ik 9kj m
AIZL = ng/I%A (513 + SIHE ;]L + Z (2471)QJ Kr <m2Z >> 5 (F4)
SM % z

geR gzﬁgiR m2
AR = gl 55 +sine =% + : ]KF< Z) ,
j ij géll\?/[ zk: (471')2 mQZ’

at the Z pole with

Kp(z) = — 2(x + 1) (Lig(—xg)c;— In(z) In(z + 1)) o

Te+4 (3z+2)In(z)
— + .
2x T
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