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Abstract

This thesis focuses on the study of the semileptonic B(Bs) meson decays via the neutral
and charged current exchanges. The charged current transitions occur at tree level in the
Standard Model (SM) and the branching fractions of the semileptonic decays of B mesons
to lighter leptons (electron and muon) in the final state as considered in this thesis have
been determined to be mostly SM-like. In such cases, the charged current transitions
provide an important avenue for the clean extraction of the Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements which is very crucial for understanding the CKM structure of
the Standard Model and for precise theoretical predictions of several observables. In
this thesis, we have studied the extraction of the CKM elements |Vipl, |Vep|, and the
ratio |Vip|/|Vey| which are relatively less precisely known. It has been observed that the
extracted values of |V| and |Vyp| from the inclusive decays are larger as compared to
those extracted from the corresponding exclusive decays (B — D™ /(v and B — wfv).
The discrepancy between the exclusive and inclusive determinations is more for |V
Explaining this discrepancy with new physics is difficult as pointed out in some of the
earlier analyses in the literature. These are the long standing puzzles, so far no convincing
arguments addressing these puzzles are available in the literature. This could be due
to our lack of understanding of the non-perturbative unknowns. Also the methodology
adopted by the Heavy Flavor Averaging Group (HFLAV) for the exclusive determination
from B — wlv decays is not very clean. In this thesis, we have studied the B — wfv decay
modes reconsidering other possible ways of analyzing the available data and pin-point the
source of the discrepancy as mentioned above. We have utilized the newly available inputs
on the form-factors from Light Cone Sum Rules (LCSR) approach along with the Lattice
QCD computations. It has been found that the BaBar 2011 dataset is in tension with the
other datapoints and it is also influential in the extraction of |V,,;|**® and could be the
probable source of discrepancy between the exclusive and inclusive determinations. We
have also considered other exclusive b — ufv channels for eg. B — p(w)lv for a combined
extraction of |V,;| and the exclusive b — c¢fv channels for eg. B(Bs) — D) (Dg*))ﬁu for
combined extraction of |V;|. We have obtained the ratio |Vi;|/|Ve| from the experimental
measurements and form factor inputs in the mesonic b — ¢(u)lv decays independently and
also after incorporating the ratio BR(Bs — Kuv)/BR(Bs — Dsuv) o< |Vip|?/|Vep|? in the
two bins of By — K momentum transfer measured by LHCb. Our value for |V p|/|Ves|
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Chapter 0. Abstract

is consistent with the determination from the ratio of partial rates of baryonic decays
BR(Ay — purv)/BR(Ay — Acpv) from LHCD.

Apart from the charged current transitions, we have also studied the Flavor Changing
Neutral Current (FCNC) transitions which being loop-suppressed in the SM are highly
sensitive to new physics (NP) effects at higher energy scales and any deviation of the exper-
imental measurements from the SM predictions signify the possibility of beyond SM (BSM)
particles. Over the last few years, the low-energy experiments in B physics have shown
some anomalous results indicating an indirect hint of new physics. In the neutral current
sector in the B(B,) — K*)(®) modes, the various experimental collaborations have mea-
sured several observables, such as the Lepton Flavor Universality Violating observables
Ry = B(B — K®utp™)/B(B — K®ete™) and a plenty of angular observables, out
of which some have shown deviation from their respective SM expectations. This thesis
addresses this issue by extending the SM framework with dimension six operators in a
model-independent effective field theory approach to find out the operator or sets of op-
erators which can provide plausible explanation to the present data. In general in a NP
model, besides the one-operator scenarios, some multi operator scenarios may also con-
tribute to the processes under study and may provide possible explanation to the observed
anomalous results which necessitates the role of model selection. In this regard, we have
employed Akaike Information Criterion and Cross-Validation to select the best possible
combinations of operators most compatible with the available data in this channel. In ad-
dition to the b — s¢¢ channels, we have also analysed the exclusive b — d¢¢ (B — mél¢ and
B — pll) transitions in this thesis which may offer another window to look for beyond SM
phenomenon. The non-vanishing direct CP asymmetry and low branching ratios of these
decay modes in the SM further motivates a systematic analysis of these modes within the
framework of the SM and also in some NP scenarios. We have predicted several observ-
ables in these channels for eg. the branching fractions, direct CP asymmetries, isospin
asymmetry and various angular observables in the SM and also compared the sensitivities
of these observables towards the different NP scenarios. If the future measurements report
a deviation with respect to the SM predictions in these channels, it will be possible to

identify the type of new physics interaction from the pattern of the results.
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Chapter 1

Introduction

Over the years, there have been significant scientific breakthroughs aiming to understand
the fundamental laws of nature that are essential in making up the world we live in.
Human civilization has strived to perceive the microscopic as well as the macroscopic
aspects, from the small-scale structures like atoms and molecules to the universe at a large
scale. The advancement in science proceeds through the parallel progress in experimental
discoveries and theoretical ideas. Any existing theory needs to be substantiated by active
experimentation, or else it is discarded, thus opening the possibilities for newer theories.
A successful theory is the one that can provide possible explanations for the observations
as well as pave the way for future discoveries or give predictions that can be verified in
the experiments.

The Standard Model (SM) of elementary particles has succeeded in explaining many
observations in the high energy experiments [9-11]. The SM theory beautifully accom-
modates the three fundamental forces of nature: strong, electromagnetic and weak forces.
Also, the SM is successful in explaining the classification of all elementary particles. The
experimental confirmation of the existence of quarks led to widespread acceptance of the
Standard Model. It also gave predictions for the Z and W bosons, the charm and the top
quark which were later discovered [12-19]. In the SM, elementary particle’s masses are
obtained via the Higgs mechanism in which the essential ingredient is the Higgs boson.
The experimental validation of the SM was complete with the revelation of the Higgs
boson at the Large Hadron Collider (LHC) in 2012 [20, 21].

Though being a successful theory so far, there are some observed phenomenon which
signify that the SM isn’t the complete theory of nature, for example, the presence of dark
matter [22], the origin of nonzero neutrino masses [23-26], matter-antimatter asymmetry
[27, 28] and accelerating expansion of the universe [29] can’t be explained within the
realm of the SM. Also, there are concerns like the Higgs mass hierarchy problem [30]
and the strong CP problem [31, 32] for which the SM does not have suitable answers.
The radiative correction to the square of the Higgs mass at the first order receives a

quadratically divergent term arising from the contribution of Standard Model fermions in
1
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the loops, thus resulting in a correction which may be somewhat larger than the mass of
the Higgs Boson in the Standard Model. As it is pretty evident that the SM isn’t the
ultimate theory, it is possible that there might be some more fundamental theory at the
high energy scales with new heavy particles. In such cases, the correction to the mass of
the Higgs can be very large and thus, extreme finetuning cancellation is required between
the large bare mass and large quantum corrections, leaving a result in the same ballpark
as the observed Higgs mass. The strong-CP problem is related to the small value of the
parameter associated with an additional term in the QCD Lagrangian, which arises from

one of the redefinitions of the quark fields.

2 ~
L= G#Fgﬁw (1.1)

where g is the strong coupling constant, Fjj, represents gluon field strength tensors, Fuwa
= %EW’”F o and €P? is the anti-symmetric tensor. The above term is CP violating and
can contribute to the neutron electric dipole moment (EDM), but CP violation hasn’t yet
been observed in the experiments involving only strong interactions. The parameter § <<

10719 radians from current experimental limits on neutron EDM [33].

Another interesting feature which the SM can’t explain is the hierarchy observed in
the couplings and the quarks’ and leptons’ masses of different generations. These open
problems signify the need to extend the SM further with the inclusion of new particles,
which can either be directly searched at the high-energy colliders or can be indirectly
probed through their virtual effects in low-energy experiments. Though there hasn’t been
any evidence of direct production of beyond Standard Model particles at the colliders so
far, there may be a significant advancement in the direct search for new particles in the
near future with an increase in the luminosity reached and the mass scales probed at the
existing and future colliders. Thus, for the present scenario, one plausible way to study
the New Physics (NP) effects is through the deviations of various precision observables

from their respective predictions in the SM in the ongoing experiments.

In this regard, the decays of the K, D, B and B, mesons, called flavoured mesons, offer
excellent ground to test the various aspects of the SM and to search for possible signatures
of new physics beyond the SM (BSM). The discovery of the Kaons in 1947 in the cosmic
rays led to the establishment of the theory of quark mixing. Moreover, CP violation was
observed in K — K0 mixing for the first time in 1964 [34], and direct CP violation was
discovered in the decays of Kaon by Fermilab’s KTeV experiment and CERN’s NA48
experiment in the early 2000s [35]. The charmed mesons (D meson) discovered at the
Stanford Linear Accelerator Center by the Mark I detector in 1976 are the lightest particles
containing charm quarks. The theoretical aspect in these decays is the non-perturbative
QCD affecting predictions in charm physics. In charm decays, CP violation was first

observed by LHCDb in 2019 by measuring the nonzero difference in the CP asymmetries
2
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(time-integrated) of D° — 7t7~ and D° — KK~ decays [36]. Recently, a nonzero
mass difference has been observed in the neutral charm eigenstates by LHCb [37]. The
B meson decays were first fully reconstructed in 1983 by the CLEO collaboration [38].
Measurements of CP violation have been performed in B? — B9 oscillations through studies
on the time-dependence of the neutral B-meson decays to charmonium final states [39, 40].
Also, the BaBar and LHCb have measured the direct CP violation in B® — K+7~ [41] and
BY — K~7t [42] decays, respectively. Oscillations are also observed in the B, systems
[43].

This thesis mostly focuses on the studies of the semileptonic B(B;s)-meson decays.
There is a huge advantage with the b quark: its mass is just right (Agcp/my ~ 0.2)
to ensure a systematic expansion in 1/my. Since the B meson has a low transition rate
(lifetime ~ 107!2 s), its detection is relatively easy in experiments. Thus, the study of
the decays and mixings in the B-hadron systems remains an extensive area of research
both from the experimental and theoretical viewpoints providing further insights into our
understanding of the SM and BSM.

In the subsequent sections of Chapter 1, a brief overview of flavor physics in the SM is
provided (more detailed reviews can be found in refs. [44—46]). The present experimental

status of various observables in the flavor sector is also presented.

1.1 The Standard Model flavor sector

The Standard model consists of these basic ingredients :

e The gauge symmetry of the model: SU(3)c x SU(2)r, x U(1)y with eight gluons,
three weak bosons and a photon. Here, SU(3)¢c constitutes the strong interactions
of the gluons and quarks, which carry color charges. The SU(2); and U(1)y speak

for the weak isospin and hypercharge interactions, respectively.

e Matter representations: The left-handed lepton and quark doublets are represented
by LiL and Q% , respectively. The down-type and up-type quark singlets are d,, u%,
and eﬁ% are the lepton singlets which are right-handed. There is also a complex scalar

Higgs field ®. In table 1.1, gauge quantum nos. of the SM fields are provided.

e The non-zero value of the vacuum expectation of ® results in the breaking of
SU(2)r x U(1)y spontaneously to U(1)gas-

The renormalizable Lagrangian in its most general form in the SM is given below:
Lsy = Liin + LHiggs + Lyuk (1.2)

3
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_ SUEB)e SUR)L Uy

B 3 2 1/6
Up 3 1 2/3

i 3 1 -1/3
Ly 1 2 -1/2
eb 1 1 -1
d 1 2 1/2

Table 1.1: The gauge quantum numbers of the SM particle content.

where the different contributions are given as

L= 3 (Fo)?+ 3 dilby (1.3)

groups rep’s
Liiggs = |Du®* + 2070 — \(@10)? (1.4)
Lyuk = yfjf/iq)eg% + y%@iq)d% + y%@léuﬁ, (1.5)
where the covariant derivative is
DF = 0t +ig,GHT* + igW}'L? + ig' B"Y. (1.6)

Here, G4, W}, and B* are the gluon fields, weak bosons, and the hypercharge boson,
respectively. T% and LPs are the generators of SU(3)c and SU(2)y, respectively, while
the Y's are U(1)y charges. The couplings ¢/, g and g, correspond to the strengths of each
force mentioned above.

The L, in eq. 1.3 represents the kinetic term associated with the gauge fields and
the fermions while the L7445 in eq. 1.4 describes the Higgs kinetic term and the potential
which plays a vital role in the spontaneous symmetry breaking. Here, p? is taken to be
negative in order to induce electroweak symmetry breaking and A > 0 is chosen to ensure
vacuum stability.

The term Ly defined in eq. 1.5 refers to the Yukawa part of the Lagrangian, where
® = igy @, o9 being one of the Pauli matrices. Here, Y and yfl]" represent the lepton
and quark Yukawa couplings, respectively. The first term in eq. 1.5 represents the Lepton
Yukawa term, and the last two terms refer to the quark Yukawa sector. Due to the
spontaneous symmetry breaking, the scalar field ® gets a vacuum expectation value (vev),
(®) = (0, %), which after substituting in eq. 1.5, the masses for the leptons and quarks
are obtained as

La— D yLa (1.7)

g Eyi]’ :
The Yukawa couplings consist of a large number of free parameters. The quark Yukawa’s

are described by ten physical parameters, six of them represent the masses of the quarks,
4
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and the rest of the four are essential to parameterize the Cabibbo-Kobayashi-Maskawa
(CKM) Matrix. The structure of the CKM matrix and the relevant phenomenology is

discussed in detail in the following subsection 1.1.1.

1.1.1 The Cabibbo-Kobayashi-Maskawa Matrix

As we discussed in the last section, after the spontaneous symmetry breaking, the Higgs

vev yields the following mass terms for quarks

Bk 4= m;-’ljaliiLdf;3 + m;;u%u% (1.8)

where the mass matrices are given in eq. 1.7. The Yukawa matrices and hence the mass
matrices m9s aren’t diagonal in general and contain several unphysical parameters. Thus,
we move to a basis where these mass matrices are diagonal which we call the mass basis.
One can diagonalize the matrices in the flavour basis through a bi-unitary transformation
to remove the unphysical parameters. The two unitary matrices V}% and V}! can be chosen
so that

m; = (VE)zkal(VI%T)U, (1.9)

This diagonalization rotates the left chiral and right chiral fields as
az, = (V{)idi, ar = (VR)ijdj- (1.10)

In the above equations, the left hand side represents the field in the interaction basis,
while the right hand side corresponds to the linear combination of the fields in the mass
basis. Here, we work in the mass basis and drop the prime.

The proportionality between the mass matrices and the Yukawa matrices renders di-
agonal Yukawa interactions in the mass basis whereas the W coupling is off-diagonal. On

transforming to the mass basis from the interaction basis, we have

Lo = —ngﬂngaQL + he. — —%ULW(VuLVJL)DLW,j + hee, (1.11)

where VV”jE = (Wﬁ + Wi) /v/2. In the denominator of eq. 1.11, the factor of v/2 results
from the normalization of the W¥ states with respect to the W2 states.
The CKM matrix is identified as

Vers = Var Vi, (1.12)

Thus, the CKM matrix arises from a basis rotation and is the only source of flavor-changing
interactions of quarks within the SM. Also, the CKM matrix is unitary i.e VCKMVgKM
=1.

The unitarity condition of the CKM matrix and redefinition of the quark fields help

5
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to reduce the initial nine complex elements of the CKM matrix to three real numbers (the
three mixing angles) and one phase (the only source of CP-violation within the SM). The
CKM elements are transformed as V;; — ei(“? _a?)VU under the field redefintions u’L —
eyl and df — eia?diL. Thus, the moduli of the elements |V;;| and the combinations

VaiVyj/ViiVy; are phase-convention independent quantities.

The CKM matrix can be parameterized in several ways. The Standard Parametrization
is given as [47]:
—id
€13C12 C13512 s13€
i i
—C23812 — C12823813€"  C23C12 — S12523813€"° (13823 (1.13)

d

; 5
593512 — C12C23513€" —593C12 — S12€23513€" C13C23

where s;; = sinf;; and ¢;; = cosb;; (i,j = 1,2,3). 6;;s are the three mixing parameters
and ¢ is the CKM phase. From experiments, we know that all mixing angles are small and
they follow the hierarchy sij3 < s93 < s12 < 1 [48]. The most useful parameterization is
the Wolfenstein parameterization [49], according to which each CKM element is expressed
as an expansion in the parameter, A = |V,5| ~ 0.22. We need four independent param-
eters to describe all the elements of a 3 x 3 unitary matrix. According to Wolfenstein,
these parameters are (A, A, p,n), where 7 is the CP-violating phase. Hence, following this

parametrization, the CKM matrix can be expressed as

. A AN (p—in)
—A — & AN2 +0(\Y (1.14)
AX(1 —p—in) —AN? 1

From the unitarity of the CKM matrix, we obtain the following constraints:
> VenVik =0nks > ViunViy = 6. (1.15)
m n

From these constraints, we will get six vanishing combinations for the off-diagonal el-
ements. These combinations are represented as triangles in the complex p — i plane.

Among these relations, the particularly interesting one is given below

VudVay + VeaVey + ViaViy, = 0. (1.16)

This equation contains the sum of three terms of the same order in the Wolfenstein pa-
rameter A. It is called “The Unitarity Triangle” as it looks more like a triangle than a line

as represented in fig. 1.1.

In terms of the elements of the CKM matrix, the angles of the unitarity triangle are
6
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ViaVy,
I/cd L(-)E,

rs T
V ud V ub

'.7 '.7
cd V (:{;

(0,0) (1,0)
Figure 1.1: Unitarity Triangle in the complex p — 7 plane.

expressed as

azarg(—%), Bzarg<— V{’VCd), vzarg(— V%’Vw) (1.17)

and the length of the sides are given as

VA Vil |V Via
R, = et R R A EEEE )
ch’ e ChMC

From the normalization, the length of the remaining side will become unity. Constraining
the sides and angles of the unitarity triangle is central to understanding the SM’s funda-
mental aspects and the CP-violating effects. The angles and sides are determined from

different processes, as will be discussed in section 1.3.

1.2 Charged versus neutral currents in the Standard Model

By choosing the mass basis for the quarks, only the W-boson couplings are flavor off-
diagonal i.e. they can couple to different generations of the quark mass eigenstates, whereas
the interactions of neutral bosons are flavor conserving. Thus, in the SM, the flavor-
changing charged current (FCCC) interactions occur at tree level, while flavor-changing
neutral current (FCNC) interactions are prohibited at tree level by having universal or
diagonal couplings in the mass basis. The relevant Standard Model bosons mediating
neutral current interactions are the photon, gluons, the Higgs and the Z boson.

The gluons and photon are protected from tree-level FCNCs as long as QCD and QED
remain unbroken. This is because the gauge symmetry forces the kinetic terms to be
universal. Hence the couplings of the gluons and photon to fermions will be diagonal.
The Higgs couplings are diagonal in the mass basis due to the proportionality between the
Higgs couplings to the fermions and the fermion mass matrices.

For the Z boson, the Lagrangian describing the coupling to up-type quarks,

7
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g i 2. i _j 2. j
L= p—— [UL'YM (2 — 351n29w> uy + Wpv <—381n29w>uﬁ] zZ+ (1.19)

where Oy is the Weinberg angle.
From a unitary rotation of the quark fields on moving to the mass basis (only the first

term in the above equation is considered),

g —q 1 2. i
L= m |:uLVuLPY/L <2 — 381n20W> VJLUL:| s (120)

Thus, the triviality of the flavor structure

Var Vi, =1 (1.21)

prevents any tree-level FCNCs.

We have studied the semileptonic decays of B mesons via the charged and neutral
current exchanges which provide two avenues for very interesting phenomenological impli-
cations. The charged current transitions, occurring at tree level in the SM offer important
insights into the structure of the CKM matrix. The extraction of the CKM elements from
the semileptonic and leptonic modes, where the hadronic and leptonic currents factorise is
clean as compared to the hadronic modes which involve the complex and unknown QCD
interactions. The various processes considered in the determinations of the CKM elements
will be discussed in section 1.3. On the other hand, the only way to generate FCNCs in
the SM is through loop-level transitions (involving penguin and box contributions) with
the W bosons and up-type quarks in the loops. The FCNC transitions are thus potential
probes of physics at higher energy scales, and the inconsistency of the measured observ-
ables with respect to the SM predictions signal the presence of new physics. Though the
charged current transitions may also be mediated by new particles in some extensions of
the SM and can probe new dynamics, we haven’t explored this possibility in this thesis.
A detailed discussion on the FCNC processes considered in this thesis will be presented

in section 1.4.

1.3 Determination of the CKM elements

The determination of the CKM elements precisely is necessary for understanding the mech-
anism of quark-mixing in the Standard Model and its implications for CP violation. The
extraction of the CKM elements corresponding to the lighter quarks is attained through
direct measurements involving tree level processes in the SM, whereas those involving top
quark are mostly determined indirectly through loop-level FCNC transitions. Below we

discuss the various processes involved in the measurements of the CKM elements [50, 51]:
o |Vy4| - The study of superallowed 0" — 0" nuclear beta decays provides the most
8
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precise determination [52]. Other probable channels are neutron and pion [ decays

(n — pev and 7+ — 7%w), though the pion 3 decay is phase space suppressed [53].

e |V.s| - Apart from the tree-level semileptonic K — 7lv and leptonic K — pv decays
[54], hyperon decays [55, 56] and hadronic 7 decays to strange particles also provide

measurement of this element [57, 58].

e |V.4| - This element is extracted from leptonic D — lv [59, 60] and semileptonic
D — mlv decays [61]. Another method is from neutrino scattering data off a fixed
target composed mostly of u and d quarks. The cross-section for double muon
production by neutrino beams from a charm final state is proportional to |Vq|?
[62, 63].

e |V.s| - The direct determination comes from semileptonic D — Klv [64, 65], leptonic
Dy — lv decays [66-68] and also flavor-tagged W — ¢5 decay (measured by Delphi
experiment) [69].

e |V,4| - This element is extracted from exclusive semileptonic decays like B — D)y
[70, 71] and inclusive decays like B — X, lv [72]. For the inclusive case, the total
semileptonic decay rate is described through the Operator Product Expansion (OPE)
and the non perturbative unknowns are obtained from final state lepton and hadron
energy distributions, whereas the determination from exclusive decays relies on the

calculation of the hadronic form factors.

e |V - The most relevant exclusive decays are B — 7lv and B — p(w,n)lv [73-77]
and inclusive decays are B — X,lv [1, 72]. The determination of |V,;| from the
respective inclusive decay is not clean as compared to the extractions of |V| from
B — X lv decays. The b — clv decays provide large background which necessitates
experimental cuts to separate the b — wu transitions from the background, thus
restricting the phase-space region where the measurement of the decay-rate could be
done. In the allowed phase-space region, usual OPE can’t be applied and one has
to rely on the non-perturbative shape functions, which complicates the theoretical
understanding of this decay. These shape-functions are modeled by various QCD-
approaches, thus rendering the values of |V,;;| extracted from these modes model

dependent.

e |Vy| - This element is extracted from single top production processes or on-shell
decays of top quark to Wb [78, 79]. The top quark is identified by measuring the
invariant mass of the W and b jet [80, 81].

e |Vis| and |Vi4| - These elements are determined by the indirect measurements through
B — B oscillations dominated by top quark box contributions or loop-suppressed rare
B and K decays [50, 82].
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The Unitarity Triangle (UT) angles can be constrained by measuring the CP-violating
observables. The most precisely measured angle of the CKM unitarity triangle is 8. sin 24
is obtained from b — c¢s transitions (Charmonium modes) for which the present world
average from measurements by LHCD [83] and B-factories [84, 85] is: sin 28 = 0.69940.017
[50]. The least precisely known angle of the CKM unitarity triangle is v which suffers from
larger theory uncertainties as compared to other angles. sin 2« is directly measured from
time-dependent CP asymmetries in b — uud transitions. Combining all the measurements
in B— ww, B— pm and B — pp decay modes which are related by isospin symmetries, «
= (85.2fi:§)° [50, 51]. As seen from eq. 1.17, =y is the only angle independent of the CKM
elements including the top quark and thus can be determined exclusively from tree-level
B decays, By — D(S)K(*) and BT — DK ®F [86-88]. Combining the measurements,
v = (65.9133)° [50]. The UTfit [48] and CKMfitter [89] collaborations perform global
fits of the measurements in various channels for determining the CKM matrix elements
with Wolfenstein parametrization either within the SM framework or in some specific NP

scenarios.

In this thesis, we have focused on the extraction of the CKM elements |V,;| and V|
from exclusive semileptonic decays of B(B;) mesons to lighter leptons (¢ = e, ) in the final
state. B — m(p,w)lv and By, — K /v channels are used to determine |V,;| and B — D) (v
and By — Dg*)EV modes for |Vp|. In the SM, the differential decay rate w.r.t. the dilepton
invariant mass squared ¢?> for B meson decaying to pseudoscalar mesons B — Pl is a
function of the form factors fi o(¢?) and the CKM element |Vg| (¢ = u,¢) and is given as
[90]

dar _ GyplVal
dg>  24m3mig*

(¢* = m})” |p(a®, mp, mp)| x

2 3m?
(14 8 ) i lota?mmme) P )+ S (o, — ) o )

(1.22)

where ‘p(qQ,mB,mp)‘ =V >\(q2>vamP)/2mB with )\(q2,m3,mp) F ((mB - mP)2 -

®)((mp +mp)? — ¢?). Here, P stands for the final state pseudoscalar meson.

The differential decay width for B meson decaying to vector mesons B — V /v, is given
as [90].

dr _ GyplVel* 5
dg>  192m3m3

m? 3m?
{ [(1 + 2;2) (., + B+ HEg) + 55 Ha,t] } | (1.23)

2\ 2
g%, mp,my) (1 - WlQl) X
q

where the hadronic amplitudes are given as:
10
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1.4 Flavor-Changing Neutral Current transitions

Hy+(q%) = (mp +my)Ai(¢®) F M) %), (1.24a)
mp + my
m m by 2
Hyo(q*) = 2;;\/% [—(mB —my® — ¢*)A1(¢?) n Erqn)w)QA (@], (1.24b)
Hyy(q%) = — AE]q;)Ao(qZ) (1.24¢)

Thus, from the above equations, we observe that the CKM elements can be extracted
from the available data on the partial branching fractions in the respective channels and
the determinations of the form factors from various approaches. Knowing the dependence
of the form factors on the kinematically allowed ¢ (or the recoil angle w of the final
state meson) region helps to determine the shape of the decay rate distribution. For the
determination of the form factors, Lattice-QCD (LQCD) calculations provide the most
precise estimates, which are most effective in the high ¢? regime. Light-cone sum rules
(LCSR) and QCD factorization/soft-collinear effective theory results are used for the low
¢ region where Lattice QCD results aren’t reliable. Section 2.1.2 contains a detailed

discussion on the form factors.

1.4 Flavor-Changing Neutral Current transitions

As discussed in section 1.2, the flavor changing neutral current transitions occur at loop-
level in the SM and are heavily suppressed in comparison to the charged current processes.
Thus, if in any BSM scenario, such transitions are mediated at tree level, that would
dominate the SM contribution and the virtual effects of new interactions can be observed
in the low energy precision experiments through the deviations of the observables from
their predictions in the SM. The well known formalism to study such processes is the
effective Hamiltonian approach which will be discussed in detail in section 2.1.1.2.

In this thesis, we have studied the exclusive b — sff and b — dl{ transitions. With
the plethora of data available in the b — s¢f channels over the last decade and with an
objective to explain the anomalous results observed in the low energy experiments, as will
be discussed in section 1.5, it is very necessary to perform an analysis of the new physics
effects with the currently available data, letting the data to decide the BSM scenario
most compatible with the present data. An analysis with the available experimental data
in these modes has been performed in chapter 3. In similar spirit to b — s¢¢ modes,

b — dl¢ decay modes are also FCNC processes but have some interesting features. These
11
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modes have non-vanishing direct CP asymmetry in the SM as the parts of the amplitude
proportional to A, = V,,V,;;, and Ay = V;, V)%, have same order of Cabibbo suppression,
whereas for b — s¢{ decay modes, the part of the amplitude proportional to A, = V,,V,); is
doubly Cabibbo suppressed and often neglected. Therefore, a relatively large CP violation
may be present in the b — d€¢ decays within the SM, which further motivates towards a
robust, systematic and precise analysis of these modes within the framework of the SM.
In addition, in the SM, due to the CKM suppression in b — d¢¢ transitions, the decay
rates are suppressed as compared to the b — sff channels. Therefore, the NP effects in
b — df¢ transitions can be easily discriminated as compared to that in b — s¢f decays. An
involved analysis with the exclusive b — d¢¢ modes in the SM and some NP scenarios has
been performed in chapter 5. Below we present the expressions for the differential decay
rates w.r.t ¢> and the angular observables corresponding to a final state pseudoscalar or

vector meson.

For B meson decay to a pseudoscalar meson B — P/¢/, the double differential rate
with respect to ¢? and cosf (6 is the angle between B and ¢~ in the dilepton center of

mass frame) [91] :

d*T
quC(l)sQ = a;(¢®) + bi(q?) cos B + ¢;(q?) cos? 6, (1.25)

where a;, b; and ¢; are functions of the QCD form factors as given in eq. B.4. Section

2.1.2 contains the details about the form factors.

The angular distribution

dl,
dcosf

is written in terms of the ¢>- integrated coefficients.

= A; + Bjcost + Cj cos® 0 (1.26)

Gax Tmaz Ginas
A = /2 dg®a(¢?), By = /2 dgbi(q”), C = /2 dg*ci(¢®)  (1.27)

Dmin Dmin Qmin

The ¢?- integrated decay rate I';, Fiy and the forward-backward asymmetry App of

the dilepton system are written in terms of these ¢>- integrated coefficients [91]:

1
I =24+ (), Arp =

2
Frp=—(A +C 1.28
3 H Fz( 1+ C) (1.28)

The decay distribution for B meson decay to a vector meson B — V(— My M)t~
can be described in terms of four kinematic variables: ¢? and the three angles 6y, 6; and
¢ [92]. According to the theory convention [92, 93], 6; is measured between V and [~ 0y
is the angle between V and M; and ¢ is the angle between the two planes containing the

lepton and hadron pairs.
12
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1.4 Flavor-Changing Neutral Current transitions

dq?dcostdcosbydo 327 q-, 01,0y, .

where,

J(q2,0,,0v, p) = J;sin0y + Jicos?Oy + (J5sin*0y + J5cos*0y)cos26;
+ J35in%0y sin%0,c082¢ + Jysin26y sin20;cosd
+ J5s1n260y sinbjcoso
+ (JEsin®0y + J5cos*Oy )cost) + Jrsin26y sinbysing

+ Jgsin20y sin26;sing + Josin?Oy sin0;sin2. (1.30)

The explicit expressions for the angular coefficients (J’s) given in eqn 1.30 in terms of
the transversity amplitudes corresponding to the decays are given in eq. A.4 and the

transversity amplitudes are expressed as functions of the QCD form factors according to
A.l.

For the CP-conjugated process B — V/(— M;M>)IT1~, the angular decay rate dis-
tribution is obtained from eq. 1.30 with the replacement .J; — J; = &J; where, & =1
for i € 1,2,3,4,7 and -1 for i € 5,6,8,9 [92]. Here, the angular coefficients J; is formed
from the helicity amplitude Ay = Ag(B — f), on the other hand the J; is formed
from Ay = Ag(B — f). The definitions for the associated CP-averaged (S;) and CP-
asymmetric (A;) observables obtained from the decay distributions are given by

Ji + jz Ji — jz
Si= =y A= o= 1.31
(dT" + dTI') /dg? (dT + dT) /dg? (131)
where T ,
LI - _ _ =
N7 (65 +3JF = J5 = 2J3) + 1(6J7 +3J7 = J5 - 2J5) (1.32)

The main source of theoretical uncertainties in these decay modes arise from the
hadronic form factors and other ill known non-perturbative dynamics. Thus, it is very
important to construct observables free from the hadronic uncertainties for precision tests
of the SM. To reduce the theoretical uncertainties, certain ratios of the CP-averaged ob-
servables are defined known as optimized observables [94] for which there is cancellation

of hadronic form factors to first order. The definitions are taken from [95]

P = 253 ’ Py = gﬂ’
1-Fy 3(1— Fy)
—Sy / Sj—a578
Py = R R o . 1.33
3 1= F, i=4,5,6,8 Fi(- F) (1.33)

For the decays such as B — K*9(— K*tn7)¢¢ and Bt — p*(— nt7%)¢¢, the initial
13
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state B meson flavor can be determined from the decay products at both the LHCb and
Belle and the observables corresponding to tagged events can be directly obtained from
1.29.

e The tagged decay rate distribution and the corresponding branching fraction

dl’ o 1 c s c s A dar Tag
<dq2> == Z(gg]l +6J1 —J2 —2J2), <BR>Tg:TB+ <dq2> (134)
e Optimized observables:

J3
2J9s’

J6s T Jy
P Tag — P28 —
< 2> < 3> 4J23’

P Tag:
(P1) 87,

N\ T J N\ T J AT J
() =5 B s (B -
)\ Ta T I8 g
<P8> " WaN ,——_ZCJS, (App) ™™ = _Z_<§26>Tag’ (Fr)™™ = — <(§l1;2>Tag
q q

(1.35)

The observables for the CP conjugate mode are obtained by replacing J; — J; in the

above equations.

On the contrary, when the final state is a CP-eigenstate, for eg. Bs — ¢(— KTK ™)/
and BY — p°(— 777l the same final state is produced from B or B decays resulting
in interference between decay and mixing. In such cases, tagging of the initial state B
meson flavor isn’t possible at the LHCb. In that case, only the observables obtained from

the CP-averaged distribution can be measured at LHCb:

dI'(B = f)+dl'(B — f)

dPdcostdeostydp > i+ Jilfi(01,05,0) = Y i+ il fi(61, 65, 6), (1.36)

7 7

whereas at Belle, also the observables corresponding to tagged B(B) decays as well as

the observables obtained from the CP-asymmetric distribution can be measured.

dl'(B — f)—dl'(B = f)
dq?dcosb;dcost yd¢

= [Ji = Jilfil61,05,9) = Y [Ji — &Ji) fi(61, 05, 6).  (1.37)

2 7

Chapter 5 contains a detailed analysis on these modes and the observables that can
be measured at the Belle and LHCb.

14
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1.5 Experimental status

In this section, we will present the current experimental status of several observables
relevant to the decay modes considered in this thesis. The B-hadron decays have gained
a lot of attention in the recent years with various groundbreaking experiments being
carried out by the experimental collaborations like Belle, BaBar, LHCb, CMS and ATLAS
with the aim of either directly observing the signals of new particles or measuring the
observables precisely predicted in the SM. Over the last few years, some puzzling results
have been observed in the low-energy precision experiments in B physics. In the neutral
current sector, the observables Ry = B(B — K™ utu~)/B(B — K®ete™) [96, 97]
are defined which conserved the Lepton Flavor Universality (LFU) of weak interactions
in the SM. The respective measurements have shown deviation from their respective SM
expectations ~ 3 o. A few angular observables in the B — K*¢¢ channel have also shown
deviations from their predictions in the SM, the most interesting one among them being the
optimized observable P; defined in eq. 1.33. Very recently, the LHCb have measured these
observables, where P! shows a deviation of ~ 3 ¢ [98]. The reason for these discrepancies
can be either the presence of poorly understood non-local effects or the presence of one or

more beyond the SM interactions.

Other golden channels for the b — s FCNC transitions are the purely leptonic decay
channel B? — p*p~ [99, 100] which have small branching fractions in the SM and the
radiative decays B,y — K*(¢)y [101]. The inclusive B — Xy rate (X; refers to any final
state hadron containing strange quarks) has precise SM prediction, making it an excellent
probe of beyond-SM phenomenon [102]. In the b — s¢¢ sector, plenty of observables have
been measured by various experimental collaborations [96-98, 103-107], thus providing
a thorough understanding on the ways to handle the hadronic uncertainties and as a
result define observables that are more sensitive to NP. The construction of observables
that either vanish or are strongly suppressed in the SM provide additional avenues to
look for possible new physics effects through their precise non-zero measurements. As
discussed in section 1.4, the b — d¢¢ transitions offer another window to look for BSM
phenomenon due to their low branching fractions in the SM. Till date, there is less amount
of information available on the relevant exclusive decay modes. The LHCb collaboration
has observed the BT — 7t utu~ decay for the first time at 5.2 o [108] and in [109], it has
provided measurements of the partial branching fractions in bins of ¢2, whereas there is
no data available on B — pff decays. Thus, the precise theoretical predictions of various
observables pertaining to these modes is extremely essential which can be further verified
in the future experiments and any deviation from SM predictions will provide possible

hints of new dynamics.

The CKM elements |V| and |V,,| are relatively less precisely known till date as seen

from the entries [50].
15
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Chapter 1. Introduction

0.97435 + 0.00016  0.22500 4 0.00067 0.00369 £ 0.00011
Vo = | 0.22486 £ 0.00067  0.97349 £ 0.00016  0.0418217 00057 (1.38)
0.0085770900%  0.04110%500855  0.99911875 000051

As mentioned in section 1.3, the tree-level semileptonic transitions such as B — wfy,
and B — D®{y, offer cleaner probes for the extraction of the elements |Vip| and |V,
respectively, and such decays have been extensively studied by the Belle and BaBar collab-
orations [70, 71, 73—76], where the measurements on the binned partial branching fractions
are provided which are proportional to |Vi,|? or |Vi|?. For the semileptonic decays of B*
or By (¢ = d,s) mesons to a pseudoscalar or vector meson, respectively, the detailed
mathematical expressions for the respective rates dI'/dg? are provided in eqs. 1.22 and
1.23. Also, a discrepancy exists for a long time between the inclusive and exclusive de-
terminations for both |V| and |V,;| from semileptonic B-meson decays (known as the
exclusive-inclusive puzzle), which calls for a combined effort from the theoretical and ex-
perimental fronts. The most up-to-date results on the extracted values of |V,;| and |V

can be seen from the particle data group (PDG) [72]:

Vi P = (3.70 £ 0.16) x 1072, [V = (4.25 £ 0.127713) x 1071,.39)
|[Vep[Telusive = (39.5+£0.9) x 1073, [Vp| "5 = (422 £0.8) x 1072, (1.40)

where the errors represent the experimental and theoretical uncertainties. The exclusive
and inclusive values are in mutual disagreement (by > 2.20). In chapter 4, we have
analysed the B — wlv channel for extracting |V,;|**“ with the aim to understand the

possible source of discrepancy between the exclusive and inclusive measurements.

Recently, the Belle collaboration has measured the values of |V,;| from inclusive spectra
with hadronic-tagging by four different methods, like Bosch-Lange-Neubert-Paz (BLNP)
[110-112], Dressed Gluon Exponentiation (DGE) [113], Gambino-Giordano-Ossola-Uraltsev
(GGOU) [114], and Aglietti-Di-Ferrera-Ricciardi (ADFR) [115]. From an arithmetic av-

erage of these values, they obtain [1]
|V |el8sve — (4,10 4 0.28) x 1073 (1.41)

This happens to be the most precise determination till date.

As seen from fig 1.1, the side opposite the well determined angle 5 in the unitarity
triangle is proportional to the ratio |Vi|/|Ve|. This ratio has been measured from the
partial rates of Ay, — puv normalized to Ay, — A.ur by LHCb [116].

|Vub’ _
|Ven|

(0.83 £ 0.04exp & 0.04¢,) x 1071 (1.42)

16
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The first uncertainty is experimental and the second results from the uncertainty in LQCD
prediction.

Recently, there has also been a measurement of the ratio BR(Bs — Kuv)/BR(Bs —
Dgpv) from LHCb [8] in two bins of the By — K momentum transfer, namely ¢? < 7
GeV? and ¢®> > 7 GeV? with B, — D,uv acting as the normalization channel:

RSY = (0.166 = 0.008(stat) =+ 0.007(syst) =+ 0.005(D,)) x 1072,
RYEN = (0.325 4 0.021(stat) 018 (syst) + 0.009(Dy)) x 1072, (1.43)

Here, the uncertainties are due to the statistical and systematic errors, and due to the
errors associated with the measured value of the branching fraction of D; — K™K 7.

From these branching ratios, the ratio has been obtained in the respective bins.

v,
Vaol 10 0.61 + 0.020xp & 0.03,) x 1071,
p
Vel
|Vub| . -1
A (high) = (0.95 = 0.04¢yp % 0.07,) x 107", (1.44)
Cl

where the theoretical uncertainties correspond to the form factor integrals and D branch-
ing fraction and experimental uncertainties are statistical and systematic. In chapter 6,
we have analysed the mesonic b — ¢(u)lr modes simultaneously for a combined extraction
of |[Vep|®"¢ and |Vyp|°¢, also incorporating the measurements on the ratio of the branching
fractions in the two bins given in eq. 1.43 to study the impact of these inputs on the
extracted value of |Vp|/|Vep]-

In the subsequent chapters, we present a brief outline of the basic theoretical tools
necessary for flavor phenomenology, mainly the concept of effective field theories and the
statistical techniques used in our analysis related to interpreting the experimental data

and discuss about the various contributions to this thesis.

17
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Chapter 2

Methodology

2.1 Theoretical Framework

2.1.1 Effective Hamiltonian Approach

The Effective field theory (EFT) is an important framework to deal with phenomena that
are spread over a multitude of energy or length scales, such as the electroweak scale deter-
mining flavor-changing transitions of quarks and the scale of strong interactions related
to the formation of hadrons. Every EFT has a scale of validity upto which it is valid.
The scale hierarchy is the fundamental concept behind the idea of EFTs. This theoretical
framework allows the separation of short-distance effects from long-distance QCD in an
effective Hamiltonian approach.

This formalism is based on the Operator Product Expansion in which the effective
Hamiltonian is expressed as a sum over all possible operators multiplied by the corre-

sponding Wilson Coefficients. The amplitude A for any process is given as [117]

A= (Hett) = Zci(ﬂ)oi(ﬂ) (2.1)

where p is the renormalization group (RG) scale. O; are a set of local operators with
dimension d; and C; are the respective Wilson coefficients (WCs). C;s encode the short
distance effects from the Standard Model (W*, Z bosons and the top quark) or the new
physics dynamics.

In an EFT framework, the most important steps involved are the matching between
the full and the effective theory at the relevant scale and renormalization group running
from one scale to another. Considering the Standard Model as the underlying theory,
through the procedure of matching the amplitudes in the full theory with those in the
EFT, the SM contributions to the Wilson coefficients are evaluated at the electroweak
scale u = my. The Wilson coefficients are then evolved down to the b-quark mass scale
u = my according to their RG equations since it is the relevant scale for all observables

related to the B-hadron decays considered in this thesis.
18
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dei(p) 1
leg,LL - ; ].6772 ’YZ]C] (22)

Here ~;; is the anomalous dimension matrix.

For the contributions from new physics to the process under study, through the match-
ing between the amplitudes in the NP model and the EFT, the WCs are evaluated at a
high-energy scale y = A which are then run down to the electroweak scale and finally
to the my scale. However, in this thesis, we directly constrain the new physics Wilson
coefficients from experimental data.

Both the Flavor-Changing Charged and Neutral Current transitions can be studied in

this formalism as discussed below.

2.1.1.1 Charged current transitions

The effective Hamiltonian for semileptonic charged current transitions of B mesons with
all possible dimension-six four fermion operators in the absence of right handed neutrinos

is given as [90]:

4GF
V2

where G is the Fermi constant. The four-Fermi operators are defined by

Heff i ‘/qb[(élT + CV1)0V1 + CV2 OVQ + Csl 051 + CSQ OSQ + CTOT] (23)

0% = (@y"br)(rymr),

O = (ary"0r) (ML),

Os, = (qwbr)(IruL);

Os, = (arbr)(IruL);

O = (qro"br)(lrouwuir) (2.4)

where ¢ = u, ¢ corresponding to b — wflv or b — cfv transitions considered in this

thesis. In the SM, only the operator (9%/1 contributes to the decay width.

2.1.1.2 Neutral current transitions

The effective Hamiltonian for semileptonic FCNC transitions of B mesons for eg. b — sé/

at the scale p ~ my, after integrating out the heavy degrees of freedom is given by [92] :

4G u
Heps = ——12 ()‘t/Hétf)f + )‘th(e]‘)f> 7 (255)
\/7
where A\, = VipViis (m = u, ¢, t) are the CKM factors. The combination Ao = V3,V is

eliminated by using the unitarity relation A, + Ac + A = 0.
19
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1) = G0+ 05+ Y (Coi+ oY+ Y (GO + CiO
1=3,..,6,S,P 1=17,8,9,10
HY = C1(OF — OF) + Co(05 — OF) .

The operator basis is given as [92, 118]:

o7
@
O3

Oy
Os

Os

(57, T"pL)(PLA"TbL),
(5Lvupr)(PLy"bL),
(8L7ub1) Z(fﬁ“ q),

q

(57, TbL) > (VT q),
q

(3L Vi YusbL) (@Y 72142 q),
q

(EL’Yul'Ym Vs TabL) Z(q—vm yH2 R Taq)

O = g%mb(gaWPRb)FW, O’ = —my(50,,, Prb) F*,
g
- 1 ~ 1
Oz = Emb(EJ#yT“PRb)GW, Og = gmb(&fwTaPLb)G“”,
~ 62 = ~/ 62 =
Oy = ?(5')’#]311[))(17#1)7 09 = g_g(ngMPRb)(l’Yul)v
= 62 a4 ~/ 62 -
O = ?@WPLb)(l’Y”%l)a Oy = gﬁ(EVMPRb)(ZV”V5Z)’
O @ n(5Pab)(I = (5Pub) (0
5 AF @mb(s rO)(11), Og = @mb(SPLb)( )s
62 - = ’ 62 _ -
Op = me(SPRb)(l%l), Op = me(SPLb)(Z%Z)

(2.6)

(2.7)

Here p = u,c and T%s are the SU(3)c generators. The effective Hamiltonian and the

operator basis corresponding to b — df{ transitions can be obtained by replacing s — d

in the above equations.

OF, OF are the four-quark current-current operators, O3 ¢ are the quark penguin

operators, O7 and Og are the photon dipole and chromomagnetic operators and @9,10 are

the semileptonic operators. The primed operators with opposite chirality to the unprimed

ones vanish or are highly suppressed in the SM, as are Og¢) p¢). We don’t consider the

contributions to operators O, for 1 < i < 6. These operators are present in some BSM

scenarios but their impact turns out to be highly constrained.

As discussed in section 2.1.1, the Wilson coefficients encode short-distance physics and

TH-3118_176121005
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possible NP effects. The WCs corresponding to new interactions are directly constrained
from data considering them as free parameters and it is one of the main objectives for
the b — slf transitions considered in this thesis. The SM contributions to the WCs are
calculated at the scale yu = my up to next-to-next-to leading order (NNLO) and expressed
as a perturbative expansion in the strong coupling constant as(uw) [118, 119]. They are
then evolved down to scale u = my using renormalization group equations, given in eq.
2.2 which require a calculation of anomalous dimension matrices y(cs) up to three-loop
accuracy. After incorporating the QCD corrections, the coefficients Cy and C7 modify and
appear as combinations of the other C/s. Therefore, it is convenient to define the effective
Wilson coefficients: C5// and /Y [92).

47 s 4 20 80
el - . e lekdes.
4
C5' = G+ Y () (2.8)

where Y (¢?) is given in [92]. The four-quark current-current operators O}, O} and
quark-penguin operators O3 g contribute to C’gf ! Wwhich also includes the leading order
(LO) charm-loop effects.

Besides the terms proportional to the form factors, the amplitudes also contain certain
“non-factorizable” effects that are related to the matrix elements of the purely hadronic
operators 01 g and the chromomagnetic dipole operator Og with virtual photon emission.
In particular, these effects include the contributions from the “hard” corrections to the
weak vertex, hard-spectator corrections and the contributions from the weak annihilation
(WA) diagrams. There are no such corrections for the semileptonic operators. In the
QCD-factorization (QCDF) approach, one can systematically calculate such effects where
the most general factorization formula for a heavy to light transition amplitude at leading

order in 1/my reads schematically [120]:

Td =Cikp+ ¢ T, @ ¢, (2.9)

[1P=)

where “a” stands for the polarization of the final state vector meson (¢ — || or 1),
i =u,t, {p is the “soft” form factor and T? is the hard-scattering kernel convoluted with
heavy and light meson light-cone wave functions ¢p and ¢p, respectively. The vertex
corrections to the four-quark operators contribute to C¢, which can have factorizable and

non-factorizable parts at order ay:

a,Cr

ci=cil0 ¢ (CUD) 4 i) (2.10)

C’ZL(O) is the leading order contribution in ag. Similarly, the contribution from the WA

21
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diagram will appear in T! at the leading order in the expansion of the strong coupling
constant. At order o« there will be factorizable as well as non-factorizable contributions

(1

in T given by T, AR % is expanded as

a,Cr

Ty =T, + =

i) (2.11)

As can be seen from [120], in the QCDF framework, the factorizable corrections arise
when the full QCD form factors are expressed in terms of the soft form factors £ps. Since
we will be using the form factors defined in full QCD in this thesis, we need to add only
the non-factorizable corrections. These contributions are added to the naive factorisation
amplitudes as given in eq. B.2 for decays to pseudoscalar mesons and in eq. A.1 for decays

to vector mesons [92].

CDF 2my, OWAnf 1 —(u),WAEn
AARGDE \/QN—q2 (m% — @) (TOWAHnS | 5 T WatnDy),

QCDF QCDF
AAH,L,R - _AAL,L,R )

N(mZ — ¢2)2 o .

AAQQ%’%F _ (mB2 q°) mb(ﬁl(t),WA—l—nf_'_)\u,ﬁl( ), WA+ f))' (2.12)

i mym \/?

B

Here, Xu = Ay/At. N is expressed as in eq. A.2.

Information from long-distance physics is encoded in the light-cone distribution am-
plitudes (LCDA), ®p + for the B meson and ¢ for the final state mesons. For B meson,
the light-cone distribution amplitudes are written as [121, 122],

1
Dy, (W) = e, B () = e (2.13)
0

These enter the decay amplitude through the moments )\]§1+ (¢%) and A5 (¢?) [121, 122]

= > ®p+(w) —1
Agl, = dw—"""0 — 2.14
T (214)
and
_ o0 Pp_(w) e—a°/(Mpwo) ‘ _
A=l (P = / d : = —Ei(¢*/M . 2.1
5. (a) N ey o [—Ei (¢*/Mpwo) + ix] (2.15)

Here Ei(z) is the exponential integral function. )\;1_ appears via the weak annihilation
term in the decay amplitudes, and the imaginary part in eq. (2.15) acts as an important
source of strong phase which is necessary for CP violation. As can be seen from ref. [123],

at the leading order, the contribution in 70 (¢?) and E(u)(q2) from the weak annihilation

0,u)

diagrams is proportional to A\5"_ (qQ)Té’O;t) and A" (qz)Té , respectively. The imaginary
22

TH-3118_176121005



2.1 Theoretical Framework

part of )\;_(QQ) (eq. 2.15) is highly ¢ dependent and has large values at low ¢ compared
to that at high ¢® regions. The contribution in neutral B decays from Té?iu) is negligible.
However, for charged B decays, numerically T é’oiu) > TCEO_t) since T [E’Oiu) is proportional to
the WC Cy ~ 1 whereas T(S);t) is proportional to a linear combination of C5 ~ —0.005
and Cy ~ —0.08. Due to this reasoning, E(u)(qQ) is more sensitive to the variation of
¢ as compared to E(t)(qQ) leading to large CP asymmetry for the charged B decays as
compared to the neutral B decays. The CP asymmetry for BY decays is small, as weak

annihilation is mostly mediated by loop-suppressed QCD penguins.

The light-cone distribution amplitude in the leading twist for light mesons in the final
state is given by [124, 125],

¢mgw:6M1_wp+amc§m@u—n+amc§m@u_n} (2.16)

where C’T(L?’/ 2) (x) are the Gegenbauer polynomials and a,,, are the Gegenbauer moments.

2.1.2 Decay constants and Form Factors

The hadronic matrix elements of the form (0|7 ['q|h) or (h'|g Tq|h) (h and k' refer to the
initial and final state hadrons) for the leptonic or semileptonic transitions are expressed in
terms of appropriate decay constants or form factors which are non-perturbative quantities
and serve as dominant sources of uncertainties for the theoretical predictions of several
observables in the flavor sector. These are functions of only Lorentz scalars, ¢> which is the

squared four-momentum transferred to the dilepton system in a semileptonic transition.
The hadronic matrix elements for B- decay to a pseudoscalar meson are given as [90],

2 2 2 2

(P(k)| 70| B(p)) = @+mu———?—£%.nm%+%T£;@£m@%, (2.17)

where f1(0) = fo(0) to cancel the divergence at ¢* = 0.

= : 2fr(q°)
P(k 0| B = - ky, — kupy) ————— 2.18
(PR o B) = ~ilpby, — hup) 2L (2.18)
The hadronic matrix elements for B decay to a vector meson [90, 126],

VU1~ 35 B = —ic(mp + my)Ar(a) +i(2p — e - ) 20
H ® K mp + my

) WV T Ag(?) — A e €V Pk M) (9 19

+igu(e* - q) 2 [43(¢°) — Ao(4°)] + €uvpo€™p O (2.19)

mm@@):4———ﬁuﬁ—@%§Q@@)wd%@:@@ (2.20)
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<V(k‘)|f0‘”,,qy(l + ’75)b‘B(p)> = ifuupae*yppka 2T (q2)

+To(q%) [e),(mB —mi) — (" - q) (20 — @)u] + T3(a*)(€" - @) |qu — e — (20— q)u
(2.21)

with T1(0) = T»(0). €, is the polarization vector of the final state meson. f represents the
quark in the final state meson in the above equations.

Thus, knowing the variation of the form-factors over the whole ¢ region helps to
determine the shape of the decay rate distribution. As discussed in section 1.3, different
approaches are more reliable in different kinematic regions for the estimation of the form
factors. Therefore, in order to extrapolate the information contained in a restricted ¢?
region to the whole range, it is crucial to have a parametrization of the form-factors
satisfying the general properties of unitarity, analyticity and crossing symmetry. The basic
idea involves a change of variables from ¢? to z resulting in a mapping of the semileptonic

region 0 < ¢ < t_ onto a unit circle in the complex z plane.

Vi — @ — =1
o) =, (2.22)
Vite — @+ Vi =1

where tL = (mp +myp)? and tg =t (1 — /1 —t_/ty), where F denotes the final state

meson. tg is a free parameter that governs the size of z in the semileptonic phase space.

The form factors are analytic functions of ¢? except at physical poles and branch cuts

above the production threshold. They can be expanded as a simple power series in z:
o0
k)
P(a®)i(d® o) fi(a®) = > al" (t0)2(¢? to)” (2.23)
k=0

Since the absolute value |z| is small in the semileptonic region and the z-expansion
coefficients are constrained to be small by unitarity, only the first few terms suffice to
describe the form factor shape accurately, which leads to a faster convergence of the
series. The Blaschke factors P;(¢?) are chosen to vanish at any subthreshold poles to
ensure analyticity of fi(¢?) and the outer functions ¢;(q?,tp) can be any analytic func-
tion of ¢2. There are several parametrizations in the literature to parametrize the form
factors, Bourrely-Caprini-Lellouch (BCL) [127], Bharucha-Straub-Zwicky (BSZ) [4] and
Boyd-Grinstein-Lebed (BGL) [128], the details are given in the following subsections.

2.1.2.1 BSZ parametrization
According to BSZ, the parametrization of any form-factor reads [4]:
N

> aj, 2(0)]%, (2.24)

(2
Jla) = 1_(12/ MR =)
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where mp; denotes the masses of sub-threshold resonances compatible with the quantum
numbers of the respective form factors, as given in table 2.1 and aZs are the coefficients of
expansion. The advantage with this parametrization is that the value of the form factor
at ¢> = 0 is among the fit parameters. Also, in BSZ parametrization, the kinematical

constraint f1(¢> = 0) = fo(¢> = 0) directly leads to the relation aj = aj among the

coefficients.
F; JP mlg;d(u) (GeV) ml}{_zs (GeV)
fo 0t 5.540 5.630
Ay 0~ 5.279 5.366
fo, fr, T,V 17 5.325 5.415
1o, T3, A1, Ay 1T 5.724 5.829

Table 2.1: Masses of resonances of quantum numbers J for the parameterization of the form
factors f; for b — d(u) and b — s transitions.

2.1.2.2 BCL parametrization

According to BCL, f; and fj are as follows [127]:

N.—1
fr(2) = = /mB > bt = (e, (2.25)
* n=0 A
N.—1
fo(z) = ) bp2", (2.26)
n=0

where mp+ is the mass of the B* resonance. Here, b?/ * are the coefficients of the

expansion which are free parameters and they obey the unitarity constraint

S®Y,N,) = Z By /00 <1, (2.27)

m,n=0

where the element B,,, satisfies B,,, = Bnpm = Bojm—n|; the details for which can be
seen from [127, 129]. This expansion obeys the known asymptotic behaviour near the Br
threshold: Im(fy(q?)) ~ (¢* — t4)%/%. Therefore, at ¢*> = t; (z = —1), the derivative of
the form factor must satisfy

df —* \ =0. (2.28)

z=—1

This constraint is used to remove an independent degree of freedom from the series ex-
pansion in z. For the scalar form factor fy or it’s derivative there are no such constraints
available at any value of z, so a further degree of freedom can’t be removed in the series
expansion of fo(z). In refs. [130, 131], the functional form of fy does not include the

pole factor as used in the BSZ parametrization, according to the argument that

1
lfqz/mQB*
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the scalar B* meson whose mass is expected to be above the B7 threshold has not been

observed experimentally yet.

2.1.2.3 BGL parametrization

In the BGL method of parametrization, the form factors (f4, fo, g, f, F1, F2) can be ex-

pressed as an expansion in z as [128]

v AT
0= P 4 2

where z is related to the recoil variable w (w = vp.vp with v and vp being the four-

velocities of B meson and the final state meson) as

L _VEEi-v3
VeI Ve

w is related to the momentum transferred (¢2) as ¢* = m% +m% — 2mpmpw. The

(2.30)

functions P;(z), called the Blaschke factors, are given by

P(z) =[] =2 (2.31)

9
1-22

which are used to eliminate the poles at z = 2, where,

2p = . (2.32)

Here mp denotes the pole masses, details are given in [6]. We provide the pole masses

used in B — D™ and B, — Dg*) channels in this thesis in tables 2.2 and 2.3 respectively.

Form factor involved Bg*) pole masses (GeV)
f+and g 6.32847, 6.91947, 7.030
f and Fy 6.73847, 6.750, 7.145, 7.150
Fy 6.27447, 6.8712, 7.250
fo 6.70347, 7.122

Table 2.2: Pole masses used in the B — D™ modes.

The outer functions ¢;(z) are chosen to be [132]
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Form factor involved BY pole masses (GeV)
I 6.32847, 6.91947, 7.030, 7.280
g 6.32847, 6.91947, 7.030, 7.280, 7.365
fand Fy 6.73847, 6.750, 7.145, 7.150
F 6.27447, 6.8712, 7.250
Jo 6.70347, 7.122

Table 2.3: Pole masses used in the B, — Dg*) modes.

b L P [B (eaa-9
ki 3% (0) [(1+ 1) (1 — 2) + 2v/r(L + 2)]°
b = (=) o (A= (233

T+ (0) [(1+1)(1 - 2) + 2y/r(1 + )]

for pseudoscalar mesons in the final state and

b dr nr (14 2)(1 — 2)3/2

F= 6mx T, (0) [(1 4+ 7)(1 — 2) + 2/7(1 + 2))"

¢g = 167 - e H e 1
3mXT-(0) [(1+7)(1 — 2) +2v/r(1 + 2)]*

b = Ar n (1+2)(1 = 2)°/2
7T mE\emd (0) [(1+1)(1 - 2) +2vr(1+ )P

e 2 n (1421 —2)" 12
br, = 8V2 O L+ =2 £ 2+ 3T (2.34)

for vector mesons in the final state.

Constants Values
Gr 1.166 x 107° GeV 2
x7_ (0) (for g and f4) | 5.131 x 107* GeV~2
X1y (0) (for fand Fy) | 3.894 x 107* GeV 2
x&- (0) (for Fy) 1.9421 x 1072 GeV~—2
xg+ (0) (for fo) 6.204 x 1073 GeV~—2

Table 2.4: Various inputs relevant to this thesis [6].

Here, r = mp/mp and the other inputs can be found in [6]. The values of the constants

are provided in table 2.4. These coefficients satisfy the following weak unitarity constraints
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N N N N N
STl <1, )<, )<t Y@+ e)?<1 D (@) <1
J=0 ‘ 7=0 j ;

(2.35)
Furthermore, the kinematical constraints on the form factors, at zero and maximum recoil

are given as

Fi(1) = mp(l—r)f(1), (2.36)

1+r
max max ). 2-37
Fo(wmas) Mm% (1 + Wpnaa) (1 — r)r]:l(w ) (2:37)

2.2 Statistical tools

The developments in theoretical physics must go parallel with active experimentation
which is very crucial for validation of the existing hypotheses or building up of new hy-
potheses in compliance with the observed data. Over the last few years, there has been
a significant progress in high energy physics from both the theoretical and experimental
fronts in terms of the precision achieved in the theoretical predictions and the experi-
mental measurements. As discussed in sections 1.3 and 1.4, there are several low energy
observables which can be measured with very good accuracy in different experiments. The
interesting observables are those for which the SM predictions deviate significantly from
their respective measured values, providing hints for some BSM physics. Thus, with the
plenty of data in various decay channels available in the past few years and in the coming
years, the need for statistical methods remains for extracting meaningful information from
the experimental data and verifying the agreement with the model predictions. Statistics

offers a way to interprate the observations, typical tasks include:
e Simulating a physical process - modelling
e Measuring the value and uncertainty of a parameter — point and interval estimation.
e Comparing one hypothesis against another — hypothesis testing.
e Comparing one hypothesis against all others — Goodness of fit.

There has been advancement in High Energy Physics through the interplay of top-down
(theory-guided) and bottom-up (data-driven) approaches. Since the 80’s, the SM has
been a roadmap that led to the discovery of the W and Z bosons, the top quark, and
the Higgs boson (top-down approach), but the experimental observations which the SM
fails to explain necessitates the formulation of competent theories beyond the SM through
the data-driven approach. In the following sub-sections, we discuss the important ideas
of the statistical methods incorporated in this thesis related to parameter estimation and

selection of competent hypotheses compatible with the observed data.
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2.2.1 x? Analysis and goodness-of-fit test

In high energy physics, Reduced x? analysis is one of the most popular methods for
point and error estimation. Parameters of the theory are obtained by performing a test of
significance (goodness of fit) by defining a x? statistic which is a function of the parameters.

For a set of N independent measurements y; at known points x;, we assume that
the measurement y; is Gaussian with mean p(z;;60) and variance 0. The log-likelihood

function contains the sum of the squares

N
x2(0) = —2InL(0) + constant = Z w (2.38)

i i

The values of the parameters maximizing the likelihood are the same as those which
minimize y2.
If the y;s are not independent but have a covariance matrix Vj; = cov|y;, y;], then X2

is defined as

X2(0) = (y — (@) V" (y — u(0)) (2.39)

where y = (y1, ..., yn) is the (column) vector of measurements, y(6) is the corresponding
vector of predicted values.

The objective of x? analysis is to minimize the x? statistic or maximize the chances of
agreement between the data and the fitted function. Thus, the minimum value of x? can
be used for assessing the goodness-of-fit. p-value is a quantity which quantifies how much

the data agrees with a given hypothesis, defined as:

[e.e]
p=/ f(zina)dz (2.40)

X%ﬂ'n
assuming that the test-statistic follows a y? probability distribution function (p.d.f.)
f(z;ng) and ng is the number of degrees of freedom. The mean of the x? distribution
equals ng in general, and thus, the quantity x?/ng defined as reduced x? seems to offer a

simple insight in the following ways:
o If X?«ed > 1 for any case, it is treated as a “poor” fit.

e The comparison between competing hypotheses considering a particular set of data
is carried out by analyzing the Xfed values corresponding to each hypothesis. The

one with the Xfed value closest to 1 is the best hypothesis.

Keeping aside the simplicity of this technique, there are some serious pitfalls, the
major one being the fact that the value of x? obtained is uncertain and subject to the
noise present in the data. This uncertainty should also be reflected in the value of Xfe 40 but

is generally neglected. Thus, the method of X%ed isn’t reliable to assess the convergence or
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compare various hypotheses and this calls for alternative methods. In order to assess the
goodness-of-fit of some model to a given dataset, one should first inspect the distribution of
residuals. The true model with parameter values and a-priori known measurement errors

o; has the normalized residuals [133]
(2.41)

distributed according to a Gaussian with mean p = 0 and variance 02 = 1. For any model,
if the normalized residuals are plotted in a histogram and the histogram shows statistically
significant deviation from the Gaussian, the model is ruled out. If on the other hand,
the difference between the histogram and Gaussian isn’t significant, that would signify
that either the model is the true model or the number of datapoints aren’t sufficient to
discover the deviation. One of the methods to quantify comparison of the residuals to the
Gaussian is Kolmogorov-Smirnov (KS) test where the empirical cumulative distribution
function (CDF) of a sample is compared to a theoretical CDF by quantifying the distance
between the distributions. Under the assumption that the sample is drawn from the given
distribution, this distance (KS-statistic) has a known probability distribution. The KS-
statistic for the particular sample is then compared to its known probability distribution.
Another method to compare the residual distribution to the Gaussian is Shapiro-Wilks
(SW) test [134] which is the first test which detected departures from normality using
skewness and/or kurtosis. Other popular methods are ‘Anderson-Darling’, ‘Cramer-von
Mises’, ‘Jarque-Bera’ etc. In all such tests, the validity of a hypothesis depends on whether
the probability of the goodness of fit test is above or below the significance of 5 %. Among
all the fitted models, the ones with the p-value of the residual distribution above 5 % are

considered as the plausible explanation of the data; the rest are ruled out.

2.2.2 Model selection

As discussed in the previous section, one of the major goals of statistical analysis is to
select the best model out of all the competing hypotheses for a given dataset and this calls
for the role of 'model selection’. Model selection needs to take both goodness of the fit
and the complexity of the competing models into account. According to the concept of
parsimony [135], a model representing the truth is obtained with the minimum possible
number of parameters for efficiently representing the data. If we try to fit the dataset
with a model with fewer parameters, the model doesn’t fit to the given dataset well and
there is the problem of underfitting and high bias. On the other hand, a model with a
large number of parameters can fit the observed data very well, but it suffers from the
possibility of just fitting the noise leading to overfitting and has poor predictive power
for a newer datapoint. Thus, such models have large variance as the model performance

greatly varies between the training and test datasets. The important problem, therefore,
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is to optimize the number of parameters required to explain a certain observation. The
best model is the one with the number of parameters just right to have minimum bias and
minimum variance known as the bias-variance trade-off. Several methods are available
in the literature capable of achieving this, we discuss a few of them in the following

subsections.

2.2.2.1  Ay?

When the competing models are nested i.e. one is a subset or extension of the other, Ay?
test is useful for comparing the models. According to Wilk’s theorem [136], when the
model with fewer free parameters is true and certain conditions are satisfied, the quantity
Ax? corresponding to the difference of x? between the two models should follow a 2
distribution with the number of degrees of freedom equal to the difference in the number
of free parameters in the two models. Thus, one can compute the p-value and decide

whether a model be accepted or rejected in favor of the other.

2.2.2.2 Akaike’s Information Criteria

This method is based on the empirical log-likelihood function at its maximum point.
‘Akaike’s information criterion’ (AIC) is defined as [137]:

AIC = x2,, + 2K (2.42)

where K is the number of estimable parameters and x2,. is the x? value for the fitted
model. The model with the minimum AIC value is considered to be “closest” to the
unknown reality. AIC may perform poorly if the number of parameters is comparable to
the size of the sample. To account for the small sample-size, Sugiura derived a second-order
variant of AIC.

The small sample-corrected Akaike’s Information Criterion (AICc) is defined as [138,
139]
2K(K +1)
n—-K-1"
where n is the sample-size. In the literature, AICc is preferably used when n/K < 40.
AICc is the likelihood penalized by the degrees of freedom. Thus, AICc accounts for

uncertainty in the data (-2Log(L)) and makes the assumption that more parameters lead

AICc = X2, + 2K + (2.43)

to higher risk of over-fitting (2K). The candidate models are ranked in increasing orders
of AAICc = AICc! - AICc™". The best model depicting the truth has minimum AIC¢
and thus AAICc = 0, stating that as the model complexity increases, the chances for it
getting selected in the model selection procedure decreases. In table 2.5, we provide the

level of support for a model corresponding to the value of AAICc.
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AAIC¢ | Level of Empirical Support for Model i
0-2 Substantial
4-7 Considerably Less
> 10 Essentially None

Table 2.5: The values of AAICc! for analysis of various models.

2.2.2.3 Cross-validation

For model selection, ‘cross-validation’ (CV) is the most generally applicable, powerful and
computationally expensive method [133]. The most straightforward and expensive version
of cross-validation is “leave-one-out cross-validation” (LOOCYV). It simultaneously tests
the predictive power of the model as well as minimizes the bias and variance together.
In LOOCYV, one of the data points isn’t considered and the remaining sample, called
the training set is optimized for a particular model. Then that result is used to find
the predicted squared error (SE) for the left out data point, which is defined for the it"
observable as given below

(szp . Olitheory)z

O+ Ty

where 0c¢zp and ypeory are the experimental and theory errors of the it" observable. This

SE =

(2.44)

process is repeated for all data points and a mean-squared-error (MSE) is obtained using
all those residuals. This process is repeated for all models. The models with the least
MSE are the best ones.

2.2.3 Bayesian data analysis

The Bayesian approach has the important characteristic of explicitely using the probabil-
ity for quantifying uncertainty. Considering n measurements of a random variable z, dis-
tributed according to some p.d.f f(z;0), the likelihood function for the data x = (z1, ...xy)

for a given value of the parameter 6 can be written as

n

L(0|z) = P(x]6) = fiomt(x]6) = [ ] f(z:;6) (2.45)

i=1
The interesting quantity to know is the conditional p.d.f. for 6 given the data P(0|z, H)

which is obtained from the Bayes’ theorem:

_ P(«|6, H)P(6|H)
~ [ P(z)¢", H)P(0'|H)do/

P(0|z, H) (2.46)

Here H represents the overall hypothesis space, P(6|H) is the prior probability density
for the parameter 6, signifying the information sbout 6 before considering data. P(0|x, H)

is known as the posterior probability density for the parameter 6 in the presence of data.
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In Bayesian statistics, both the observables and the parameters are treated as random
variables. Thus, from the knowledge of the probability distribution function of the data
P(x|6, H) and prior probabilities for the parameters, we can determine the probability for
the parameter to attain a specific value and can directly determine the parameter spaces
in the presence of observations. Generally, priors are considered to be uniform(flat) : the
posterior density function is proportional to the likelihood function and the parameter
value that maximizes the posterior density is the same as that which maximizes the like-
lihood (in one dimension). Given the observations xy and assuming L(6) = P(x|0), the
value 6 that maximizes Likelihood offers an estimate of the true value of the parameter,

whereas the uncertainty is obtained from the square root of the estimator’s variance.
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Chapter 3

New physics in b — s// decays with
complex Wilson coefficients

3.1 Introduction

In this chapter!, we have analysed the new physics effects in the exclusive Flavor Changing
Neutral Current b — s€¢ transitions in a model-independent effective theory approach
with dimension-six operators with the objective of providing a plausible explanation to
the perceived anomalous results in flavor physics, as discussed in section 1.5. The effective
Hamiltonian and the operator basis for the b — su™ ™ transitions are discussed in section
2.1.1.2. The analysis has been performed with the most recent data obtained from various
experimental collaborations while comparing the outcome with that from the relatively
old dataset. As a first step, we check whether each of the single-operator scenarios can
independently explain the present data and find that the operator Og = ;—E(EVMPLZ))(IWM )
is the only one-operator scenario for not only real but also complex Wilson coefficient
that can accommodate the present data. It is thus tempting to look for other possible
combinations of these operators with the potential to explain the present data, which is

achieved through the procedure of model selection, as discussed in section 2.2.2.

In section 3.2, we first discuss the theory related to the FCNC transition considered
in this chapter, in section 3.3, we mention about the experimental inputs used in this
analysis. In section 3.4, we provide details of the analysis method considering initially the
one-operator scenarios and subsequently employ state-of-the-art model selection tools to
pick out the best possible combinations of the operators capable of explaining the data.

Finally, in section 3.5, we summarize the main results obtained in this chapter.

'The main results and other contents of this chapter have been published in [140].
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3.2 Theory

As seen in section 2.1.1.2, for a proper organization of the perturbative expansion of the
WCs, a normalization factor 16m%/¢g? has been introduced in front of the operators (’N)gl)
(¢ =17,..,10) [118]. The new WCs are treated as free parameters and fitted directly from
data. Therefore, the discussion on this choices of a proper normalization is more relevant
in the context of the SM operators and the corresponding WCs, in particular, in their
renormalization group evolution equation. For these operators and the corresponding
WCs, it is possible to change the normalization to another commonly used basis [7, 141]:

0= 9 59 and o = 167 .0, (3.1)

g 1672 g2

In this chapter, we have considered the NP effects in the following set of operators:

e - , o2 2 L
O; = 7167r2mb($0';wPLb)F” , O = T6n ——5 (37, PLb) ("), Oy = - —— (57, PrY) (7" 1),
62 2 62 . )
10 = 167 T2 S PO (B ysp), Orp = 167 <5 (87 Prb) (17 v51), Og = me(SPRb)(MM),
/ e _ _ e2 3 ~ , 2 ) )
Os = 152 (SFLO)(ap),  Op = —5muy(8Prb)(Arsp), Op = 1—5mu(SFL)(Asp) -
(3.2)

The relevant WCs are the following: C%, ACy, C§, AC, C1, Cg), and C’](D,).

The NP contributions to operators Og 19 are given by ACq19. We have not explored
the possibility of new physics effects in O7 which is tightly constrained from the available
data on inclusive and exclusive radiative decays. However, we have considered new physics
effects in the chirality flipped operator (9/7, the real part of the corresponding WC C} is
also tightly constrained from the data. Section 2.1.1.2 contains an elaborate discussion on
the theoretical framework relevant to the FCNC transitions and section 1.4 describes the
various observables that can be extracted from the decay distributions corresponding to

pseudoscalar or vector meson in the final state.

3.3 Experimental Inputs

In this section, we categorically present the experimental inputs in our analysis. Our main

analysis is based on the following data sets:

e Likelihood dataset 2020:

(1) Measured values of the angular observables in B® — K*°u*u~ decays in dif-
ferent bins, gathered from ref. [98] (LHCb).
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(2) For BOH) — KO+ ,+ 1~ decays, we consider: (i) The LHCb and Belle mea-
surements on the (differential) branching fractions in different bins which are
taken from [142] and [143], respectively. (ii) Isospin asymmetries measured by
Belle [143] and LHCb [142]. (iii) Binned data on the angular observables for
Bt - Ktutu~ (App and Fp) obtained from CMS (ref. [104]). (iv) The in-
puts on Rx have been taken from refs. [96] (LHCb) and [143] (Belle) where the

Belle results for different bins are also included.

(3) For B — K*utp~ decays, we include: (i) Binned data on the differential
branching fraction from LHCb for B — K*Outu~ and Bt — K*Tutpu~
decays, taken from ref. [103] and [142], respectively. (ii) The measured values
of the angular observables in B® — K*0u* i~ decays in different bins gathered
from [144] (ATLAS). (iii) The measured values of P| and P! for B® — K*0u*p~
by Belle in ref. [145]. (iv) Isospin-asymmetry measurements corresponding to
B — K*ptp~ from LHCD (ref. [142]). Furthermore, the measured values of
Rye(+.0) in different bins are taken from refs. [97] and [106], respectively.

(4) Binned data on the differential branching fractions and angular observables
(CP-averaged and asymmetric) for By — ¢utp~ (LHCD) from ref. [105]. Other
inputs are: (i) BR(B — Xsv)E,>1.6qev [146], (ii) BR(B*/° — K*~) [147],(iii)
BR(B, — ¢v) [148], (iv) Br(Bs — upu) [149].

For the purpose of comparison we perform our analysis over two other datasets apart from
the set mentioned above, which we call the (i) Moment 2016 dataset, (ii) Likelihood 2016

dataset, which are as given below

e Moments dataset 2016: Values for the angular observables measured by the
“Method of moments” in B® — K*9u*pu~ decays in different bins, gathered from
refs. [95] (LHCD).

e Likelihood dataset 2016: Values for the angular observables following “Unbinned
Maximum likelihood” method in B® — K*°u* = decays in different bins, gathered
from refs. [95] (LHCD).

The only difference between the datasets mentioned above is subject to the angular
observables in the BY — K*9u*pu~ sector due to LHCb. The inputs discussed in items
(2), (3) and (4) of our primary dataset (Likelihood dataset 2020) are included in the
Moments dataset 2016 and Likelihood dataset 2016 as well. Apart from the datasets
discussed above, we have also carried out an analysis without considering the inputs on
CP-asymmetric observables in Bs — ¢puu channel.

In addition to other inputs (e.g. CKM matrix elements) [150], we have included the
lattice input fp, = 0.2284 £0.0037 GeV [151] in all the fits. In [98], LHCb did not update

the measurement on CP-asymmetric observables in B® — K*'u* =~ decays. Therefore,
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Observables | LHCb 2016 [95] | LHCD 2020 [98] | pull wrt LHCb 2016 | pull wrt LHCb 2020
ADLLO98T T 0,003 £ 0.058 | —0.004 £ 0.04 1.43 2.03
SE2SL 0,077 £ 0.096 | —0.107 + 0.052 —0.82 —2.08
S8l _0.219 4 0.099 | —0.107 4 0.063 —2.31 —1.86
S —0.098 + 0.116 | —0.174 + 0.075 ~0.9 —2.4
Sl 0,119 4 0.096 | —0.112 + 0.054 ~1.25 —2.07
P28 0451 4 0.579 | —0.617 + 0.297 —0.8 —2.12
P2 0.350 40202 | 0.324 + 0.148 1.2 2.2
P25 10463 £ 0.212 | —0.226 & 0.128 —2.29 ~1.94
p 125 0208 £0.248 | —0.366 & 0.158 —0.89 —24

i —0.146 + 0.078 | —0.204 + 0.053 2.41 2.43
gl —0.016 + 0.081 | —0.136 + 0.053 —0.26 —2.66
P 0.042 + 0.088 | 0.105 % 0.069 ~2.65 —2.48
p, ol —0.300 4+ 0.160 | —0.439 + 0.117 2.96 2.85
p, 140 —0.032 + 0.167 | —0.293 + 0.117 ~0.26 —2.6
g1l —0.077 + 0.050 | —0.09 % 0.034 ~1.69 —2.86
pBto 0166 + 0.11 | —0.197 + 0.076 ~1.66 —2.83

Table 3.1: List of a few observables with pulls > 2 from the ‘Likelihood dataset 2020’ and
‘Likelihood dataset 2016’. The superscripts on the observables indicate the ¢ range in GeV2. The
corresponding SM predictions can be seen from [7].

List of few more observables with pull > 2 which are common to all the datasets

Observables

Measured values

Respective pulls

BR(B® — K%t =)0 Belle [143]
Ap(B — Kutp~ )16 Belle [143]
PL(B® = K0t )% ATLAS [144]
S4(B® — K*Out )40 ATLAS [144]
Fy(B* — Ktptp )43 CMS [104]

(3.1+£1.9) x 1078
—0.52 4+ 0.19
0.64 £ 0.38
0.32+0.18
0.85 £ 0.35

-3.9
—2.8
2.97
2.87
2.34

Table 3.2: The data with pulls > 2 which are common to all the datasets. The superscripts on

the observables indicate the ¢ range in GeV?2.

to check whether they provide tighter constraints on the complex WCs, we incorporate

those measurements [95] in a different fit along with the dataset defined as Likelihood

dataset 2020. We consider the bins for ¢> < 6 GeV? to avoid any contamination from

the charm resonances.

3.4 Analysis and Results

3.4.1 One-operator scenarios

With a total of 224 observables in the ‘Likelihood dataset 2020°, we perform a frequentist

statistical analysis optimizing a x? statistic which is a function of the relevant WCs (real
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as well as complex) in the one-operator scenarios. Separate covariance matrices are con-
structed for statistical (systematic) uncertainties wherever necessary. In the post-process
for each fit, we obtain the corresponding fit-quality using p-value. For the analysis with
all data, we obtain a very poor quality fit for all the one operator scenarios with the re-
spective p-values << 1% which implies that there must be some data points that are in
tension with the others. We find that Qg is the only one operator scenario in both the
analyses with complex as well as real WCs having a relatively better p-value, though it is
< 1%, whereas in all other one operator scenarios, the fit quality is very poor, with the
respective p-values = 0.

To look for a possibility of improvement in the statistical significance of the fits, we
have computed the pulls of the SM estimates w.r.t the corresponding measured values for

all the observables. The pull corresponding to the i*” observable ©; is defined as:

exp SM

pull, = —* NG (3.3)
(2

where AQ; corresponds to the uncertainty of the measurements, including theoretical
uncertainties. From our analysis, we find a few angular observables (listed in table 3.1)
for the likelihood dataset 2020 whose measured values have pulls greater than 2 w.r.t the
corresponding SM estimates. The table also shows the pulls corresponding to the likelihood
dataset 2016 for the same observables comparing which we find that the current measured
values of a few observables have larger pulls than the corresponding measured values from
the 2016 dataset. The observables measured by other experimental collaborations like
ATLAS, CMS ad Belle having pull > 2 have been listed in table 3.2.

Besides this, using results of the fit to all data, we compare the fitted values (in an NP
scenario ) of each observable to their measured values by defining the pull, which for the

it" observable is given by

pul 2O,

(3.4)

Here, O;(CNT) is the predicted value of the i*" observable in a new physics scenario with
the best fit value of C’,iv P A few observations from the pull analyses of eq. 3.4 is as

follows:

(1) Apart from Oy, in all the other one-operator NP scenarios, the data points listed in
tables 3.1 and 3.2 with a pull > 2 are also selected with a pull¥? > 2.

(2) Only for the one-operator scenario Oy, the three data points: P5/ [4’6}(LHC'b), S£4’6]

(LHCb), and P}*%(LHCb) have pull P < 2.

(3) Apart from the data points given in table 3.1 and 3.2, the LFUV data points

ROSS N LHCY), REL(LHED), and REYNLHCH) also have pull > 2 com-

pared to their SM estimates. However, in different NP scenarios, the estimates
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Observables in List-1 with the respective pulls in the one-operator scenario Og
BR(B® — K%+u~)18) (Belle) — -2.92 S (LHCD) — - 2.56
PU(B® = K0t ) (ATLAS) — 2.90 P, (LHCD) — - 2.50
S4(B® — K*0pt )46 (ATLAS) — 2.86 BR(B* — K*ptp~ )16 (Belle)— 2.39
Ar(B — Kutp~ )0 (Belle) — -2.81 (BT — Kt ptp)l01098) (LHCb)— 2.18
SIS (LHCD) — - 2.64 S5(B® — K*0u+ ;)46 (ATLAS)— 2.10
P, (LHCD) — - 2.61 PL(B® — K*0uF;~)46] (ATLAS) — 2.02

Table 3.3: The respective values of pull’¥* obtained using eq. 3.4 for the observables in List-1
for the one-operator scenario Oy with complex WC. For the scenario with real WC also, these
observables have pull’¥* > 2. The superscripts on the observables indicate the ¢? range in GeV?2.

of pull™? for RGN (LHCY) and REVLHCH) are < 2, though, pull¥P > 2

K*0
for R[[g'*oo%’l'l] (LHCb) in various NP scenarios including Og. We have included all

these important LEUV observables in our fits. We will use the notation Rf{‘iw and

R%;"tml from now on to represent Ry« corresponding to ¢> € [0.045, 1.1)GeV? and

[1.1,6]GeV?, respectively.

(4) In all the NP scenarios, a few additional data points are selected with a pull¥? >2.
The data points which are common among all of them are the following;: Pé (B° —
K*0M+u7)[4,6] (ATLAS), S (BO s K*ON+M_)[4’6] (ATLAS), :iiTBQ(B+ N K+M+M7)[0.1,0.98]
(LHCb) and BR(Bt — K*ptp—)10 (Belle).

(5) The data points mentioned in item 4 above (which are common to all other datasets)
are picked up with a pull¥* > 2 in the analyses with the Moments 2016 and Likeli-
hood 2016 datasets as well.

Following the above discussion and with the primary intention to get a fit with allowed

p-values, we prepare a list of data as given below which we will drop while fitting,

e List-1: This list is prepared from the Likelihood dataset 2020. It contains the

observables listed in tables 3.1 and 3.2 for the same dataset with a pull > 2.5. As
| has not been included in this list.
It also includes P5(B° — K*Outu—)*0 (ATLAS), S5(B° — K*Outpu~)*0 (AT-
LAS), 45 (B — K*tputp™)010%) (LHCD) and BR(B* — K*ptu™)M9 (Belle).
Including all these, the list contains 12 data points for which the respective values of
NP

discussed above, the optimised observable P 4

pul are given for the one-operator scenario Og with complex WCs in table 3.3.

We repeat the fits with one operator after dropping these 12-data points from our
complete list. We have noticed a considerable improvement in the overall fit quality for all
the one-operator scenarios, though still very poor in comparison to Og. For Og considering
both real and complex W.Cs, we have presented the corresponding results in table 3.4.
We have repeated the fit with the new ‘Likelihood 2020 datasets’ in two more subsets:
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Chapter 3. New physics in b — sf¢ decays with complex Wilson coefficients

(i) without considering the inputs from the CP-asymmetric observables in By — ¢upu, (ii)
including the inputs from the CP-asymmetric observables in B — K*uu from ‘Likelihood
2016 datasets’. For comparison, the results for these different datasets corresponding to
the one-operator scenario Qg are presented in the same table 3.4. The allowed confidence
intervals for Re(ACy) are consistent with each other for all the three different fits, and
large imaginary contributions are allowed by the present data even after dropping the
CP-asymmetric observables in By — ¢up and B — K*uu from the fit. We have given
the values of the respective X%‘M and mentioned the corresponding p-values (in SM) for
all the three different scenarios. For all these cases, following ref. [152] we have calculated

Pullgy which is defined as
Pullsn = V2Erf ! [F(AxEvs naor)],  with Axdy = X3 — (Xmin)vp: (3.5)

Here, F' is the x2 cumulative distribution function and ng.f is the associated number of
degrees of freedom. We compare the respective NP scenarios against the SM by defining

Pullgy. A large value of this quantity indicates a large deviation from the SM.

Fit scenario: Likelihood dataset 2020
(X%, = 288.9, p-value (%) in SM = 0.035)

Xifin/DOF  p-value (%) Pullsy confidence intervals
206.5/211 57.4 9.1 Re(ACy) — —1.05£0.11
202.9/210 62.5 9.0 Re(ACy) — —1.10 £0.11

Im(ACy) — 1.2710-33
Fit scenario: Likelihood dataset 2020 without CP-asymmetric observables in By — ¢uu
(X% = 297.6, p-value (%) in SM = 9 x 107%)

Xafin/DOF  p-value (%) Pullsy confidence intervals
198.2/199 50.2 10 Re(ACy) — —1.05 £ 0.11
194.9/198 54.8 9.9 Re(ACy) — —1.111013

Im(ACq) — —1.3675033 U [0.84, 1.59]
Fit scenario: Likelihood dataset 2020 + CP-asymmetric observables in B — K*uu
from LHCb Likelihood dataset 2016
(X% = 322.1, p-value (%) in SM = 0.09)

Xafin/ DOF  p-value (%) Pullgy confidence intervals
239.8/246 60 9.1 Re(ACy) — —1.06 £ 0.1
238.1/245 61.2 8.9 Re(ACy) — —1.09 £ 0.11

Im(ACy) — —1.1115:52

Table 3.4: Fit results for the frequentist analysis in one-operator(Qy) scenarios with real and com-
plex WCs after dropping the observables given in List-1. The cases without the CP-asymmetric
observables in By — ¢up, and including the CP-asymmetric observables in B — K*uu are pre-
sented separately. The parameter uncertainties are estimated from profile likelihoods.

The 1-D and 2-D profile likelihoods for the real and imaginary WCs have been depicted
as 1-CL plots in fig. 3.1. The allowed confidence intervals for Re(ACy) are consistent in
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12 Scenario: Re(4Cy), Im(4Cy) 12 Scenario: Re(ACy), Im(ACy)
W -roan - -1090D e —LIIGH B2 e -l e -1.36%%
1.0 ~ 1.0 T
0.8
~
S
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0.4
68.3% 68.3%
0.2
e -_"__95.4% N, 195.4%
-0.8 -
Re(4Cy) Im(ACy)
(a) (b)
. 68% C.L: []
21 . 95% C.L. ;
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W Likelihood 2020

‘[ Likelihood 2020 (w likelihood
77 2016 BoK* asymmetric data)

|:| Likelihood 2020 (wo asymmetry)

Re(ACy)

(c) (d)

Figure 3.1: One and two-parameter profile-likelihoods corresponding to the single operator sce-
nario Oy with complex WC in different fit scenarios as discussed in table 3.4. (a) and (b) display
the one parameter profile likelihoods for the real and imaginary parts of ACy while fig. (c) displays
the two parameter profile likelihood. The filled, blue contour corresponds to the new “Likelihood
2020 dataset” and the red dashed contour to the same dataset including the CP-asymmetric ob-
servables in B — K* from “Likelihood 2016 dataset”, respectively. The black, dot-dashed contour
represents the “Likelihood 2020” data with all the asymmetric observables (due to By — ¢uu
modes) removed. The corresponding legends are shown in figure (d).
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all the three fit scenarios. At 68.3%C L, we note a significant shift in the allowed regions of
Im(ACy) in the fits with and without the CP-asymmetric observables in B — K* modes,
and they are almost mirror images of each other. The fit to the datasets without the CP-
asymmetric observables in B — K™* modes has a slight preference for positive solutions
for Im(ACy), whereas the fit to the datasets with all the CP-asymmetric observables in
B — K* and Bs — ¢ modes prefers negative solutions for I'm(ACy), though positive
solutions are also allowed. In the fit with all the CP-asymmetric observables dropped,
both positive and negative solutions for Im(ACy) are allowed and both of them can be
considered favorable. As can be seen from fig. 3.1c, at 68.3%C L we have two disconnected
regions that are almost symmetric w.r.t zero; while at 95%CL we get a zero consistent
solution. In particular, we have checked that the X72nin for the negative and positive
solutions are 194.93 and 195.03, respectively, signifying the preference for the negative

solution.

These observations can be understood from a study of the dependencies of the CP-
asymmetric and other associated angular observables in B — K* and By — ¢ decay
modes on Im(ACy). We have figured out a few CP-asymmetric observables in By — ¢uu
decays, for example, Ag]'m} and A}[32,5} for which, at the present level of accuracy, the
current measured values prefer positive values of Im(ACy). On the other hand, the CP-
asymmetric observables A[80.1,0.98]’ A?[gl'l’2'5], Ag'lﬁ] and Ag":”zq in B — K* modes favor
negative values of Im(ACy), though positive values are also allowed. The dependence of
these observables on Im(ACy) for the best fit value of Re(ACy) are shown in figure 3.2.
The data for the B — K* modes being relatively more precise play the dominant role in
choosing the favorable solutions for Im(ACy) when combined with the CP-asymmetric

observables in By — ¢ channel.

In all the three fit scenarios, with and without the CP-asymmetric observables, a
considerable value of Im(ACy) is allowed and large values of Im(ACy) are allowed even
when the CP-asymmetric observables in B — K* and B; — ¢ decays are not included
in the fit, though at 95%C L the solutions are consistent with zero. The requirement of a
large Im(ACy), even in the absence of any CP-asymmetric observables can be understood
by looking at the dependence of some CP-averaged observables on Im(ACy). In figs. 3.3a,
3.3b, 3.3c¢ and 3.3d, we have shown the variation of Ff, Arp, Pé and R+ in some specific
bins respectively with Im(ACy) for the allowed values of Re(ACy) (at 68%CL), as given in
Table 3.4. As is evident from the figures, we require a large non-zero I'm(ACy) to explain
the experimental observations within their 1-o confidence interval in a few specified ¢>-
bins. Moreover, the allowed values are symmetric about Im(ACy) = 0. Though it is too
early to conclude, at the moment it might be hinting towards the possibility of a large
imaginary contribution to ACy. However, further assertions and hence solid conclusions

must be subject to more precise data, hopefully in the near future.

As mentioned earlier, we present our results based on the most recent ‘likelihood’
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Figure 3.2: Sensitivity of a few CP asymmetric observables in By — ¢up and B — K*uu decays
to the Imaginary part of ACy. The grey bands represent the current LHCb bounds.

data (by LHCb). To understand the trend of the data, we carry out a fit using the
old-data (Run-1: Likelihood and moments) on angular observables from LHCb [95] with
complex WCs. The ‘Likelihood datasets 2016’ and ‘Moment datasets 2016’ contain a total
of 259 and 281 data points respectively. For the ‘moment datasets’, including all these
observables, one can fit the one-operator scenario Oy with an allowed p-value. However,
it is difficult to fit the other one-operator scenarios. On the other hand, for ‘Likelihood
datasets 2016’, fit to any NP scenario, including all the observables has a fit-probability
p << 3 %. As discussed earlier, the data points: Ps(B° — K*'utpu~)*6l (ATLAS),
S5(B° — K*0utp=)61 (ATLAS), §5(B* — KTyt pm) 0109 (LHCb) and BR(BT —
K*pt )0 (Belle), and the ones given in table 3.2 are common to all the datasets. To be
consistent with the earlier analyses, we prepare another list consisting of these observables

only:

e List-2: It includes P5(B? — K*0ut )46 (ATLAS), S5(B° — K*0utu—)46 (AT-
LAS), 45.(B* — K*ptpm) 0109 (LHCb) and BR(B* — K+ ™) (Belle) in
addition to the observables listed in table 3.2 with a pull > 2.5.

For the one-operator scenarios, the comparative results are shown in Table 3.5. We
have dropped the observables given in List-1 for the “Likelihood 2020 datasets” and in
List-2 for the “Likelihood 2016 datasets” and “Moments 2016 datasets”. We find that Oq
is the only one operator scenario that can comfortably explain all these data-sets, and a
large value of Im(ACy) is allowed by the current data. The fit with the “Moment-dataset”
results in appreciable fit probabilities for all the one operator scenarios, as seen from table
3.5. As can be seen from table 3.5, the magnitude of the best fit value of Re(ACy),
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’
Im(Cp) — 0.0021+0.3384

Dataset X2/DOF p-val(%) Value x2/DOF p-val(%) Value
cl ACy
Re(C-) — -0.039+0.013 Re(ACy) — -1.10£0.11
Likelihood 2020 | 279.5/210 9.4 x 102 e 7/) 202.89/210 62.5 e(AC9)
Im(Cy) — -0.026+0.101 Im(ACg) — 1.2740.37
7
Re(C-) — -0.03+0.01 Re(ACy) — -1.2140.14
Likelihood 2016 | 306.45/249 0.7 o( 7,) 235.79/249 71.6 e(AC9)
Im(C;) — -0.00240.025 Im(ACg) — -1.25+0.44
7
Re(C. -0.03120.01 Re(AC -1.24+0.18
Moments 2016 291.85/271 18.4 e( 7,) - =SUAE 241.7/271 89.9 e(ACo) — +
Im(Cy) — -0.005740.0300 Im(ACg) — 1.19+0.48
CH ACqo
7
Re(C, -0.07740.149 Re(AC 0.6440.18
Likelihood 2020 | 287.9/210 2.9 x 10~ 2 e(Cy) = =0 276.17/210 0.15 e(AC10) — 0.64%
Im(Cg) — -0.7040.54 Im(AC10) — 1.7940.29
Re(C, -0.13+0.15 Re(AC 0.3940.15
Likelihood 2016 | 310.72/249 0.47 i 9,) - = 303.22/249 1.1 e(AC10) = +
Im(Cgy) — -0.1540.71 Im(AC10) — 0.45+0.50
4
Re(C, -0.06040.148 Re(AC 0.5140.14
Moments 2016 295.4/271 14.8 e(Cq) = = 281.7/271 31.5 e(AC10) = 0514
Im(Cy) — -0.08440.423 Im(AC10) — -0.1140.68
4
Cio Cs
Re(C 0.3340.11 Re(C -0.029+0.483
Likelihood 2020 278.1/210 0.1 = 1/0) - + 288.55/210 2.6 x 1072 e(Cs) = +
Im(Cpg) — -0.2140.81 Im(Cg) — -0.032-40.440
4
Re(Cyy) — 0.33+0.11 Re(Cg) — -0.0440.04
Likelihood 2016 | 303.0/249 1.1 £ 1,0) 311.19/249 0.4 e(Cs)
Im(Cyq) — 0.0240.28 Im(Cg) — 0.001740.3043
7
.2840.12 -0.02740.2
Moments 2016 290.2/271 20.2 Re(cl,o) => GEEL 295.4/271 14.8 Re(Gs) > -0.027£0.279
Im(Cyg) — -0.0030+0.3175 Im(Cg) — 0.030£0.251
]
Cp T
7
Re(Cp) — -0.007540.0135 Re(Cg) — -0.044+0.053
Likelihood 2020 | 288.52/210 2.6 x 10~ 2 e(CP) ° 288.51/210 2.6 x 102 e( S,) °
Im(Cp) — 0.003+0.241 Im(Cg) — 0.005540.3001
Re(C -0.0047+0.1564 Re(C -0.0440.17
Likelihood 2016 | 311.22/249 0.4 e(Cp) = = 311.22/249 0.4 e(Cg) = +
Im(Cp) — 0.0240.85 Im(Cg) — -0.0140.62
Re(C 0.260.12 Re(C -0.03540.157
Moments 2016 295.2/271 15 e(Cp) = 026+ 295.4/271 14.8 e(Cs) = *
Im(Cp) — -0.019+0.847 Im(Cyg) — -0.02040.263
%
.007840.0125
Likelihood 2020 | 288.49/210 2.6 x 102 Re(c’,’) o CHUUEEY
Im(Cp) — -0.00240.182
7
Re(Cp) — 0.007+0.013
Likelihood 2016 | 311.2/249 0.4 e( ’7)
Im(Cp) — -0.0027+0.2648
Re(Cp) — 0.0061:£0.0135
Moments 2016 295.4/271 14.8

Table 3.5: Comparitive study of the results obtained from the analysis of different datasets.
The results are presented only for the complex Wilson coefficients (WC). For the ‘Likelihood 2020
datasets’, we have dropped the data points given in List-1, while in the analyses involving the
‘Likelihood 2016 datasets’ and ‘Moments 2016 datasets’, we have dropped the inputs given in

List-2.
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Figure 3.3: Sensitivity of a few of CP symmetric observables to the Imaginary part of ACy.

corresponding to the new Likelihood (LHCb) dataset reduces by ~ 10% as compared to
the one obtained from the old Likelihood-dataset.

3.4.2 ACy = —AC)y scenario

We also carry out the fit for the interesting scenario ACy = —ACy which arises in certain
model dependent analyses such as the Leptoquark models. As seen from table 3.6, the
analysis with the ‘Moment datasets’ shows this scenario to be a favorable solution for
the data, which is in agreement with earlier observations ([7, 153]). For the NP scenario
as mentioned above, we have done a comparative study with the different datasets. At
first, we have carried out the fit to this scenario for the “Likelihood 2020 datasets” after
dropping the inputs given in ’List-1’, the p-value for which is ~ 6%, which is considered
as a marginally significant result. Therefore, to look for a possibility of improvement in

the quality of fit, we have prepared a list with the following observables,

e List-3: It contains all the observable in table 3.2 and the observables from LHCb

likelihood 2020 dataset in table 3.1 with a pull > 2 excluding the following;: A[F()é,ogs]’

P5, [4’6], Sgl’G], and P2[4’6} 2. On top of this, we have dropped few more observables like
Py(B° — K*0utpm) (ATLAS), S5(B° — K*0ptu~)*9 (ATLAS), 45(B* —
K*ptp)0L098 (LHCb) and BR(Bt — K*putp~ )8 (Belle). Overall, this list

2Note that the only available data on AES;;’O"S] is from LHCDb; therefore, we keep it in our analysis,
though these measurements have large errors and a pull > 2. Following the earlier discussion, we don’t
drop P (4,61, Sgl’ﬁ], and P2[4’6] from the analysis.
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contains 19 data points.

The new physics scenario AC9 = —ACqg
Fit scenario Data dropped X?y“n/DOF p-value (%) Pullg ps Confidence intervals
List-1 243.02/211 6.4 6.8 Re(ACy) = —Re(AC1g) — —0.55 + 0.08
X3 = 288.9 242.58/210 6.1 6.5 Re(ACy) = —Re(AC1o) — —0.59 + 0.12
psa = 0.035 % Im(ACy) = —Im(AC1o) — 0.45 £ 0.49
o List-3 209.8/204 37.6 6.8 Re(ACq) = —Re(AC1g) — —0.54 & 0.08
Likelihood datasets 2020
X% = 255.4 209.6/203 36 6.4 Re(ACy) = —Re(AC10) — —0.56 + 0.10
psam = 0.96 % Im(ACy) = —Im(AC1o) — 0.27 £ 0.56
List-2 269.15/250 19.3 6.5 Re(ACg) = —Re(AC10) — —0.54 £ 0.09
2 3
= 311.5 268.84/24 18.5 2 A = - A —0.54 .
Likelihood datasets 2016 Xsn = 8115 68.84/249 8.5 6 Re(ACy) Re(AC10) = —0.54 £ 0.09
psa = 0.56 % Im(ACg) = —Im(AC1) — —0.16 % 0.28
List-2 260.82/272 67.6 5.9 Re(ACy) = —Re(AC10) — —0.49 + 0.09
2
= 295.6 260.72/271 66.2 5.6 Re(AC9) = —Re(AC —0.49 + 0.09
Moment datasets 2016 XsM / e(ACy) e(AC10) —
psm = 16.6 % Im(ACg) = —Im(ACig9) — 0.14 £ 0.43

Table 3.6: The case study of new physics scenario ACy = —ACY in different fit procedure.

Additional observables in List 3 with the respective pulls in the one-operator scenario Og

S3(BY — K*0u+p)L125] (LHCDH) — - 2.06
(BO — K0yt y~)125 (LHCD) — - 2.37
So(B° K*Ou p)525 (LHCb) — - 2.07
Pi(B® = K*Outpu~)[1125 (LHCh) — - 2.08

P3(B° — K*Ou p~ )25 (LHCH) — 2.20
P (B® — K*0yt ) [11.25] (LHCh) — - 2.36
Fr(Bt = Ktptp)243 (CMS) — 2.34

Table 3.7: The respective values of pull¥* for the additional observables in List-3 for the one-
operator scenario Qg with complex WC. The superscripts on the observables indicate the ¢ range

in GeV?.

In table 3.7, the respective pulls for the additional observables in List-3 for the one-
operator scenario Og is shown. For the scenario ACy = —ACq( also, these observables
have similar pulls. We repeat the fit for the new physics scenario as mentioned above after
dropping the 19 data points as listed in List-3. The corresponding results are given in
the second row of the table 3.6, which shows improvement in the fit quality in terms of
the respective p-values.

In table 3.8, we have compared the predicted values of the observables from List-3
(or in List-1) in the one operator scenario Og with the respective measured values from
LHCDb and other experiments. The observables Pé, Pé, Py and Pj are related to S7, Sg, S3
and Sy, respectively. Therefore, any observed deviations in Pé, Pé, P, and P; are related
to those in S7, Sg, S3 and Sy, respectively. Based on all these and the discussions above,

a few useful remarks about the data points in List-3 or List-1 are as follows:

e We have dropped the two data points BR(B® — K%t )16 and BR(B* —
Ktptp )8 measured by Belle, which have large errors as compared to LHCb.

As can be seen from table 3.8, the measured values of these branching fractions
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Observables from List-1 or List-3 Other Experiment LHCb NP prediction (Og)
BR(B® — KOyt )61 (Belle) (0.31 £0.19) x 10~7 (Belle) | (0.9240.17) x 10~7 | (1.1240.21) x 1077
BR(BT — K+putu=)[16] (Belle) (2.3+£0.4) x 1077 (Belle) (1.214£0.07) x 1077 | (1.19£0.22) x 10~7

Ap(B = Kutp—)L0l (Belle) —0.52 £ 0.19 (Belle) N.A. 0.0020 % 0.0006
S (ATLAS) 0.32 4 0.18 (ATLAS) —0.145 % 0.057 —0.21 £ 0.01
P, (ATLAS) 0.64 + 0.38 (ATLAS) —0.312+0.116 —0.45 + 0.01
P, (ATLAS) 0.26 + 0.39 (ATLAS) —0.439 +0.117 —0.48 +0.05
SO (ATLAS) 0.13 4+ 0.20 (ATLAS) —0.204 % 0.053 —0.2240.03
%(B* — Ktptp—)0:1,0.98] N.A. (0.33+0.02) x 10~7 | (0.22 4+ 0.05) x 107
Fy(Bt — Ktptp—)[243] 0.85 4 0.35 (CMS) N.A. 0.0225 + 0.0005

Table 3.8: The predicted values of the observables listed in List-3 (or in List-1) for the one
operator scenario Og which are compared with the correspoding measured values by LHCb and a

few other experiments.

by Belle and LHCb are not consistent with each other, at least within their 1-o
error bars. In the new physics scenario (Og), with the respective parameter spaces
favored by all the analysed data points, the predicted values are in good agreement
with that measured by LHCb while these are in tension with Belle. Also, we have
dropped Ccll—qlz(BJr — K+,u+,u_)[0'1’0'98] from LHCb, as can be seen from the table 3.8,
its predicted value is in tension with the measured one, though this data point has

minimal impact on the fit probability (p-value).

The measured value of Aj(B — Ku™ u‘)[l’ﬁ] by Belle has large errors and the allowed

NP solution has negligible impact on this observable.

We have presented our main analyses after dropping the data points P4/[4’6}, P5/[4’6],

S£4’6] and SF[)4’6] measured by ATLAS since these data points have large pulls and are
inconsistent with the relatively precise data from LHCb. The allowed NP solution
can easily accommodate these LHCb data points alongside all the other data con-
sidered in the analyses, while the respective ATLAS data largely deviate from the

ones predicted in the allowed NP scenario.

We have dropped the data points Pé [1'1’6], Pé [4’6}, ;1'1’6] and S?’G] from LHCDb. For
the same observables, we include the data points in three other small ¢ bins in
the region 0.1 < ¢?> < 4 GeV?. These observables have very low sensitivity to the
variation of ACy [94, 154]. We have observed that it is hard to explain the current

measured values in the above-mentioned bins for the allowed NP solutions.

CMS has measured Fy(Bt — K+putp )24 with an error ~ 40%. The corre-
sponding prediction in the NP scenario Oy, given in table 3.8 is consistent with the
respective SM prediction: (0.0224+0.0004). It is hard to explain the current observa-
tion by CMS in the allowed NP scenario. Similar arguments hold for the observables

P1[1'1’2‘5], P3[1'1’2'5}, Pé [1'1’2’5], 851’1’2'5], 52[31'1’2'5], and Sé1'1’2'5] as these observables are
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insensitive to ACy [92, 94, 154].

3.4.3 Model selection

As seen above, g is the only one-operator scenario that can comfortably explain the
present ‘Likelihood 2020’ dataset. In the future, more precise data might prefer more
complex multi-operator scenarios or models. In this analysis, in order to measure model
performance and select the best model from a set of potential models we use the small-
sample-corrected Akaike’s Information Criterion (AICc), given in eq. 2.43 and the “leave-
one-out cross-validation” (LOOCV) methods discussed in section 2.2.2.3. Although leave-
one-out-cross-validation (LOO-CV) is asymptotically equivalent to AICc, there are differ-
ences between the two. While AICc penalizes the model more with increasing complexity,
Cross-validation (CV) just looks at the test set performance of the model, without any

further assumptions. Thus models with low MSE but not selected by AICc may have more

parameters.
Model ~ AAICc  MSEx_val  X3in/DOF  p-val (%) Pullgy Result
Re(ACg) — -1.3640.24, Im(ACg) — 2.05+0.36
585 0. 0.989 189.05/206 79.6 9.0 Re(C§) — 0.57£0.23, Im(C§) — 0.1440.25
Re(AC1g) — 0.51£0.22, Im(ACjig) — -0.53£0.46
18 2.015 0.942 199.41/210 68.9 9.2 Re(ACg) — -1.08£0.099, Re(C§) — 0.50+0.18
Re(ACg) — -1.440.24, Im(ACg) — 1.934+0.49
Re(C§) — 0.56£0.23, Im(C§) — 0.3140.5
697 3.506 0.971 188.25/204 77.9 8.7
Re(AC1g) — 0.52+40.22, Im(ACig) — -0.51£0.41
Re(Cfg) — -0.03240.177, Im(Cj,) — 0.751+0.82
Re(ACg) — -1.1140.11, Im(ACg) — -0.12+0.46
529 3.791 0.977 197.05/208 69.6 8.9
Re(C§) — 0.4240.23, Im(C§) — -1.2140.41
Re(C%) — -0.007540.0136, Im(C%) — -0.015+0.037
Re(ACg) — -1.074£0.13, Im(ACg) — -0.06140.296
641 4.946 1.011 189.69/204 75.6 8.6
Re(C§) — 0.61£0.25, Im(C{) — -1.9840.4
Re(AC10) — 0.59+0.21, Im(ACig) — 0.0514+1.254
Re(ACg) — -1.34+0.26, Im(ACg) — 1.95+0.44
530 5.479 0.993 198.74/208 66.6 8.8
Re(AC1g) — 0.324£0.23, Im(ACig) — -0.56£0.57
513 5.492 0.98 202.89/210 62.5 9.0 Re(ACg) — -1.140.11, Im(ACg) — 1.2740.37

Table 3.9: The selected models pass the criterion of AAIC, < 6 and MSEx_.ya1 < 1.5 for the
Likelihood 2020 dataset after dropping the observables mentioned in List-1. For all the selected
models, we have calculated Pullgy, with x%,, = 288.9 and p-value of SM = 0.035 %. The parameter
uncertainties are obtained from hessian matrix.

As seen from eq. 3.2, there are 9 operators. Considering all the Wilson Coefficients to
be real, there are »_;_; o(9!/k!(9 — k)!) = 511 possible combinations. If we consider the
WCs to be complex in general, disregarding the combinations with a mixture of real and
complex WCs, there are exactly those many cases where the WCs are complex. In total,
there are 1022 possible combinations where the WCs are either all real or all complex.
Among several competing models, we select the best ones that explain the data by using
the conservative limit of AAICc < 6 and with a low value of MSEx_ya < 1.5. The idea is
to check that the selected scenarios in AIC, should not have a very high MSE score. Out of

48

TH-3118_176121005



3.4 Analysis and Results

these 1022 possible combinations, only a few are selected by these criteria and are listed in
table 3.9. We rank the selected models according to the value of AAICe. We find that Og
with complex WC, though not the best model, is the only one-operator scenario passing
all the selection criteria. Some two, three and four-operator scenarios are selected, and all
of these contain Qg (with real or complex WC) as one of the operators. The best model is
a three-operator scenario: [Og, (’)g), O19] with complex WCs. As expected, the real parts
of the WCs are large and also a large non-zero contribution to Im(ACy) is required in
all the selected cases. Note that we have obtained the above results in the absence of the

CP-asymmetric observables from B — K™ decays.

Model  AAIC. MSEx_val  X3pn/DOF  p-val (%) Pullgy Values
18 0. 0.948 232.7/245 70.4 9.2 Re(ACg) — -1.079£0.099, Re(C§) — 0.5040.18
Re(ACg) — -1.1340.11, Im(ACg) — -0.007340.2829
585 1.466 0.981 225.87/241 75.0 8.8 Re(C§) — 0.614£0.23, Im(CY) — 1.77£0.39
Re(ACqp) — 0.464+0.21, Im(ACqo) — 0.2340.32
Re(ACg) — -1.1240.11, Im(ACg) — 0.0094+0.4714
529 2.310 0.977 230.9/243 70.1 8.9
Re(Cy) — 0.464+0.22, Im(C§) — 1.0340.45
Re(ACq) — -1.2540.16, Im(ACg) — -0.098+0.381
Re(C§) — 0.5940.24, Im(CY§) — 1.7840.42
697 4.598 0.974 224.74/239 73.7 8.5
Re(AC10) — 0.44+0.22, Im(ACig) — 0.52+0.43
Re(C{g) — -0.063£0.173, Im(C{,) — 0.2640.28
2 5.032 0.964 239.77/246 60.0 9.1 Re(ACg) — -1.0640.11
513 5.402 0.982 238.1/245 61.2 8.9 Re(ACg) — -1.0940.11, Im(ACg) — -1.1140.46
Re(C%) — -0.0059+0.0134, Im(C%) — -0.0094:£0.0282
Re(ACg) — -1.124+0.12, Im(ACg) — -0.054:£0.309
641 5.430 0.993 225.58/239 72.4 8.5
Re(C§) — 0.66£0.26, Im(C§) — 1.8+0.41
Re(AC10) —> 0.48+0.21, Im(ACyo) — 0.331+0.43
20 5.569 0.967 238.27/245 60.9 8.9 Re(ACg) — -1.1140.11, Re(C},) — -0.13£0.11

Table 3.10: Same as table 3.9, however, now the inputs from B — K™ asymmetric observables
from the 2016 Likelihood dataset are included. Here also, Pullsyy > 8 o for all the selected models
with x%,, = 322.1 and p-value of SM = 0.46 %.

To study the impact of the asymmetric observables from B — K* modes on the ranking
of the candidate models, we have carried out a model selection analysis incorporating these
datapoints, the corresponding details are provided in table 3.10. There are a few changes
in the ranking of the respective models as compared to table 3.9. Now in the AIC, ranking,
the two operator scenario [Og, Oy] with real WCs is slightly ahead of the three operator
scenario [Qg, 019, O] (model-585) with complex WCs. This is due to a slight increase in
the value of x2,; /DOF for the model-585. Also, the two operator scenario [Og, O),] with
real WCs is now selected by the data with AAIC. = 5.569 and MSEx_.1 = 0.967. We
note from table 3.10 that in all the two or more operator scenarios, the two operators Og
and O; are common and [ m(Cé) has a sizable positive contribution that is not consistent
with zero at 68% confidence interval (CI). However, Im(ACy) is consistent with zero even
at 68% CI, though it could be large within the allowed interval since the estimated error

is large. The differences in the allowed Cls of Im(ACy) between the results presented in
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Models (without B—K" asymmetric Data)
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Figure 3.4: (a) Predictions of Rgz) and P/ in the different ¢* regions in our selected models given
in table 3.9. Shaded regions are corresponding experimental 1o C'Ls. (b) Same as fig. 3.4a for the
selected models given in table 3.10.

tables 3.9 and 3.10 could be because a large positive value of Im(ACy) is not allowed by
the CP-asymmetric data in B — K* modes (see Figs. 3.2c, 3.2d, 3.2e and 3.2f).

Fig. 3.4a shows the predictions of Rg) and P! in different ¢ bins for our selected

models from table 3.9, while comparing them with the corresponding measurements. Here
the correlations between the SM and the NP parameters have been neglected. In all the
models, the predictions are consistent with the measurements of Rg) by Belle. Our best
model can accommodate all the observed data on Rg) and P, at 1-o0 CL, except the
RYY(LHCD). In fact, none of the selected models can explain the RI?Y(LHCb) at 1-0. At
low-¢? the B — K*{{ decay rates are dominated by 1/¢? enhanced photon contributions
and as pointed out earlier in several model independent analyses [153, 155, 156], a NP
contact interaction that explains Ry and Rg’;ﬁ” affects Rf(‘iw typically by at most 10%.
Also, the possibility of explaining Rf{iw with tensor operators has been addressed in ref.
[157], which we are not considering in this analysis (see also [158]). Note that in all the
selected models, the predicted results are consistent with their respective measured values
at 2-0. Similar predictions/comparisons are provided in Fig. 3.4b for the selected models
in table 3.10.
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3.5 Summary

We have analyzed the new physics effects in b — sf¢ decays, based on the data available
till date following a model-independent effective field theory approach with dimension-
six operators. We have found that Qg is the only one-operator scenario with both real
and complex WC (with a large non-zero imaginary part), which can provide a plausible
explanation of the given data. This is the case even if all the CP-asymmetric observ-
ables are dropped from the fit. We have pointed out the corresponding CP-averaged and
CP-asymmetric observables which could be the probable source of such large imaginary
contributions. Given the data, we have used the method of model selection incorporating
both AIC,. and cross-validation to pinpoint the best possible combination of operators
with real and complex WC, which can best explain the data. The scenario with Qg is the
only one-operator scenario which passes the test. However, there are a few two, three and
four-operator scenarios which have passed all the criteria set by the selection methods.
Allowed confidence intervals of the new WCs are shown. For the selected models, we have

provided predictions for various observables and compared them.
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Chapter 4

A closer look at the extraction of
V.| from B — wiv.

4.1 Introduction

In this chapter!, we relook into the precision extraction of the CKM element |V,;| from tree
level semileptonic b — ufy, (¢ = e, u) decays incorporating the available experimental data
and the new Lattice and LCSR inputs on the form-factors. In this regard, both exclusive
decays (B — 7lv), and inclusive decays (B — X, fvy) play important roles as discussed in
section 1.5. At present the extracted values are given in eq. 1.39. Apart from the issue
with the inclusive determination of |V,;| as discussed in section 1.3, the extraction from
B — wlv decay modes is also not clean. The methodology adopted by the Heavy Flavor
Averaging Group (HFLAV) involves a two-stage procedure for the extraction of |V,;|“*“.
In the first stage, using the available data on the differential B — wlv decay rates from
BaBar(11) [73], Belle(11) [74], BaBar(12) [75], and Belle(13) [76], they obtain an average
squared four-momentum transfer (¢?) spectrum from a binned maximum-likelihood fit to
determine the average partial branching fraction in each ¢? interval. As presented in their
review [160], the quality of this fit is not good, and the p-value is around 6%. In the second
fit, this average ¢ spectrum along with the lattice and LCSR (at ¢® = 0) inputs had been
used to extract |V,,| which is a reasonably good fit with p-value ~ 47% [160]. On repeating
a similar fit mentioned above to obtain the average ¢ spectrum, we have arrived at an
even worse quality of fit with a p value < 1 %. A frequentist fit of probability < 5 % is
usually considered to be of negligible significance and any further fit (in the second stage),
using the outcome of this fit may result in biased predictions for |V,|. It thus becomes
essential to consider other possible ways of analysing the available data and identify the
source of tension in the fits. We discuss the details in the next sections.

In section 4.2, after discussing the motivation behind this work, we provide a com-

'The main results and other contents of this chapter have been published in [159].
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parison with the existing literature and mention about the various inputs (experimental
measurements and form-factor inputs from lattice and LCSR) used in this analysis. In sec-

|“¥¢ values obtained

tion 4.3, we discuss about the analysis technique and present the |V
in various fit scenarios considered in this work compared to some of the |V,;|"¢ deter-
minations. Finally, in section 4.4, we conclude summarizing the main results obtained in

this chapter.

4.2 Motivation

4.2.1 Comparison with existing literature

HFLAV combines all these measurements in the following way:

e At first, a binned maximum-likelihood fit to determine the average partial branch-
ing fraction in each ¢? interval is performed. Though different measurements use
different bin-widths, the bin-edges are the same (a small difference is mentioned in

the next paragraph)?.

The total branching fraction is then obtained from the sum of the partial branching
fractions in the average ¢ spectrum, taking the correlations between ¢? bins into
account. In addition to the systematic and statistical uncertainties and correlations
corresponding to separate measurements, the shared sources of systematic uncer-

tainty of all measurements are included as nuisance parameters in the likelihood
[160].

e In the second stage, the average ¢ spectrum is then used to fit |V,;| and the relevant
form-factor parameters (BCL [162] 3 + 1: 3 form factor coefficients by, b1, b and
|Vip|). To constrain the high ¢ behavior of the spectrum, they use the FLAG lattice
average [163] of two LQCD calculations [129, 130] and ref. [164] as LCSR inputs for

constraining the low ¢ nature of the spectrum.

To obtain the average g?-spectrum, we have repeated the binned maximum-likelihood
fit. The average spectrum is consistent with that from HFLAV within 1o. However, our
fit quality is about 1 % while that for HFLAV is about 6 %, as given in table 4.1. This
difference in the fit quality could be due to the non-availability of the information on
the shared systematic uncertainties between measurements (like continuum subtraction,
tracking efficiency, etc.) as used by HFLAV in their analysis.

Thus, in order to look for a possibility of improvement, one should carefully inspect all
the datasets. A closer look at the data shows that BaBar(12) untagged analysis [75] of the

2The highest edge of the highest bin in the most recently published Belle Hadronic-tagged result [76] is
quoted to be 26 GeV?, whereas for the other measurements, it is 26.4 GeV?. HFLAV [160, 161] seems to
be using a different highest-bin-result for AB than that published by Belle. However, we have consistently
used the published results from ref. [76].
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Ag? [GeV?] (AB (B — m=0tyy) /Ag?) [1077]
HFLAV Average || Our Average || Average (Dropping BaBar(11) [73])

0-2 72.0£7.0 67.04+6.4 64.9+6.7
2-4 71.44+4.6 67.4+4.7 66.6 £4.8
4-6 67.0+£3.9 65.943.9 63.7 £4.2
6-8 75.6+4.3 73.7+4.2 69.6 £ 4.6
8-10 64.4+4.3 60.24+4.4 64.3 4.7
10-12 71.7+4.6 70.4+4.8 73.4+£5.2
12-14 66.7+4.7 63.0+4.8 64.8 £5.1
14-16 63.3+4.8 61.0+4.8 63.2+£5.1
16-18 62.0+4.4 60.5+4.5 60.5 £4.8
18-20 43.2+4.3 41.5+4.2 40.6 £4.4
20-22 42.5+4.1 39.7+£4.1 43.2+4.3
22-24 34.0+4.2 29.9+4.4 33.5£4.7
24-26.4 11.7£2.6 10.4£2.7 11.8 £ 2.7

p-value 6% ~ 1% 24.8%

Table 4.1: Comparison between our and HFLAV’s average ¢ spectrum.

B%T modes have much better statistics/yield (almost double) than the one published in
the previous year: BaBar(11) [73]. It also has the following advantages over the BaBar(11)

analysis:

e The event selection has been optimized over the entire fit region instead of the

signal-enhanced region, as was done previously.

e The tighter selections produce a dataset with a better signal to background ratio

and higher purity in the B — wlv decays.

e This analysis uses the full BaBar dataset compared to only a subset used in the

analysis of 2011.

The analysis method in BaBar(11) is considerably different from that of BaBar(12)
and also from the analyses by Belle. Therefore, we drop the BaBar(11) datapoints in 6
¢*-bins as a first attempt to look for the possibility of improvement while extracting the
average partial branching fraction in each ¢? interval from a binned maximum-likelihood
fit to data, leading to an improvement in the fit quality from 1% to 24.8%. The result has
been shown in the fourth column in table 4.1. The average ¢?-spectrum generated in this

scenario is consistent with HFLAV and our averages with all data. Figure 4.1 compares

all the three average ¢’-spectrums as given in table 4.1.

For the BCL fit of the average ¢? spectrum in the second stage, we are able to somewhat
reproduce their result for |V,;| and the form-factor parameters (second and third column

of table 4.2), using tables 81 and 82 of ref. [160]. If we use our own averaged ¢> spectrum
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Figure 4.1: The comparison of our average g2 spectrum of the partial branching fractions in
B — 7wlv decays with the one obtained by HFLAV.

(all data) instead, the fit-probability increases a lot, but the value of |V,;| decreases (i.e.
goes away from the inclusive result) even more (fourth column of table 4.2). However,
from a fit to our ¢ average spectrum as obtained without BaBar(11), we get a similar
value of |V| as HFLAV and the quality of fit is also good with a p-value of 64% (fifth
column of table 4.2).

Params HFLAYV Result Our Result Our Result From our avg
(p-value = 47%) || Using HFLAV’s avg Using our avg Without BaBar(11) [73]
(p-value = 48%) (p-value = 80%) (p-value = 64%)
Vi x 10° 3.67(15) 3.66(14) 3.60(12) 3.66(13)
by 0.418(12) 0.417(12) 0.419(12) 0.420(12)
b -0.399(33) -0.406(31) -0.395(31) -0.410(31)
by -0.578(130) -0.605(148) -0.638(150) -0.740(154)

Table 4.2: Comparison between our and HFLAV's fit to the average ¢? spectrum along with the
inputs from Lattice and LCSR (¢ = 0).

4.2.2 B — 7lv rates with |V|™

The differential decay width w.r.t. ¢? for a pseudoscalar to pseudoscalar semileptonic
decay is given in 1.22. For the form-factor parametrization, we have followed two different
approaches i.e. BCL [127] and BSZ [4] parametrizations, as discussed in section 2.1.2 and
compared their results.

As is evident from eqgs. 2.25 and 2.26, in the BCL parametrization the kinematic

constraint f, (¢> = 0) = fo(¢?> = 0) leads to a complex relationship between the expansion
55
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coefficients:
b = 45.70(bg — b]) — 12.78bY — 3.58b9 + 12.85b] + 3.44b5 + 1.21b7 . (4.1)

Using this equation, we have replaced bg in terms of the other coefficients in the fit which
helps to reduce one parameter from the fit.

Updated inputs from LCSR are available for the form-factors fi(¢?) and fr(q?) at
¢®> = —15,-10,-5,0,5 and for fo(¢?) at ¢> = —15,—10,—5,5 GeV? [2]. The value of fy
at ¢> = 0 is obtained via the QCD relation f,(0) = f3(0). While RBC-UKQCD [130]
provides synthetic data points for fy o(q?) with full covariance matrices (both systematic
and statistical) at ¢> = 19, 22.6, 25.1 GeV?, Fermilab-MILC [129] only provides the
fit-results for their coefficients. Using the results of the ‘only lattice’ fit, we generate
correlated synthetic data-points at exactly the same ¢? values as RBC-UKQCD, with an
extra point for f, at ¢> = 20.5 GeV?2.

Armed with 22 data points (9 from LCSR, 13 from Lattice (3 for each of f, ¢ from
RBC-UKQCD, 4 for f, and 3 for fy from Fermilab-MILC ), the next obvious step would
be to check how the decay distribution fits to the average ¢ spectrum i.e. we extract
|Vip| using the average partial branching fractions as given in table 4.1 and the above-
mentioned form-factor inputs. We perform two fits, the results of which are shown in the
last two columns of table 4.3 and it shows that in both the fits the extracted values of |V,;|
have increased from that obtained in table 4.2 (fourth and fifth columns, respectively).
If, instead, we start from the avg. ¢? spectrum of the fourth column of table 4.1 (fit
w/o BaBar(11); has a considerable fit-probability of 24.8%), and reintroduce the data
from BaBar(11) during the second fit, along with the new 22 data-points from lattice and
LCSR, we end up with the second column of table 4.3. The parameter space is same as
the third column of table 4.3, but with meaningless significance (~ 0.8%). This reinforces
the fact that the BaBar(11) dataset is quite at odds with all other data-sets.

To understand the effect of the inconsistency in data on the decay rate distributions,
we have derived the B — wlv decay rate distributions using the form-factors extracted
only from the LCSR and lattice inputs as discussed above in both the BSZ [4] and BCL
[127] expansions. For a stable and conservative estimate of the uncertainties of the form-
factors, we truncate the series at different orders, starting from 0 to 4 for both fi and fy
and perform a model selection procedure incorporating both AIC and AIC.. We conclude
that the optimal description of the synthetic data is obtained when both fy and f; are
truncated at N = 3, thus leading to seven parameters (4 for f; and 3 for fy). The
extracted values of the formfactor parameters in BSZ and BCL expansion are given in
table 4.4.

We have used the latest |V,;|"" value from Belle given in eqn 1.41 to get the shape
and height of the distribution which will help us understand the reason for the discrepancy

between the inclusive and exclusive determinations. Using the above fit results and |V|
56
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Parameters | Our Avg. ¢? spec. w/o BaBar(11) Our Avg. g2 spec. Our Avg. ¢2 spec. w/o BaBar(11)
+ New Lattice & LCSR + New Lattice & LCSR + New Lattice & LCSR
+ BaBar(11) re-introduced
(p value = 0.75%) (p value = 20.9%) (p value = 31%)
Vi x 103 3.78(13) 3.78(13) 3.89(14)
b 0.410(12) 0.410(12) 0.408(12)
b —0.526(44) —0.526(44) —0.561(46)
b ~0.39(13) —0.39(13) —0.40(13)
b 0.59(24) 0.59(24) 0.59(25)
B 0.540(16) 0.540(16) 0.536(16)
b9 —1.617(66) —1.617(66) —1.647(66)
b 1.204(146) 1.204(146) 1.257(146)

Table 4.3: The extracted values of |V,,5| and the other form-factor parameters using our average ¢>
spectrum of the partial branching fractions and the new lattice and LCSR inputs. Fourth column
uses the avg. ¢? spectrum without BaBar(11) data (last column of table 4.1), while the third uses
that from the third column of table 4.1 (with all data). In the second column of this table, we
repeat the last fit after reintroducing BaBar(11) data again.

BSZ BCL

x2;,/DOF  p-value(%) Parameters Values x2../DOF  p-value(%) Parameters Values
4.48/15 99.6 Gne 0.213(22) 12.88/15 61 bt 0.396(13)
af -0.65(14) b -0.707(70)

af 0.263(425) by -0.36(18)

af 0.67(31) b 0.77(32)
al 0.41(17) b8 0.521(17)
ad 1.46(51) b9 -1.756(78)

ad 1.78(49) b9 1.15(16)

Table 4.4: Fit results of form factor parameters with only LCSR and lattice input used to create
the plots in figure 4.2.

from different inclusive estimates, if we calculate the theoretical predictions of the binned

branching fractions, then any large deviation of the predictions from the actual measure-

ments could potentially diagnose the source of the apparent tension between \Vub]inc and

|V €. In figure 4.2, we have compared the theoretical predictions for the binned differ-

ential branching fractions against the existing experimental data.®. We observe that the ¢?

distribution of the differential branching fraction in both the form-factor parametrizations

can explain almost all the available data except a few which are lying entirely outside of

the theoretical C.I. bands. In section 4.3, we will analyse the impact of these datapoints

on the extracted value of |Vy|.

3Note that in these plots, we do not incorporate the data from the combined mode analysis by BaBar
2012 [75] since they are consistent with the corresponding single-mode analysis.
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Figure 4.2: Differential branching fraction plots superposed on experimental data-points, with
form factors fitted from lattice and LCSR, and |V,,;| corresponds to that obtained from the latest
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Belle Inclusive Measurement [1].

4.3 Main results

We think that instead of extracting |V,| through a two-stage procedure for which the
first fit is of very poor quality, we should directly use the individual data-points for a
simultaneous extraction of |V,;| and the parameters corresponding to the chosen form-
factor parametrization. This provides us with a single value for the fit probability to

draw our inference from instead of a two stage fit. We follow the same principle of using

individual data-points for the lattice inputs from different collaborations.

To proceed further, we have defined different fit scenarios involving the available ex-

perimental inputs from Belle and BaBar. The following are the lists of those data-sets:

e Fit 1: BY decays from Belle (2011) and Belle (2013); B~ decays from Belle(2013);
the combined modes from BaBar (2011) and BaBar (2012). We have subdivided

this set further depending on whether or not LCSR inputs are taken into account,

like the following;:

(1) Fit 1A: Experimental data (Fit 1) + synthetic Lattice data points,
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Form- Fit [BO — Tr7:| [BO — Wi} [BO — Tr7:| [BO — 71'7] [BO — 71'7] [BO — 7'r+:| [BO — 7r+}
Factors  Index ¢?: 4-38 ¢?:20-264 q¢%:10—12 ¢®:20—22 ¢%: 18—-20 ¢°: 0.0111637—2 ¢2: 8—10
BaBar (11) BaBar (11) BaBar (12) BaBar (12) Belle (11) Belle (13) Belle (13)

BSZ Fit 1A 2.46 —2.30 2.08 - - - —2.42

Fit 1B 2.52 —2.42 2.07 - - - —2.41

Fit 2A - - - - —2.02 - —2.43

Fit 2B - - - - —2.07 - —2.42

Fit 3A 2.40 —2.35 2.00 2.01 - - —2.44

Fit 3B 2.45 —2.46 - - - - —2.43

BCL Fit 1A 2.45 —2.30 2.07 - - - —2.42

Fit 1B 2.59 —2.56 2.07 - - - —2.40

Fit 2A = = = - —2.03 - —2.45

Fit 2B - = - - —2.18 2.00 —2.42

Fit 3A 2.36 —2.36 = 2.00 E - —2.45

Fit 3B 2.48 —2.61 = - X - —2.44

Table 4.5: List of Pulls (> 2 o) for different fits (with experimental data) in this analysis.

(2) Fit 1B: Experimental data (Fit 1) + synthetic Lattice data points + LCSR.

e Fit 2: B° decays from Belle (2011), BaBar (2012), and Belle (2013); B~ decays
from BaBar (2012) and Belle(2013). As above we have defined the following sets:

— Fit 2A: Experimental data (Fit 2) + synthetic Lattice data points,

— Fit 2B: Experimental data (Fit 2) + synthetic Lattice data points + LCSR.

e Fit 3: The combined modes from BaBar (2011) along with the Fit 2 dataset, with
and without LCSR as follows:

— Fit 3A: Experimental data (Fit 3) + synthetic Lattice data points,

— Fit 3B: Experimental data (Fit 3) + synthetic Lattice data points + LCSR.

Fit 1 contains all data-sets other than the inputs from the single-mode analysis of
BaBar(12) [75], though we have considered the combined mode analysis from the same
publication. In Fit 3 we have included the single-mode analysis data of BaBar(12) and
have dropped the combined one. In Fit 2, we have dropped the inputs from BaBar(11)
dataset to understand the impact of BaBar(11) four-mode analysis data on the fit-quality
as well as the value of |V,

For all the fit scenarios we have obtained the respective ‘pulls’ between the data and
the fitted distributions which for the i*" data-point is defined as

ngp . szt
i
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BSZ Parametrization
Run Name Full Dropped Pull > 2
x2,;,/DOF  p-value(%) Viup x 103 Xiin/DOF  p-value(%) Viup x 103
Frequentist  Bayesian Freq. Bayes
Fit 1A 73.4/56 5.92 3.69(14) 3.67(14) 46.6/52 68.68 3.79(15)  3.77 (13
Fit 1B 77./65 14.57 3.74(13) 3.73 (13) 49.3/61 85.77 3.83(14) 3.82 (13
Fit 2A 59.5/61 53.17 3.81(14) 3.79(15) 46./59 89.26 3.86(15)  3.85 (12
Fit 2B 62./70 74.23 3.85(14) 3.83 (19) 48.3/68 96.63 3.91(14) 3.89 (12
Fit 3A 82.2/67 9.98 3.70(14) 3.69(14) 53.3/62 77.56 3.76(14)  3.76 (13
Fit 3B 85.9/76 20.54 3.75(13) 3.74 (13) 62./73 81.79 3.84(14)  3.83(14)
BCL Parametrization
Run Name Full Dropped Pull > 2
x2,,/DOF  p-value(%) Vi x 103 X2, /DOF  p-value(%) Vip % 103
Freq. Bayes Freq. Bayes
Fit 1A 73.5/56 5.84 3.69(14) 3.67 (12) 46.7/52 68.34 3.79(15)  3.78(15)
Fit 1B 92.1/65 1.51 3.79(13)  3.78 (13) 63.2/61 39.84 3.89(14) 3.87 (12
Fit 2A 60.1/61 50.8 3.81(14) 3.81(15) 46.5/59 88.19 3.87(15)  3.85 (13
Fit 2B 75.9/70 29.42 3.91(14) 3.90(15) 58.3/67 76.64 3.96(14)  3.96 (3§
Fit 3A 82.7/67 9.35 3.70(14) 3.69 (13) 57.8./63 66.09 3.77(14)  3.76(15)
Fit 3B 101.4/76 2.73 3.80(13) 3.79 (12) 76.3/73 37.27 3.90(14) 3.89 (13

where o7

Table 4.6: Freq. and Bayesian

is the experimental uncertainty.

In table 4.5, we present the observables for which the pulls are greater than 2. We
find that in all the scenarios, B(B® — ©~)1®10 from Belle(13), and in all the scenarios
involving BaBar(11), B(B? — 7~ )*8 and B(B® — 7—)20.264] from BaBar(11) have pulls

greater than 2. In table 4.6, we have shown the extracted values of |V3| in different fit

scenarios with full datasets and also after dropping the data-points having pulls greater

than 2, shown in the right panel of the same table. We have performed the fit following

both frequentist and Bayesian approaches and compared them.

A few observations are in order here:

e Since the posterior is very nearly of a multi-Gaussian nature, the results obtained in

the frequentist maximum likelihood estimate (MLE) and the medians of the marginal

posteriors from the Bayesian analysis are almost identical; though, in a few cases, we

have obtained slightly asymmetric 1 o credible intervals (area between the ~ 0.16 —

0.5, and ~ 0.5 — 0.84 Quantiles of the marginal posterior) in the Bayesian analysis.

e For the BSZ parametrization, the fit quality improves on including LCSR, whereas
for the BCL case, the fit worsens with the inclusion of LCSR. For Fit 2, the fit-
probability is reasonably good due to the absence of the BaBar 2011 data set.

However, in all the scenarios, the fit quality increases by a considerable amount
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on dropping a few data-points with pull > 2.

e Whenever both Lattice and LCSR data are included, the BCL form factor parametriza-
tion results in a slightly larger |V,;| than that obtained from BSZ, but with reduced
fit-probability. The difference in the best fit values is about 1%, and the results are
extremely consistent with each other. We will comment on this observation at a

later stage.

e In all the fits, the extracted |V,;| increases by > 1% with the inclusion of the new
LCSR inputs.

e We have truncated the BSZ and BCL expansions at N = 3 2.24 and N, = 4 2.25
respectively, resulting in 4 parameters for f and 3 for fy (due to the kinematic con-
straint). To check the stability of the results, we have analysed the inputs truncating
the series at the next order in both the series expansions, i.e., N = 4 for BSZ and
N, = 5 for BCL. We find that the extracted values of |V,;| are consistent (within
their errors) with the one presented in table 4.6, however, the newly added higher-
order coeflicients of the expansions remain mostly unconstrained at the present level

of precision, and they have negligible impact on the precision extraction of |Vp|.

e Irrespective of the fit scenario, the extracted |V,;| increases on dropping the data-
points with pull > 2. This indicates that the data with large ‘pull’ have an impact

on the extracted values of |V,;| too.

e As shall be seen shortly, the partial rates B(BY — 7)[20264 (BaBar(11)) and
B(B° — 7~ )1820] (Belle(11)) are highly sensitive to the extracted value of |Vi|.

In figure 4.3, we have compared the extracted values in different fit scenarios as given
in table 4.6 with the inclusive determinations. We find that our determination for |V,;|“**
is still not consistent at 1 o with the values extracted by HFLAV following GGOU and
BLNP, though they are consistent with the new measurement of |V, from Belle [1].

Next, we check the deviations of the data with the predictions of differential decay rates

obtained only from the lattice and LCSR inputs with three different values of |Vy|™ :

[Vip| = (4.10 £0.09 £ 0.22 £ 0.15) x 1073, Belle (New) [1],
V| = (4.32701%) x 1073 HFLAV (GGOU) [160],
Vip| = (4.447023) x 1073 HFLAV (BLNP)[160]. (4.3)

The deviation corresponding to the i** observable is defined as

exp _ nSM
dev; = O Oi , (4.4)
V(@) + (o5M)2
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Figure 4.3: Comparison of various |V,;| results obtained in this work with other measurements.

SM

i

and |V,|""¢. The results of this analysis are shown in table 4.7. As expected, on using

where o contains the uncertainties in the decay rates due to form-factor parameters
the values of |V, from HFLAV, at least four to five data-points have a deviation
> 2. On the other hand, with the new Belle-measurement, it is only the partial rates
B(B° — 77)20:264 (BaBar(11)) and B(B° — n+)[001:2] (Belle(13)) which have deviation
> 2 (both in BSZ and BCL). However, B(B? — 71)[001.2] (Belle(13)) has a rather minor
effect on |Vyp|. The partial decay rates B(B? — 7~ )[20:264 (BaBar(11)), B(B® — 7~ )[18:20]
(Belle(11)) and B(B® — 7)1 (Belle(13)) are the common data points which have pull
> 2 in the analyses given in tables 4.5 and 4.7, respectively.

Form- Inclusive {BO — ‘rrf} [BO — 71'7] [BO — 7r7] [B+ — 7r0] [BO — 7'r+] {BO — ‘rr+}
Factors Vsl ¢%>: 18—20 ¢%2: 20—264 ¢®: 18—20 g¢%: 20-264 ¢2: 0.0111637—2 q¢%: 8—10
used Belle (11) BaBar (11) BaBar (12) BaBar (12) Belle (13) Belle (13)
BSZ HFLAV (GGOU) —2.55 —3.54 —2.13 —2.35 — —2.04
HFLAV (BLNP) —2.50 —3.27 —2.14 —2.41 — —2.09
Belle (New) — —2.32 — — 2.22 —
BCL HFLAV (GGOU) —2.32 —3.49 - —2.28 2.30 -
HFLAV (BLNP) —2.32 —3.23 - —2.35 2.07 -
Belle (New) — —2.29 — — 2.54 —

Table 4.7: List of deviations of theoretical predictions from actual experimental data (> 2 o).
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On the basis of these observations, we define a few additional scenarios:

e Fit 2B-I: Input used in Fit 2B without the data on B(B® — 7~)!18:20] (Belle 2011).

e Fit 3B-T Input used in Fit 3B without the data on B(B° — 7~ )?0264 (BaBar
2011).

e Fit 3B-II: Input used in Fit 3B without the data on B(B? — 7~ )[1820 (Belle 2011)
and B(B? — 7—)0:264 (BaBar 2011).

Fit BSZ BCL
Scenario | x?/DOF  p-value(%) Viup x 103 x2/DOF  p-value(%) Vip x 103
Frequentist ~ Bayesian Frequentist ~ Bayesian
F2B-I | 55.4/69 88.14 3.90(14)  3.89751% | 68.85/69 48.25 3.96(14)  3.95751%
F3B-I | 78.86/75 35.8 3.83(14) 3.83(13) | 93.6/75 7.19 3.89(14) 3.89(14)
F38B-IT | 72.96/74 51.25 3.88(14)  3.87151% | 87.2/74 13.99 3.94(14)  3.93751%

Table 4.8: Final table of comparison for |V,,;|°*“ obtained in this work.

The results in the above-mentioned fit scenarios are given in table 4.8. A comparison
between identical cases, like Fit 2B and Fit 3B, in tables 4.6 and 4.8 shows that one can

extract exactly similar values of |V;|***

even by dropping only one or two data-points

mentioned above. This means that even in the presence of other data-points which do not

fit comfortably with other data, the most influential data-points in determining |V,;|“**
are the partial branching fractions B(B% — 7~)[18:20 (Belle(11)) and B(B® — 7~ )[20,26-4]
(BaBar(11)).

Finally, to understand the slight shift (= 1%) in the best fit values of |V,;| in BCL and

BSZ expansion of the form factors, we need to compare the form factors obtained from

the two separate expansions. As an example, in figure 4.4 we have compared the form

factors obtained from the fit results in ‘Fit-2B’. Following are a few observations:

e The slight difference in the extracted |Vy| is not due to the form factor f (¢?), which

provides the leading contributions to the decay rate. We can see from figure 4.4a that

the extracted ¢? distributions of f; in both the parameterizations are completely
consistent with each other. Also, both distributions satisfy all the lattice or LCSR

pseudo data points.

e The difference in the extracted |V,;| between the two formalisms is due to the slight

mismatch in the extracted values of fo(¢?) in a part of the ¢ region, which we can
see from figure 4.4b. For 15 < ¢% < 23 (in GeV?) the extracted values of fo(q?) have

a slight mismatch for the two different expansions. However, the extracted values

are in good agreement with lattice or LCSR data points in both the cases.
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Figure 4.4: Comparison of ¢ distributions of the form factors in BSZ and BCL parametrizations.
The lattice inputs and the LCSR pseudo data points at g2 = 0 and 5 GeV? are also shown in the
figure.

e The observed difference in fy(g?) is because the BSZ expansion uses the pole due to
B* scalar meson while BCL expansion does not as discussed in section 2.1.2.2. Our

conclusion is based on the following observations:

— In the fits, after dropping the LCSR data points at ¢> = 5, —5, —10 and —15
GeV?, the extracted values of |V,;| in both the expansions completely match.
This indicates the role of the pole factor 1/(1 — ¢*/M%.) in the fit.

— As a trial, we modified the BCL expansion of fy(z) in 2.26 after multiplying
it by a similar pole factor as used in BSZ expansion and fitted the coefficients
using the inputs given in ‘Fit-2B’. Utilizing this fit result, we have extracted
fo(q?) and compared it with the BSZ one. The results are shown in figure 4.4b
as BCL (modified), and we find absolute agreement between the two results.

Also, the extracted values of |V,;;| in both the fits become identical.

4.4 Summary

We have extracted |V,;| analyzing all the available inputs on the exclusive B — 7lv decays.
This includes the data on the partial branching fractions, inputs from lattice and LCSR.
We have commented on some of the issues of the earlier fits done by HFLAV, which relied
upon obtaining an average ¢> spectrum of the partial width from all the available data
on the decay rates on B — 7lv at the first stage and using these results to extract |Vy|
at the second stage. We have arrived at a fit with very low probability for the average ¢?
spectrum at the first stage. We have identified BaBar(11) data (at least a part of it) as
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a probable source of such a bad quality fit. The average ¢> spectrum of the decay rates
without that data-set has an appreciable fit-probability. With this ¢ averaged spectrum,
in the second stage, we have extracted |V, with and without the data from BaBar(11).
The quality of fit is much better without the data from BaBar(11). We have repeated the
same analysis with the new inputs from LCSR and noticed an increase in the best-estimate
of |[Vi| by roughly about 6%.

We simultaneously fit all the data (instead of a two-stage fit) after defining different fit
scenarios. In this process, we have identified outliers, i.e. data-points inconsistent with the
others. The goal is to check if some of these outliers are also influential in the extraction
of |Vup|. We found a few data-points that compromise the fit-quality, and at the same

time, influence the extraction of |V,|. Our best results are the following:

e Without the input from BaBar(11) (full data-set) and B(B° — 7—)1%20 (Belle(11)),
we obtain |Vi| = (3.957013) x 1073.

e From the full dataset after dropping B(B? — 7)!1820] (Belle(11)) and B(B° —
77)120:264] (BaBar(11)), the extracted |Vip| = (3.937012) x 1073,

Both the values are consistent with the one extracted from inclusive B — X, £y decays

from Belle within 1 o.
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Chapter 5

Study of the b — d¢/¢ transitions in
the Standard Model and test of New
Physics sensitivities.

5.1 Introduction

In this chapter!, we study the exclusive b — d¢¢ transitions introduced in section 1.4.
Unlike the b — s€¢ modes, there is less amount of information available on the relevant
exclusive decay modes from experiment? as well as theory, like the non-availability of the
lattice inputs on B — p form factors. The exclusive decays corresponding to b — d¢/¢
transition considered in this chapter are B — wé¢ and B — pff. Till date, we do not
have data available on the B — pff¢ decays. However, there are some measurements
on the branching fraction (BR) and CP-asymmetry in B¥ — 7% uu decays reported by
LHCD [109]. Theoretically, the main aspects challenging a precise estimate for these modes
lie in handling the form factors and the long-distance effects arising from the presence of
cc and uu resonant states within the allowed range of the dilepton invariant-mass.

An exclusive neutral current B — m//¢ transition is characterized by three form factors:
f+.07(q%) which are correlated in the analysis of Fermilab-MILC [129] and also LCSR
analyses. Thus, a combined study of the B — wff and B — wfr, decay modes using all
the available inputs is relevant and necessary. The situation is a bit grim for the form
factors associated with the B — p transitions for which no lattice estimates exist till date.
All these form factors are calculated in the LCSR approach, which are available for a few
values of ¢2, including the value at ¢ = 0 [2, 4], and they are fully correlated. Here also a
simultaneous study of the available inputs in B — pfyy and B — péf decays is important.

In light of the above-mentioned arguments, we look into the exclusive B — m(p)fry, and

!The main results and other contents of this chapter have been arXived with the pre-print number “

2208.14463” [165] and communicated to JHEP for publication.
2This might be due to the low branching ratio of the b — d¢¢ modes.
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5.2 Theoretical Background

B — 7(p)ll decay modes incorporating all available lattice, LCSR and experimental
inputs. Both the decay rates I'(B — wfv,) and I'(B — pfy) are proportional to |Vi|?
which is the only common link between the B — 7 and B — p decay channels we are

considering here.

In section 5.2, we discuss the theoretical framework relevant to the decay modes con-
sidered in this chapter and in section 5.3, we mention about the form factor inputs used
in this work. In section 5.4, we present the analysis method and armed with an estimate
of |Vp| along with the corresponding form factor parameters from the fit, we provide
the SM estimates of several observables subject to the B — 7(p)¢¢ decays within the
range 0.1 < ¢? < 6 (GeV?) and also test the sensitivities of all these observables towards
new physics in a few well-motivated benchmark NP scenarios. Finally, we summarize the

results obtained in this chapter in section 5.5.

5.2 Theoretical Background

As mentioned earlier, the differential decay rate w.r.t. ¢> for B — 7lv, decays is given in
eq. 1.22 and for B — pfyy decays is given in eq. 1.23. Therefore, to extract |Vs|, we need

information on the form-factors at different values of ¢.

The effective Hamiltonian for semileptonic b — df¢ transitions similar to b — sff at
the scale p ~ my is given in 2.5 with the operator basis as 2.7. The theoretical approach

is based on the QCDF framework, discussed in section 2.1.1.2.

The amplitude for B — wé¢ decays reads:

Cr o
V2 w

me —
o mpg - my Atfgw(q2)cgﬁ> + (6'7;/756) (p“ +p'“))\tf§7r(q2)010 s (5.1)

M(B = x+7) = l(w) (0" + ") ((Atc;f% + MCSN f(6?)

where the coefficients Cétgg and C’éu]); include the non-factorizable corrections and they are

defined as
2m 7;_(t) q2
Cg?) = Cy + e i (;2)) : (5.2)
(u), 2 2my, 7;@)((12)
9,71'( ) (53)

’Er(t’u) are defined in eq. 2.9. The factorization scheme in QCDF is such that the

relation &; = f1 holds exactly to all orders in perturbation theory. The most general form
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Chapter 5. Study of the b — d¢/ transitions in the Standard Model and test of New Physics
sensitivities.

of the amplitude 7 is given by [122]

1
o [000) L @SCF () cnfi)] LT A B / / (i)
Ti = & OO0+ 2L (D409 )|+ N § “ 05 (w) | dudn (T ()

(5.4)

with ¢ = w or ¢t quark. Cr = 4/3, N. = 3 and fp and f; refer to the B and =«

meson decay constants respectively. The distribution amplitudes for the B meson and
light mesons are discussed in section 2.1.1.2.

In eq. 5.4, the leading order contributions to the 7}@ are defined as

Mp

M
0t) _ B By (Ou) _
C (@), ¢ o

m 2mb ™

(g%, (5.5)

where the contributions from the Oy ¢ matrix elements are incorporated in Y (¢?). The
detailed mathematical expressions for Cx (nf) , T T(F?j’f)(u, w) (WA contribution), and T 7Snifl)(u, w)
are obtained from refs. [122, 123]3. The decay distribution for B — m¢¢ decays w.r.t the
kinematic variables is given in eq. 1.25.

The decay distribution for B — pf¢ transitions is given in eq. 1.29. Here also, we need
to add the corresponding non-factorizable corrections to the amplitudes given in eq. 2.12.

Following the QCDF approach, the transversity amplitudes 7, can be written as

To = €a<C(0)+O‘ZCFC’a ) W;%ZG:GZ/ —‘I)Bi )/ dugﬁp, ( ) a:i:(u w)

(5.6)
stands for the polarization of the vector meson in the final state (a — || or L),
21 =18, =my/E, E=(Mp—q*)/(2Mp) refers to the energy of the final state meson
and &, refer to the form factors in the heavy quark and high energy limit.

where “a”

5.3 Inputs

Apart from the Lattice inputs as discussed in section 4.2.2 for the B — 7 transitions,
we have also used the inputs from the JLQCD collaboration [166] for f o(q?) at three ¢*
points with full covariance matrices (both systematic and statistical). We have used the
inputs on the form factors obtained by LCSR approaches [2, 3]. The analysis in [3] uses the
two-particle twist-two pion LCDA, and the results are more precise than those obtained
in [2] which is a leading-order (LO) calculation with the ill-known B-meson LCDA. The
inputs in ref. [2] play a sub-dominant role in our fits, since the estimated errors in [2] are
larger as compared to the one obtained in ref. [3].

For B — p transitions, the LCSR data points along with the respective covariance

3For the B — P transitions the expressions for the non-factorizable correctlons are extracted from
the results of [122, 123] using the following replacement: Cnf = —Cm/ T ( w) = fTﬁOi(u,w), and

I
T(nf>(u w) = —Tl(‘nif)(u,w)
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5.4 Analysis and results

matrix are given in ref. [2] for ¢> = —15,—10, —5,0,5 GeV?, which we directly use in our
fits. In ref. [4], the fit-results for the coefficients of the z-expansion are given using which,
we generate correlated synthetic data-points for the form factors Ay, Az, V, T and T3
at ¢> = 0,5,10 GeV? and for Ay and T at ¢> = 5,10 GeV? * respectively. The LCSR
results in ref [4] have been derived up to twist-3 O(as) using the p meson LCDA, and the
extracted values are relatively more precise than the ones obtained in [2]. The computation
of the B — p form factors in ref. [2] relies on the narrow-width approximation of the p
meson and uses the B-meson LCDA, whereas the computation in ref. [4] goes beyond
the narrow-width approximation. The p meson DA is characterized by the longitudinal
and transverse component of the decay constant f,U and fpl, respectively. The inputs on

,l,l are obtained from the measurements of the decay widths: I'(ete™ — p°(— 7)) and
(T — pT (7)) respectively [167]. In these experiments, the p-meson is detected as a
Breit-Wigner peak in the invariant mass distribution of produced pions (p — 77), while

the transverse component f,j- is obtained from the lattice estimates of the ratio f,';| / pr.

1 4.8 GeV fB 190.0 + 1.3 MeV [168]
as(pup) 0214 Mgy (3%1) GeV~! [122]
Qom 1/137 Gr 1.166 x 107> GeV~—2
Me pole 1.4 GeV Mp,pole 4.8 GeV
fr 130.2 & 0.8 MeV [168] | a3 0.116132 [169]

Y 160 + 7 MeV [4] az, 0.14 £ 0.06 [4]
£ 213 + 5 MeV [4] ah,  0.17 £ 0.07 [4]

Table 5.1: Inputs used in the analysis.

Other inputs relevant to our analysis are given in table 5.1. The values of the WCs
are taken at up = 4.8 GeV [92]. We have truncated the BSZ expansion (eq. 2.24) at
N = 3 for B — m transitions and at N = 2 for B — p transitions. We have checked
that if we go to the next order N = 3 for B — p transition, the newly added higher-
order coefficients remain mostly unconstrained, and they have a negligible impact on the
precision extraction of |V,;| and other related observables which we will discuss in the next

section.

5.4 Analysis and results

We have considered the measurements on the partial branching fractions in bins of dilepton
invariant mass squared (¢?) for the exclusive b — ufv and b — d¢/ transitions as discussed
in section 1.5. The expressions for the differential decay widths for B — nfv and B — plv

contain |Vy;| as the overall normalizing constant as shown in eqs 1.22 and 1.23. As can be

1At q2 =0, Ap is related to A; and Az and T3 is related to T3, thus they aren’t independent. In order
to keep the covariance matrix positive semi-definite, we don’t include the datapoints for Ag and Ts at ¢>
=0.
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sensitivities.

seen from eq. 2.5, the loop-induced processes B — wlf and B — pl{ are sensitive to the
products of the CKM matrix elements A, = V,,V,*; and Ay = Vi, V}5; respectively. Thus, to

make the |V,;| dependence explicit, we define the product of the elements as

Vs Vg = Vil |[Vaale™, Vi Vi = [Vip| [Viale™, (5.7)

where angles are defined in eq. 1.17.

We perform a statistical frequentist analysis utilizing the available experimental inputs
on B — wlv, B — plv and B — 7ll modes [73-76, 109], and the available lattice
and LCSR inputs on the respective form factors in these decays and B — pll. We
have extracted the coefficients of the BSZ expansion defined in eq. 2.24 along with the
magnitude of |V,;;|. Here, we take the parameters |V, 4|cos(7y), |Vualsin(y), |Vis||Via|cos(5),
|Vip||Vialsin(53), the product frfr (fp and fr are decay constants of the B and m mesons)
and the inverse moment of B meson ()\]_371 ) as nuisance parameters in the fits. The inputs
on the CKM parameters are taken from [89]. The fit result is given in table 5.2, using
which we provide predictions for the branching ratios, direct CP asymmetries and isospin
asymmetry for B — wf¢ and various angular observables for B — pf/ transitions. Apart
from the precise predictions in the SM, we have also tested the NP sensitivities of the
observables. We have considered NP effects in the operators Oy, (9;), O10 and (9/10 defined

in eq. 3.2 with the corresponding WCs ACy, Cg, AC, Cfy.

TH-3118_176121005

B — 7 form factors B — p form factors
Parameters Fitted Values Parameters Fitted Values
alt 0.260+0.008 it -0.879+0.153
alt -0.6390.065 ai 1.074+0.951
alt -0.06740.210 ai 0.242+40.013
alt 0.48540.160 ait 0.46840.086
al® 0.301£0.063 ast 0.307+0.281
al’ 0.350+0.181 ay 0.30940.017
al’ 0.35440.168 ay -0.742+0.115
al” 0.252-0.011 ay 1.216+0.827
al” -0.701+0.101 ai? 0.220+0.017
al” -0.45540.396 ai? -0.397+0.096
al” -0.015+0.365 a}? 0.405+1.002
V| x 10 3.6040.10 all 0.262+0.015
VipViacosB  0.007940.0001 alt -0.64340.091
VipViasinB  0.00324+0.00008 al 0.90940.645
Vaudcosy 0.404+0.019 o 0.55640.084
Vaasiny 0.887+0.009 az? 0.71440.336
fBfe 0.024740.00023 al® 0.19040.014
Aply 2.988+0.999 a’ -0.37440.081
al? 1.26740.798

Table 5.2: Fit results using all the available inputs.
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5.4 Analysis and results

5.4.1 B — w// transitions

In this section, we study the modes B¥ — 7¢¢ and BO(BY) — #%¢ for which the ¢2-

dependent direct CP asymmetries are defined as :

dB(B~ — 7= (0)/dg? — dB(B* — ntel)/dg?

Abp(@®) =
op dB(B~ — 7= 0l)/dg*> + dB(Bt — wtel)/dg*’

(5.8)

dB(B° — 7000) /dg? — dB(B° — 1°¢¢) /dg?
dB(BY = 7000)/dq? + dB(B° — 704() /dq?

ALp(q?) = (5.9)
The definition of the ¢?-dependent CP-averaged isospin asymmetry corresponds to the
LHCD definition [170] :
dB(B® — %) /dq?® — (10/74)dB(B* — ntL)/dg?

y 4 1
!'= IB(BY = 7000) Jdg + (ro/ 7+ )dB(B* — w+0)]dg’ (5.10)

where 79 and 7, are B” and BT meson lifetimes. Additionally, we have incorporated the

interesting observables:

Ri(O)
4 [(B£0) — 7£0)ee)’

which are Lepton Flavour Universality (LFU) conserving in the SM and are potentially
sensitive to new physics.

In table 5.3, we have provided predictions for the various observables in the four ¢? bins
using the fit results given in table 5.2. The uncertainty corresponds to the uncertainty in
determining the form factors, CKM elements and the decay constants. The ¢>-distributions
of the relevant branching fractions and the CP, isospin-asymmetries defined above are
shown in figs. 5.1. In figs. 5.1a, 5.1b, 5.1c, and 5.1d, we have shown the variation of
differential branching fraction with ¢ for both B* — 7% and B(B) — ¢/ modes,
comparing which we notice that the decay spectra for B(B) — 7¢¢ is nearly flat, whereas
for B* — w%¢¢ is highly ¢? dependent which is also reflected in the ¢? variations of the
CP and isospin-asymmetries. This is due to the differences in the ¢? behaviour of the
weak annihilation contributions in the neutral and charged B decays at the leading order
in ay as discussed in section 2.1.1.2. The dominant contribution in B(B) — 7°¢¢ decays
comes from C§ defined in eq. 5.2 and the contribution from C{ is negligible. However, for
B* — 7%0¢ decays, the contribution from C¥ becomes equally important at the low ¢?
regions since the weak annihilation contribution is proportional to the WC Cy ~ 1. Due
to the reasoning as presented in section 2.1.1.2, 7}(u)(q2) is more sensitive to the variation
of ¢% as compared to 7;(t) (¢%). Also, )\B}_ acting as a source of strong phase is larger
at the low ¢? regions. Thus, the large imaginary contribution of C’E(;LI)D at low ¢> for B*

decays results in the large CP asymmetry at low ¢?>. The CP asymmetry for BY decays is
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sensitivities.

small, as weak annihilation is mostly mediated by loop-suppressed QCD penguins. Isospin
asymmetry is also generated by hard-spectator interactions and is more pronounced at low

¢?, as shown in fig. 5.1g.

Predictions in a few ¢2-bins ( GeV?) ‘
Observables
[0.1-1] 1-2] [2-4] [4-6]
B(B° — n%00) x 10° | 0.0499(28)  0.0503(28)  0.0985(54)  0.0976(51)
B(BY — 7000) x 108 | 0.0283(21)  0.0330(23)  0.0674(44)  0.0696(43)
B(B~ — 7w 06) x 105 | 0.0444(28)  0.0538(43)  0.1308(92)  0.1465(92)
B(BY = wte0) x 108 | 0.1950(70)  0.1551(65)  0.251(12)  0.223(11)
(A9,1) L0.276(15)  -0.2074(69)  -0.1873(56)  -0.1681(55)
(A% ) .0.629(12)  -0.486(16)  -0.316(11)  -0.2077(72)
(Af) -0.479(11)  -0.3992(50)  -0.3625(23)  -0.3445(11)
(RO) 0.99195(13) 1.00007(13) 1.00039(13) 1.00050(12)
(R>) 0.09043(34) 1.00022(19) 1.00044(14) 1.00051(13)

Table 5.3: Predictions of observables for B — 7¢¢ decays in the SM, obtained using the fit results
given in table 5.2.

We have shown the ¢? variations of all the observables mentioned above in the four
specific NP scenarios in fig. 5.1: we have set Re(AC;) = Re(C)) =

component of the new WCs to 0 or 1, in order to be able to distinguish the sensitivities

1 and imaginary

of the observables towards the new phase. Following are a few observations from fig. 5.1:

e None of the observables discussed above for B — w/f decays can distinguish the
effects of Og (O10) from that of Of (O}
(O10) and Oy (Of).

o) as the ¢2-distributions are the same for Og

e For the scenarios with Oy or O}, the branching fractions are lower than the cor-
responding SM predictions, while for the scenario with Qg or O, there is increase
in the values of branching fractions from that of the SM. As expected, it is hard to
distinguish the impact of the imaginary WCs in the branching fractions.

The values of the CP-
asymmetric observables predicted in the specified NP scenarios will be lower than
that of the SM for these two WC’s.

e The CP-asymmetries are sensitive only to ACio and CY,.

e Contrary to the CP-asymmetries, the isospin asymmetry Ay is sensitive to ACy and
Cy in the region 2 < q*> < 6 GeV? and the predicted value will be higher than that
of the SM. In the low ¢? regions it will be difficult to see the impact of the NP over
that of the SM.

Once measurements are available, any deviation from the respective SM predictions

will hint towards a particular type of NP scenario since different observables are sensitive
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Figure 5.1: The ¢? dependence for the B — 7ll observables in the SM and the four different NP
scenarios with NP Wilson coefficients ACy 19 and Cg ;. For the NP scenarios, the plots show the
dependence of the observables on the imaginary parts of the respective NP’s for the benchmark
values of 1 and 0 while the real part is fixed at 1. For details, please see the legend.
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to different NP scenarios. For example, the NP scenario with the operator Og or Of will
show deviations in A; and the respective branching fractions but not in Agps. On the
other hand, seeing deviations in Acps but not in A; will be an indication of the scenario
with the operator Oy or O},. The predictions of these observables for a few benchmark
points of the new WCs are given in tables C.1 and C.2 respectively, which could be tested
in future experiments. Also, these results clearly indicate the pattern of NP effects in

those observables.

5.4.2 B — pll transitions

In section 1.4, we have pointed out the angular observables relevant for the B — pff decays.
In the following subsections, we study B¥ — p*(— 7570%)¢¢ and B(B) — p°(— 7t~ )el
decay modes. We provide predictions of observables associated with the angular anaylsis

for these channels considering the 77 system in the final state in a P-wave configuration.

5.4.2.1 BT — pt//¢ transitions

For B* — pt0¢ decays, p™ or p~ will be reconstructed via the decays p* — 770 and

0. respectively. The CP-averaged, asymmetric and optimized observables cor-

p —TT
responding to the untagged decay distribution are given in eqs 1.31 and 1.33 respectively.
Tagging of BT or B~ is possible at both the LHCb and Belle. Hence, it is also possible to
directly probe the angular coefficients corresponding to the BT or B~ decays separately,

the definitions of observables are provided in eqs 1.34 and 1.35.

Bin[GeV?| [0.1-1] [1-2] [2-4] [4-6]
(P 0.0042(33) || 0.0030(47) || -0.048(21) || -0.086(34)
(Py) -0.1262(50) || -0.422(13) || -0.177(28) 0.241(22)
(Py) 0.00040(25) || 0.0024(15) || 0.0048(28) || 0.0052(28)
(P, ) -0.117(29) || -0.159(19) || -0.366(15) || -0.474(12)
(P, ) 0.9343(64) || 0.568(32) -0.302(41) || -0.744(25)
(P5 ) -0.179(22) || -0.078(40) 0.012(46) -0.048(48)
(Py ) 0.095(16) || -0.1176(72) || -0.078(14) || -0.047(18)

(BR™) x 10° || 2.32(21) 1.004(89) 2.08(19) 2.48(21)
(AFrp) -0.1076(41) || -0.206(18) || -0.057(11) 0.105(13)
(Fy) 0.203(19) 0.631(32) 0.765(21) 0.700(24)
(Ry) 0.98067(29) || 0.99566(39) || 0.99610(38) || 0.99683(27)

Table 5.4: SM Predictions of observables for B~ — p~ 4.

For the charged B decays, we can define the same set of observables for both the LHCb
and Belle. Using the fit results given in table 5.2, we have predicted the angular observ-

ables, the longitudinal polarization fraction F, of the p meson, the forward-backward
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asymmetry App associated with the B~ and BT decays in a few ¢2-bins which are pre-
sented in tables 5.4 and 5.5, respectively. In addition, we have predicted the corresponding
branching fractions and the LFU ratios Rff =T(B* — ptup)/T(B* — ptee) in the SM.

Also, we have tested the NP sensitivities of all these observables.

Bin[GeV?| [0.1-1] [1-2] [2-4] [4-6]
(P) 0.0038(32) || 0.0034(52) || -0.048(20) || -0.087(34)
(P -0.1219(36) || -0.411(12) || -0.176(37) 0.291(20)
(P3T) 0.00057(41) || 0.0031(21) || 0.0059(36) || 0.0055(30)
(P 0.347(12) 0.182(15) -0.224(19) || -0.448(11)
(P 0.350(15) 0.062(25) -0.495(32) || -0.809(21)
(P{T) -0.065(28) || -0.168(38) || -0.271(38) || -0.244(37)
(P{T) -0.153(27) || -0.059(31) || -0.067(26) || -0.082(19)

(BRT) x 107 || 4.11(25) 2.06(14) 2.94(23) 2.78(23)
(Afp) -0.0634(40) || -0.107(11) || -0.0412(95) || 0.119(14)
(F7) 0.448(25) 0.782(18) 0.823(15) 0.716(23)
(R,™) 0.98448(36) || 0.99768(20) || 0.99721(27) || 0.99718(24)

Table 5.5: SM Predictions of observables for Bt — pT /4.

Observables NP sensitivities Observables NP sensitivities
As Im(CY) Py Re(Cy), Re(C1p)
Ay Im(ACy), Im(CY) Py Re(ACYy)
As Im(ACho), Re(Cyp), Im(CYy) Py Re(CY)
Ag Im(ACio) P; Re(ACh0), Re(CYy)
Az Im(ACho), Im(CYy) /2 Re(ACy), Re(Cy)
Asg Im(ACy), Im(C1,), Im(C§) Py Hard to distinguish from SM
Ag Im(Cy), Im(C1y) P Hard to distinguish from SM
Acp Re(CY), Re(C), Re(ACy), Re(ACo) Py Re(ACy)
(limited ¢? regions) Py Re(ACY), Im(AC1o)
Arp Re(ACY) PPy Im(C}), Re(Ch), Im(C)
Fy, Re(ACy) (limited ¢? regions ), PéJr, P~ Im(C},), Im(AC10)
hard to probe, need more precision
R(p) All the four scenarios, PytopPL Im(Cyg), Im(C1y), Im(ACy)
real and imaginary components

Table 5.6: The observables along with the respective new physics scenarios which affect them
the most. In the NP scenarios, the ¢? sensitivity of these observables can be visualized from the
corresponding plots provided in the text.

In the SM, the observables P, ) and Py ) are negligibly small owing to the smallness
of J3(J3) and Jg(.Jy) which is due to a partial cancellation between the modulus of the
two transversity amplitudes in J3, whereas Jg o< [ m(AL Aﬁ ) which is negligibly small
In table 5.7, we have shown the predicted values of the CP-

optimized (P;, P!) and CP-asymmetric (A;) observables. The angular coefficients J3 and

as seen from eq. A.4.

Jy are small in the SM, which results in the smallness of A3 and Ag. As is evident, apart
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sensitivities.
Bin[GeV?| [0.1-1] [1-2] [2-4] [4-6]
(Acp) -0.280(25) -0.345(18) -0.1728(92) -0.0584(42)
(As) -0.0000018(262) || -0.000039(84) || 0.000022(127) || 0.00044(29)
(Ayg) -0.1017(62) -0.0684(60) -0.0144(25) 0.0043(21)
(As) 0.0259(43) 0.0687(84) 0.0534(80) 0.0315(67)
(Ass) 0.0024(20) 0.0056(55) 0.00057(795) -0.018(11)
(A7) -0.0056/(40) 0.0297(35) 0.0589(47) 0.0470(40)
(Ag) 0.0502(73) -0.0031(69) 0.0011(33) 0.0093(11)
(Ag) 0.000043(38) 0.000096(79) || 0.000109(76) || 0.000085(52)
(Pp) 0.0027(21) 0.0027(41) -0.043(19) -0.084(33)
(Py) -0.0826/(26) -0.3472(100) -0.159(23) 0.257(13)
(P3) 0.00032(22) 0.0023(15) 0.0048(28) 0.0051(28)
(Py) 0.1529(97) 0.048(11) -0.271(15) -0.452(11)
(P;) 0.422(11) 0.225(19) -0.386(29) -0.764(21)
(P5) -0.080(21) -0.120(34) -0.137(38) -0.148(42)
(P%) -0.056(12) -0.072(19) -0.068(19) -0.064(18)
(BR) x 10° 3.21(22) 1.53(11) 2.51(21) 2.63(22)

(F1) 0.360(25) 0.733(22) 0.799(17) 0.708(23)

(ArB) -0.0793(40) -0.139(13) -0.0479(86) 0.113(11)
(R,) 0.98311(36) 0.99702(25) 0.99675(32) 0.99701(25)

Table 5.7: The SM predictions of the CP-averaged and CP-asymmetric observables in B* — pT¢¢
decays as measurable both at the LHCb and Belle.

from A3 and Ag, the other CP-asymmetric observables aren’t suppressed in the SM for
b — d{/¢ transitions, as happens in the case of b — s€/, where the term containing the CP-
violating phase is doubly Cabibbo-suppressed. The asymmetric observables are sensitive
to the difference between .J and J whereas the optimized observables are proportional
to J (for B™) or J (for BT). Therefore, the pattern of the numerical results for the
asymmetric observables depicted in table 5.7 can be gauged from the corresponding values
for the optimized observables provided in tables 5.4 and 5.5. For eg., among all the CP-
asymmetric observables, Acp and A4 have the maximum values in terms of magnitude,
and is one or two orders enhanced w.r.t the rest of the asymmetric observables for ¢% < 2.
These semileptonic decays are sensitive to the weak phases 8 and -, respectively, which
change sign between the amplitudes for B and B~ decays. However, the strong phases
also play an essential role. The large values of A4 and Agp is due to the large difference
between the values of Jy(Jic2c) and J4(J1e2¢) which are sensitive to the strong phases

in Ag ot (eq. A.1) originating from the leading order weak annihilation corrections in
I

partially contribute to the ¢ variations of AOL’R. In fig. 5.2, we show the variations of

as given in eq. 2.12. The ¢ dependence of the strong phase in )\BIJF will

the observables listed in table 5.7 with ¢ for which the SM predictions are represented

by blue thick regions. Almost similar kinds of ¢? variations are obtained for the related
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observables in B* decays defined in eq. 1.35 which we have not shown separately. We
have presented a few of them in fig. 5.3 for which the ¢? variations are slightly different

than the corresponding observables obtained from the CP-averaged distributions.

We have also tested the NP sensitivities in the four l-operator scenarios of all the
observables described above, which are shown in figs. 5.2 and 5.3, respectively. Apart
from a few observables, which are shown in fig. 5.3, the NP sensitivities of the observables
associated with the BT or B~ decays are similar to the one obtained from the CP-averaged
rates; hence we have not shown them separately. The observables like P;E,), P! i, Péi have
different dependences on a couple of new WCs which are shown in fig. 5.3 which can be
compared with the figs. 5.2j, 5.2k, 5.2n, and 5.20, respectively. The information contained
in those figures has been summarized in table 5.6. Apart from Agp, rest of the CP-
asymmetric observables are sensitive to the imaginary parts of one or more NP scenarios.
However, Acp is sensitive to all four scenarios, only to the real components, and in a
limited region: 0.5 < ¢? < 2 GeV?. Similarly, the LFU ratio R, is sensitive to all the NP
scenarios, both to the real and imaginary components. We find that there are observables
sensitive to only a particular type of NP scenario. Hence, any deviations from the SM
predictions in one or more of these observables will indicate the presence of the respective
new interaction. The ¢? variations of different observables are different in different NP

scenarios and are very much indicative.

It is difficult to distinguish the contributions of NP from respective SM predictions in
the observables Pj and Pj obtained from the CP-averaged decay rate as seen from figs.
5.2n, and 5.20. Instead, the observables P’ gﬁg are sensitive to different new interactions as
shown in figs. 5.3e, 5.3f, 5.3g, and 5.3h, respectively. For both these observables, the NP
dependencies in the BT and B~ channels are opposite; hence, in the observables obtained
from the CP-averaged rates, those dependencies are lost due to a relative cancellation. Ps
is sensitive only to Re(C}) while P are sensitive to Im(Cy 1) in addition to Re(Cg). Due
to a relative cancellation between the observables P; and P, , the sensitivities towards the
respective imaginary components are lost in their corresponding CP-average. Like Ps, P;
is sensitive to Re(ACy) and has a little sensitivity to the imaginary part of AC1. However,
the predicted value is slightly lower than the corresponding SM predictions, which is hard
to probe. On the other hand, P, is sensitive to both Re(ACy) and Im(AC o) and in both
these scenarios, the magnitude of the predicted values is higher than the respective SM
predictions. Here, again due to a relative cancellation the sensitivity towards I'm(AC)

is lost in Ps.

Following the presentation of the NP dependence of the observables for the B — =
sector; we also tabulate the NP dependence of the observables for the B — p sector corre-
sponding to the same four ¢ bins and for benchmark combinations of the real and imagi-
nary NP WCs. For the charged modes, the observables corresponding to the untagged case
that can be measured at both Belle and LHCDb are provided in tables C.3, C.4, C.5, C.6, C.7,
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sensitivities.
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Figure 5.2: The ¢® dependence of the observables in B* — pTil decays, which are measurable
at both the LHCb and Belle. The variations are shown in the SM and in the four different NP
scenarios with NP Wilson coefficients ACy 19 and Cg ;. For the benchmarks, please see the legend.
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Figure 5.3: The study of the ¢ dependencies of a few tagged observables in Bt — pTil and
B~ — p~ll decays, which are measurable at both the LHCb and Belle. The caption will be similar
to the one given in fig. 5.2; also, we follow the legends of that figure.

C.8,C.9 and C.10. We highlight only those observables for the tagged case which have dif-
ferent NP dependence than the corresponding observables obtained from the CP-averaged
distribution; such observables are displayed in tables C.11, C.12,C.13 and C.14. From a
comparison with the respective SM predictions, one can look for possible deviations which
can be statistically significant. The trend or the pattern of NP effects, which are also

dependent on ¢ regions, is apparent in the respective predictions.

5.4.2.2 B° — p'¢¢ transitions

For B® — p°(— 7m)l¢ decay, the p meson is reconstructed via the decay, p° — 7+7~, to
a flavor non-specific final state. Therefore, the final state can arise from the decay of both
BY and B9 mesons. The interference between B? — B? oscillations and decay leads to the
time dependencies in the decay amplitudes which also impact the corresponding angular

coefficients J; and jz which are presented as:
Ji(t) = Ji(Ag — Ap(t),  Ji(t) = Ji(Ag — Au(t). (5.12)
The time dependencies of the CP-averaged angular coefficients are given by

Ji(t) + Ji(t) = e [(Jz + J;) cosh(yTt) — h; sinh(yI‘t)} ,

N
—~
~
N—
|

$

(t) = T [(Jl- — J;) cosh(aTt) — s; sinh(a:Ft)] : (5.13)

where x = Am/T" and y = AI'/2I". Al' = 'y, — 'y and Am = My — My, are the

lifetime and mass differences between the mass eigenstates. For Bg decays, the lifetime
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sensitivities.

Bin[GeV?| [0.1-1] [1-2] [2-4] [4-6]
(As) -0.0023(50) 0.0016(75) 0.0071(71) 0.0158(67)
(Ass) 0.0028(23) 0.0065(64) || 0.00062(854) || -0.019(12)
(Asg) 0.0143(43) 0.0062(39) 0.0033(17) || 0.00186(42)
(Ag) 0.000051(45) || 0.000112(91) || 0.000117(82) || 0.000087(53)
(Py) 0.0028(23) 0.0027(42) -0.044(19) -0.084(33)
(P,) 0.2044(41) 0.047(11) -0.287(15) -0.457(11)
(Pg) -0.114(26) -0.163(36) -0.165(39) -0.157(42)

(BR) x 10° 1.26(10) 0.613(51) 1.083(96) 1.19(10)
(Fr) 0.278(26) 0.697(26) 0.786(19) 0.701(24)
(R,) 0.98245(39) || 0.99660(29) || 0.99652(34) || 0.99694(25)

Table 5.8: Predictions of observables, in the SM, for B(B) — p°#¢ decays measurable at LHCb
and Belle.

difference is negligible. The detailed mathematical expression for the s; and h; are given
in ref. [171]. The time-integrated CP-averaged rates and CP-asymmetries, as measured at

hadronic machines and B-factories are defined in terms of the modified angular functions

[171]
N 1[J;+ J; y 7 2[Ji+ Ji
<J+J>LHCb F{l—gﬂ 1—y2>< } <J+J>Belle F[l_?ﬁ] G4
i 1 Ji_ji b - 2 Ji—ji
i — Ji = — = i t T 4
<J J>LHCb F[1+m2 1+x2xs] <J J>Belle F[l—l—:ﬁ} o)

At Belle, the flavour of the decaying B® meson can be tagged and thus, the corre-
sponding angular coefficients .J; or J; can be extracted. Whereas at LHCb, tagging is not
possible for this decay chain. Hence from an untagged measurement of the differential
decay rate, one extracts the CP averaged angular coefficients (J; + jz) defined in eq. 1.36.
Hence, at the LHCb, apart from the branching fraction and LEFUV observable R,, the
following observables can be measured: Asg¢szg9, P, PAL6 and F7,. This set of observables
can also be measured at Belle. In the limit y — 0, which is true for the B? system, the
measured values will be the same in both experiments except the branching fraction, for
which the value measured by Belle will be twice that of the one measured by LHCbH’.
However, at Belle, apart from these observables a few additional observables, resulting
from the time average <Ji — jz>, can be measured which are the following: Acp, A34.7,
P 3, PE’),S, and App. The respective predictions in the SM for the observables measuarable
at the LHCb and Belle are given in tables 5.8 and 5.9, respectively.

At Belle, tagging is possible. Hence it is possible to measure the observables defined in

5Note that for the time average, at the LHCD, the integration over time will be over the range 0 < ¢ < oo
while that for Belle will be —oo <t < co.
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egs. 1.34 and 1.35 for BY — p9¢¢ and BO — p°0¢ decays, for which we have presented the
respective predictions in the SM in tables 5.10 and 5.11, respectively. Unlike the B¥ —
pT el decays, the SM predictions for the observables defined for B° and BO decays are much
consistent with each other. This is due to the fact that the hard-spectator contribution
from the leading order WA diagrams (7T|(u)’WA) are negligible for BY(B%) — p%0¢ decays
which plays a major role for the differences in the predictions for a few observables in B™
and B~ decays. This could be the reason for A4 in neutral B decays being two orders of

magnitude suppressed relative to that in the B decays.

Bin[GeV?] [0.1-1] [1-2] [2-4] [4-6]

(Acp) -0.034(12) -0.0325(53) || -0.01670(88) || -0.0115(20)
(A3) 0.0000012(195) || -0.000028(62) || 0.000015(86) || 0.00028(18)
(Ag) -0.0075(18) -0.0060(23) || -0.00048(206) || 0.0040(21)
(A7) -0.0025(30) -0.0024(26) || -0.00020(107) || -0.00015(55)
(Py) -0.0545(17) -0.2238(64) -0.101(15) 0.1617(83)
(P3) 0.00021(13) 0.00148(95) 0.0031(18) 0.0032(18)
(Ps) 0.3365(43) 0.166(13) -0.241(19) -0.479(13)
(P,) -0.0205(69) -0.036(10) -0.040(10) -0.039(10)

(Arp) -0.0591(27) -0.1017(95) -0.0324(57) 0.0725(73)

Table 5.9: Predictions of observables, in the SM, for B(B) — p°¢¢ decays measurable only at
Belle.

In the SM and in a few new physics scenarios, the respective ¢? variations of the
observables listed in tables 5.8 and 5.9 are shown in fig. 5.4. We note that for the neutral
B decays, the variations of CP-asymmetric observables with ¢? are less significant than
the charged B decays, particularly in the observables Acp and As57g. For the rest of
the observables, the ¢? variations are almost similar to that observed for the charged B
decays shown in fig. 5.2. Apart from Agp and As, the NP sensitivities for the rest of the
observables in the neutral B decays are almost identical to the respective observables in
B decays shown in table 5.6. For the neutral B decays, Acp is sensitive to Im(ACy)
and Re(ACi) whereas As is sensitive only to Im(AC)), the NP sensitivities of the
rest of the observables can be seen from table 5.6. Like the BT and B~ decays, here
also we see that the observables Py 3(Pg3) and Pg(Pg%) have different NP sensitivities.
We can see from fig. 5.5 that in the specific NP scenarios, significant deviations in the
predictions of PG’?S and Pé?g are possible, which are lost due to relative cancellations in the
CP-averaged observables Pé,g shown in figs. 5.4n and 5.40, respectively. Thus, along with
the observables obtained from the CP-averaged distribution, whenever tagging is possible,
the measurement of the tagged observables is equally important in the context of NP

searches.

In tables C.19, C.20, C.21, C.22, C.23, C.24, C.25, C.26, C.27 and C.28, we provide
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sensitivities.
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Figure 5.4: The ¢? dependence for the CP-averaged and CP-asymmetric observables in B O(B 0) —
pll decays in the SM and in the NP scenarios. Among the listed obsevables A5 65 5.9, P1, Pyg, FL
and Branching ratio are measurable at both the LHCb and Belle and the rest are measurable only
at the Belle. The legends are similar to the one used in fig. 5.2.
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5.5 Summary

Figure 5.5: The ¢® dependence for the Pg(PJ), PJ(Py), P{(P{), PL(P) associated with
B(B) — p°ll decays measurable only at the Belle.

the predictions in the NP scenarios for the observables associated with the neutral modes.
Also, as discussed in the case of the charged B decays, for the B° and BO decays we have
given the predictions in the NP scenarios for the tagged observables Pg 3(P£ 3), Pé?g (]56’?8) in
tables C.15, C.16, C.17 & C.18. All these predictions can be tested in future measurements.

5.5 Summary

In this chapter, we have analysed the decay modes B — 7(p)lvy and B — w(p)¢*¢~ using
all the available experimental inputs on the branching fractions, and the lattice and LCSR
inputs on the form factors. We extract the form factor coefficients and the CKM element
|Vup| using all these inputs and the available correlations between them. Using this fit
result for B — wf¢ decays, we have predicted CP and isospin-asymmetries along with the
respective branching fractions. Also, we have predicted LFU ratios like R, /% We have
checked the ¢? distributions of all these observables and predicted the values, along with
the respective errors, in a few ¢2-bins. From the angular distribution of B+ — pi(O)M
decays we have obtained the CP-averaged and CP-asymmetric observables along with the
respective branching fractions and Rpi’o. Here also we have predicted all these observables
in the SM in a few ¢-bins using the fit results for the form factors.

For the charged B decays, the observables are predicted for both the B and B~ decays
following the tagging method, which can be measured both at the LHCb and Belle. Also,
we have predicted the associated untagged observables. On the contrary, for the neutral
B decays, tagging is possible only at Belle but not at LHCb. Hence, there are observables
measurable both at Belle and LHCb and a few observables measurable only at Belle. We
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sensitivities.
Bin[GeV?] [0.1-1] [1-2] [2-4] [4-6]
(PY) 0.0039(32) 0.0034(51) -0.048(21) -0.087(34)
(PY) 0.0787(33) || -0.267(14) || -0.112(30) || 0.197(19)
(PY) 0.00040(29) || 0.0021(15) 0.0040(23) 0.0036(20)
(P 0.2544(67) 0.063(13) -0.296(16) -0.468(10)
(PO 0.393(11) 0.171(20) || -0.267(25) || -0.516(17)
(PO -0.125(38) -0.166(45) -0.170(42) -0.157(41)
(P -0.061(20) || -0.052(20) || -0.050(15) || -0.043(11)
(BR% x 10? | 2.60(21) 1.27(10) 2.20(19) 2.41(20)
(A% ) -0.0592(32) || -0.103(11) || -0.0323(92) || 0.086(12)
(FY) 0.283(25) 0.698(25) 0.788(18) || 0.699(24)
(RY) 0.98257(39) || 0.99670(29) || 0.99657(33) || 0.99697(25)
Table 5.10: Predictions of observables, in the SM, for B® — p°¢¢ decays, which are measurable
at Belle.
Bin[GeV?| [0.1-1] [1-2] [2-4] [4-6]
(PY) 0.0041(33) 0.0031(49) -0.048(21) -0.086(34)
(P9) -0.0770(22) || -0.2559(41) || -0.110(22) || 0.137(21)
(PY) 0.00021(12) || 0.00132(81) || 0.0028(16) 0.0031(17)
(P)0) 0.2334(35) || 0.037(12) || -0.306(17) || -0.463(13)
(P0) 0.412(10) 0.189(22) || -0.238(29) || -0.459(21)
(P0) -0.148(23) -0.187(33) -0.176(40) -0.163(45)
(PR 0.0143(41) || -0.0252(25) || -0.0345(69) -0.036(10)
(BR%) x 107 || 2.43(21) 1.19(10) 2.13(19) 2.35(20)
(A9 ) -0.0589(25) || -0.1001(98) || -0.0324(79) || 0.059(10)
(F9) 0.273(26) 0.696(27) 0.784(19) 0.703(24)
(R9) 0.98232(39) || 0.99650(32) || 0.99646(35) || 0.99690(25)

Table 5.11: Predictions of observables, in the SM, for B® — p°¢ decays measurable at Belle.

separate and predict them in the SM in a few ¢>-bins.

For all these observables, we have checked the sensitivities towards some NP contri-
butions from a few additional operators beyond the SM. To look for deviations, we have
studied the individual ¢? variations of all these observables in the different NP scenar-
ios and compared them with the respective distributions in the SM. Many observables
are sensitive to the NP contributions we have considered, and one can distinguish the
effects from the respective SM predictions. From a comparative study of the respective
NP sensitivities, one can identify the effect of a particular type of scenario from the rest.
Therefore, if we observe deviations in the measured values from the respective SM pre-
dictions, it will be possible to identify the type of NP scenario from the pattern of the

results. Moreover, we have noted that a few observables defined from a tagged analysis
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5.5 Summary

are sensitive to some NP scenarios and the respective sensitivities are lost due to a relative
cancellation while defining the related CP-averaged observables, which could be obtained
from the untagged decay distribution. In the context of NP searches, the measurement of

the tagged observables is equally important as the related CP-averaged observables.
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Chapter 6

Constraining the ratio |V;;|/|V,;| from
exclusive decays.

6.1 Introduction

In this chapter!, with the objective of determining the least precisely measured ratio
[Viol/|Ves|, as discussed in section 1.5, we simultaneously analysis the mesonic b — clv
and b — ulv modes for a combined extraction of |Vi;|*"¢ and |V,;,|* respectively. In
chapter 4, we have analysed the B — wlv decay mode for the exclusive determination
of |Viup| and found that our best results are consistent with the one extracted from the
inclusive B — X, fv, decays from Belle [1] within 1 o confidence interval. Apart from
B — wlv decay modes, the decay rates for B — p(w)lr modes also depend on the CKM
matrix element |V,;| and should be considered for a combined extraction of exclusive |Vy|.
In PDG [72], averages are given based on B — D®[v decays for |Vy|**¢ and B — nlv
decays for |V,;5|*® (the values are given in eqs 1.39 and 1.40). The B, — D1y modes

also probe |V| and are utilised for the determination of exclusive |Vy| in this chapter.

In section 6.2, we discuss the theory relevant to the various decay modes considered
in this chapter. In section 6.3, we mention about the available data in the respective
channels along with the Lattice and LCSR inputs. As an initial step, we determine the
ratio independently from the b — clv and b — wlry modes. Next, we incorporate the
measurements on the ratio BR(Bs; — Kuv)/BR(Bs — Dsuv) in the two ¢3-bins, given
in eq 1.43 to understand the role of these inputs on the ratio |Vyp|/|Ve|, the results are
presented in section 6.4. Finally, we summarize the results obtained in this chapter in

section 6.5.

!The main results of this chapter have been taken from a work in progress with A. Biswas and S. Nandi
which will be arXived soon.
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6.2 Theory

6.2.1 B decays to pseudoscalar mesons

In this analysis, we consider B(B;) — 7(K)lv (B(Bs) — D(Ds)lv) decays corresponding
to b — u(c) transitions. The differential decay rate for B-decays to pseudoscalar mesons
are function of the form factors fi o(¢?), as given in eq. 1.22. We parameterize the form
factors corresponding to B(Bs) — w(K)lv and B(Bs) — D(D;)lv transitions according
to BSZ (eq. 2.24) and BGL (eq. 2.29) parametrizations respectively.

We provide the values of the constants in table 2.4 and pole masses used in B — D)
and B; — Dg*) channels in tables 2.2 and 2.3 respectively. The outer functions are

expressed as in eq. 2.33.

6.2.2 B decays to vector mesons
6.2.2.1 B — p(w)lv transitions

For these decays, the experimental measurements are given on the partial branching frac-
tions in bins of dilepton invariant mass squared ¢2, the differential decay distribution is
function of the form factors V(¢?), Ao(q?), A1(¢?) and A(¢?) as seen from eqs. 1.23,1.24.
We follow the BSZ parametrization given in eq. 2.24 to parameterize the respective form

factors.

6.2.2.2 B(B;) — D*(D?)lv transitions

For B — D*lv decays, the experimental measurements are provided for the differential
distributions in the variables w, cosf, cosf, and x in 10 bins [70]. The expression for
the four-fold distribution is obtained from [172, 173]. We follow the BGL basis of form
factors (f, g, F1, Fy) for these decay modes which are expanded as given in eq. 2.29, with
the values of the pole masses given in tables 2.2 and 2.3 and outer functions given in eq.
2.34.

6.3 Inputs

For B — wlv decay modes, the experimental data, Lattice and LCSR inputs considered in
this analysis are same as those used in chapter 5. For B — plv modes, all the inputs are
same as chapter 5 except for an additional LCSR input [5]. For B — wlv transitions, the
experimental inputs correspond to the measurements on the partial branching fractions
in bins of ¢ from BaBar and Belle collaborations [75-77, 174]. No lattice estimates exist
till date on the B — p(w) form factors. In ref [5], the LCSR datapoints for the form

factors are provided at ¢ = 0, whereas in ref. [4], the fit-results for the coefficients of the
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z-expansion are given using which we generate correlated synthetic data-points for the
form factors A1, As and V at ¢ = 0,4,8 GeV? and for Ay at ¢°> = 4,8 GeV? 2.

The form factor inputs corresponding to By — K~ transitions are available from
Lattice QCD collaborations, namely Fermilab-MILC [175] and RBC/UKQCD [130]. Also
the authors of ref. [176] have provided the value of the form factor f; only at ¢ = 0
following the LCSR approach. For By — D, transitions, there are existing results from
Lattice groups, namely Fermilab-MILC [177] and HPQCD [178] where the fit results of the
respective form factor parameters are provided following BGL and BCL parametrizations
respectively. We have generated correlated synthetic datapoints for the form factors f
and fo from the MILC analysis at w = 1, 1.08 and 1.16 and from the HPQCD analysis
at w = 1, 1.06 and 1.12. In ref. [179], the correlated form factor inputs are given for
B — Dg*) modes using the Light-Cone sum rules with By meson distribution amplitude
at ¢> = -15, -10, -5 and 0 GeV?, which calls for a combined analysis of By — Dg*),uy
transitions. For By — D} modes, there is a lattice QCD calculation of the axial vector
form factor at zero recoil [180]. In ref. [181], the values of the form factors Ay, A1, Ay
and V are given for the first time at non-zero recoil, namely at w = 1, 1.04, 1.08 and
1.12. LHCb has recently provided a measurement of |V| using the By — Dg*) pv decay
modes [182]. Using their fit results for the form factor parameters and other relevant
inputs, we have created correlated synthetic datapoints for the partial branching fractions

for B; — D,lv channel in 6 w-bins and for Bs — D}lv channel in 5 w-bins.

In 2015, the Belle collaboration had analyzed the B — Dlv decay and provided mea-
surements for the differential decay width in 10 w-bins for both the charged and neutral
B decays with electrons and muons in the final state [71]. In 2018, it presented the results
for the differential distributions in w, cosf;, cosé, and x in 10 bins for the B — D*[v decay
mode [70]. In addition to these experimental results, we also consider the inputs for the
hadronic form factors available from various sources. For the B — D form factors, we take
lattice inputs from the Fermilab-MILC collaboration [183] and the HPQCD collaboration
[184]. In [183], the form factors f; and fy are given at three values of the recoil variable w
=1, 1.08 and 1.16, whereas in [184], the fit results for the form factor parameters following
BCL expansion are provided, using which we created synthetic data-points for fi and fy
at w =1, 1.06 and 1.12. The lattice inputs for the form factors of B — D* mode are taken
from the Fermilab-MILC collaboration [185] where the values of the form factors g, f, F}
and Fy are provided for the first time at non-zero values of the recoil, namely w = 1.03,
1.10 and 1.17 respectively. The authors of ref [2] have provided correlated form factors for
B — D™ channel at ¢% = -15, -10, -5 and 0 GeV? following the LCSR approach.

2At g2 =0, A is related to A; and As, thus it isn’t independent. So, in order to keep the covariance
matrix positive semi-definite, we don’t include the datapoint for Ay at ¢> = 0.
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6.4 Results

For the various decay modes sensitive to |Vy;| and |V, we study the impact of the form
factor inputs from the available sources on the extraction of |V, and |V |**“. For
B — wlv modes, we consider the datapoints from each Lattice collaboration separately
along with the experimental measurements with or without the inputs from LCSR analysis
[3] which are relatively more precise as compared to the one obtained in ref [2] and thus
play dominant role in the fits. The fit results are shown in table 6.1 where we also show
the impact of the LCSR inputs on |V, extracted from B — plv and B — wlv decay
modes. Finally, we combine all the channels for an exclusive determination of |V,p|. In
table 6.2, we show |V;|"¢ obtained from the various b — clv transitions separately and
also from a combined analysis. With the result |Vy| = (40.4 4+ 0.6) x 1073 from the
combined analysis, we have calculated |V p|/|Vep| for all the inputs in table 6.1, as shown
in the fifth column. From the combined b — u(c)lv modes, we obtain |Vyp|/|Ves| = 0.088

+ 0.003.

Mode Inputs p value (%) | |Vip| x 103 [Vubl/|Ven)
B — wlv Experiment+JLQCD [166] 11.7 3.93 + 0.41 | 0.097 £+ 0.010
Experiment+JLQCD+LCSR (3] 20.6 3.65 + 0.24 | 0.090 £ 0.006
Experiment+MILC [186] 9.9 3.67 & 0.14 | 0.091 £+ 0.004
Experiment+MILC+LCSR (3] 8.4 3.71 +£ 0.13 | 0.092 £ 0.003
Experiment+RBC/UKQCD [130] 10.3 3.60 = 0.31 | 0.089 £ 0.008
Experiment+RBC/UKQCD+LCSR (3] 18.3 3.43 £ 0.22 | 0.085 £ 0.006
Experiment+ All Lattice [130, 166, 186] 0.18 3.62 + 0.12 | 0.090 + 0.003
Experiment+ All Lattice+LCSR [2, 3] 2.8 3.62 + 0.11 | 0.090 £ 0.003
B — plv Experiment+LCSR [2] 36 3.66 = 1.07 | 0.091 £ 0.027
Experiment+LCSR [4] 6.4 3.08 £ 0.28 | 0.076 £ 0.007
All combined [2, 4, 5] 86.7 3.22 + 0.26 | 0.080 £ 0.007
B — wlv Experiment+LCSR [4, 5] 89.7 3.09 =+ 0.33 | 0.076 £ 0.008
All modes All inputs combined 22 3.55 + 0.10 | 0.088 £ 0.003

Table 6.1: A comparative study of the impact of the form factor inputs for different channels on
the extraction of |Vy].

Mode Inputs p value (%) | |Vep| x 103

B — Dlv Experiment+Lattice [183, 184]+LCSR [2] 90.2 41.0 £ 1.1
B — D*lv Experiment+MILC [185] +LCSR [2] 13.7 38.9 + 0.9
B, — D1y | Experiment-+Lattice [178, 181] +LCSR [179] 99.9 41.9 + 1.1
All modes All inputs combined 76 40.4 £ 0.6

Table 6.2: A comparative study of the extraction of |Vg| in different channels.
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Mode Inputs p value (%) | |Vup| x 103 | [Vip| x 103 [Vs|/|Ves|
B — nlv Experiment+Lattice 1 3.56 £ 0.11 | 40.7 + 0.6 | 0.088 4+ 0.003
and b — clv | Experiment+Lattice+
LCSR 1.6 3.50 £ 0.10 | 40.7 £ 0.6 | 0.086 + 0.003
Experiment+Lattice+
LCSR (without f*—) 9.8 3.62 & 0.10 | 40.3 &= 0.6 | 0.090 = 0.003
b — c(u)lv Experiment+Lattice+
LCSR 10 3.45 + 0.08 | 40.7 + 0.6 | 0.085 + 0.002
Experiment+Lattice+
LCSR (without f7*7%) 28.9 3.55 + 0.09 | 40.4 + 0.6 | 0.088 4 0.002

Table 6.3: Extraction of the ratio |Vyp|/|Ve| from combined b — ¢(u)lv modes including the ratio

Rpr = % in the two bins [8].

Next, we incorporate the measurements on the ratio BR(Bs; — K uv)/BR(Bs — Dsuv)
in the two bins in the combined fit to analyse the impact on |Vy;|/|Ve| ratio, the results
are shown in table 6.3. We also separately study the effect of the inputs on the B — wlv
modes along with the b — clv modes (with or without the LCSR inputs on the form
factors) on the ratio since it is the most promising channel in the extraction of |V,;|**“,
the results are shown in table 6.3. We find that the LCSR input on the form factor f
at ¢ = 0 in the By — K channel has influence on the extracted value of V|, dropping
which we get an enhanced value of |V,;|, as shown in the last row of table 6.3. We also
study the effect of the branching fraction ratio in each bin separately on the extracted
value of |Vyp|/|Vep|, the results are shown in table 6.4. We have shown the plots for the
form factors in the B — m(p,w)lv channels in figs. 6.1, 6.2 and 6.3 respectively. From
fig 6.1, we find that the form factors obtained from the fit to only experimental data and
Lattice inputs from JLQCD in the B — wfr channel have larger uncertainties which get
subsequently reduced on including other Lattice and LCSR inputs. In figs 6.2 and 6.3,
the form factor plots are shown for the B — pfv and B — wfv channels corresponding to
analyses with the inputs in only B — pflv or B — wfv modes and from combined exclusive

b — wlv modes.

6.5 Summary

In this chapter, 3 we have considered mesonic b — c(u)fv decay modes for eg. B —
m(p,w)lv and B(B;) — D(*)(Dg*))éu with the available experimental data and inputs
on the form factors for a combined extraction of |V,;| and |Vg|. From these results, we

have determined the ratio |Vy3|/|Vep| which is proportional to a side of the CKM unitarity

3The main results of this chapter have been taken from a work in progress with A. Biswas and S. Nandi
and will be arXived very soon.
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Mode Inputs p value (%) | |Vip| x 103 | [Vip| x 103 [Vis|/|Ves|
b — c(u)lv + | Experiment+Lattice+
R%%W LCSR 9.9 3.44 £0.09 | 40.6 £ 0.6 | 0.085 £ 0.002
Experiment+Lattice+
LCSR (without ffsﬁK) 28.8 3.56 £ 0.10 | 40.3 £ 0.6 | 0.088 + 0.003
b — c(u)lv + | Experiment+Lattice+
Rpigh LCSR 13 3.48 + 0.09 | 40.5 + 0.6 | 0.086 + 0.002
Experiment+Lattice+
LCSR (without f2+7*) 33.6 3.56 & 0.09 | 40.3 = 0.6 | 0.088 £ 0.003
Table 6.4: Extraction of the ratio |Vyp|/|Vep| from combined b — c¢(u)lv modes along with the
ratio Rpp = % in either low or high bin [8].

1.2
1.0
0.8
<
206
<
04
0.2
N 0.0
0 5 10 15 20 25 0 5 10 15 20 25
71GeV] 71Ger]
(a) (b)
Combined V,;, modes
B — m1v (Expt+All Lattice+LCSR) B — m1v (Expt+All Lattice)
B - nlv (Expt+Only JLQCD) - FNAL/MILC -} RBC/UKQCD
—+JLQCD —+ LCSR (1) LCSR (2)

(c)

Figure 6.1: The ¢? distributions of the form factors f; and fy for B — 7wlv modes. The lattice
and LCSR datapoints are also shown in the plots. The labels “LCSR(1)” and “LCSR(2)” refer to
the inputs from LCSR [2] and [3] respectively.

. . BR(Bs—Kuv) |V |?
triangle. There has been a recent measurement of the ratio BR(B. D) X Va2 from

LHCD in two bins of B; — K momentum transfer. As an initial step, we determine the
ratio independently from b — c¢(u)fv modes, also separately studying the effect of the
various form factor inputs for different channels on the extracted values of |V,p| and |V
Then we incorporate the measurements on the branching fraction ratios in the two bins
separately and also simultaneously to see the impact on the |V,|/|Vep| ratio. We find that
the LCSR input on f; at ¢> = 0 in the B, — K channel influences the measurement of
[Vl /| Vep|- Our value for |Vyp|/|Vep| is consistent with the determination from the ratio of
partial rates of baryonic decays BR(Ay — puv)/BR(Ay — Acpr) measured by LHCb.
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Figure 6.2: The ¢? distributions of the form factors Ay, Ay, Ay and V for B — plv modes. The
LCSR datapoints are also shown in the plots. The labels “LCSR(1)”, “LCSR(2)” and “LCSR(3)”
refer to the inputs from LCSR [2], [4] and [5] respectively.
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Figure 6.3: The ¢? distributions of the form factors Ay, A;, Ay and V for B — wlv modes. The
LCSR datapoints are also shown in the plots. The labels “LCSR(2)” and “LCSR(3)” refer to the
inputs from LCSR [4] and [5] respectively.
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Chapter 7

Summary and outlook

In this thesis, we have studied the semileptonic decays of B mesons including the flavor
changing charged and neutral current transitions and the related phenomenology. With
the absence of any direct detection of new particles at the colliders so far, the precision
measurements of several observables in the flavor sector play very crucial role to analyze the
possible signatures of new physics through the comparison with their respective predictions
in the SM. Over the last few years, some anomalous results have been observed in the B
meson decays in the low energy experiments. The observables R (-) defined to test Lepton
Flavor Universality and a few angular observables (for eg. P.) have shown deviations
from their respective SM predictions. The source of this discrepancy could be the poorly
understood hadronic effects in the SM or the presence of new interactions beyond the SM.
We have considered the possibility of new physics effects in the neutral current sector in this
thesis. Incorporating the available measurements from various experimental collaborations
in the b — s€¢ channel and following a model-independent effective field theory framework
with dimension six operators with complex WCs, we have checked whether each of the one-
operator scenarios can provide plausible explanations to the observed anomalies. It has
been found that the operator Qg in both the cases with real and complex WCs turns out to
be the only one-operator scenario compatible with the present data. More precise data in
the future might prefer more complex multi-operator scenarios or models. Also, in general,
in a new physics model, besides the one-operator scenarios, some multi-operator scenarios
may also influence the transitions under study. Thus, with the aim to look for various
possible combinations of the operators that can accommodate the available data in this
channel, we have adopted the model selection procedures like Akaike Information Criterion
and Cross-Validation. It has been observed that apart from the one-operator scenario Qg
with complex WC, some two, three and four operator scenarios are also selected in this
analysis, with the operator Og common among them. For the selected scenarios, we have
provided predictions for Rg) and P! in the specific bins and compared them with the
corresponding measurements. Our best model can accommodate all the observed data on
Rg) and P! at 1-0 CL, except the RZI?E’(LH Cb) which is difficult to be explained by any
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of the selected models at 1-0 CL. This is because at low-¢2, the B — K*¢¢ decay rates
are dominated by 1/¢? enhanced photon contributions and a NP contact interaction that

Low

explains Rx and RIC(?L” affects Ry typically by at most 10%. Also, some analyses in the
literature have addressed the possibility of explaining Rf{f}” with tensor operators which

we have not considered in this thesis.

We have also explored the exclusive b — d¢¢ (B — w¢{ and B — pll) transitions,
which similar to the b — s#¢ modes are loop-suppressed in the SM, but unlike b — sé/
sector have a non-vanishing direct CP- asymmetry. The parts of the exclusive b — d¢/¢
decay amplitudes proportional to A, = Vy,V,5; and Ay = V V7, have the same order of
Cabibbo suppression and have different strong phases, in addition to a relative CKM
phase. The form factors arising in B — 7ll (B — pll) and B — wly; (B — ply;)
decays are correlated in the analyses of Fermilab-MILC and LCSR. An interesting fact
is that both the decay rates I'(B — 7fyy) and I'(B — pfv,) are proportional to |Vi|?
which is the only common link between the B — m and B — p decay channels we have
considered in this thesis. From a combined analysis of all the available experimental data
in B - wlv, B — plv and B — 7f{¢ channels and the most up-to-date Lattice and
LCSR inputs on the form-factors, we have simultaneously extracted |V,;| along with the
form-factor parameters. Using these extracted values, we have provided predictions for
various observables in B — m(p)¢¢ channels corresponding to both charged and neutral
B-meson decays which can be verified at LHCb and Belle. We have separately studied
observables obtained from the tagged and CP-averaged decay distributions. For B meson
decays to CP eigenstates such as B® — p°f¢, the same final state can arise from both B
and B decays. The interference between B? — B oscillations and mixing results in time-
dependent amplitudes. Tagging isn’t possible at LHCb for such modes, thus observables
obtained only from CP-averaged distribution can be measured, whereas at Belle, also
observables obtained from tagged analyses as well as from CP-asymmetric distribution
can be measured. We have found that the CP- asymmetric observables for b — d¢¢ modes
gain sizeable contributions in the SM. We have also studied the new physics effects in
these decay modes as these channels are more sensitive to the BSM contributions due
to their low branching ratios in the SM. It has been observed that different observables
are sensitive to different NP scenarios differently, thus if deviations are observed in the
future measurements from their respective SM predictions, the pattern of the results will
signify the presence of the particular type of NP scenario. It has also been noted that a
few observables obtained from a tagged analysis are sensitive to some NP scenarios and
the respective sensitivities are lost due to a relative cancellation while defining the related
observables, which could be obtained from the untagged decay distribution. Thus, in the
context of NP searches, the measurement of the tagged observables is equally important

as these related CP-averaged observables.

The precise estimate of the ratio |Vyp|/|Ve| is of utmost importance since it plays
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an essential role in the determination of the sides of the Unitarity Triangle. It can be
measured directly or indirectly from the extraction of |V,;| and |V| from the respective
exclusive and inclusive b — ufvy, and b — cfvy decays. For a long time, there exists a
tension between the exclusive and inclusive determinations from semileptonic B-meson
decays for both |Vi;| and |V|. It is hard to accommodate this discrepancy in a new
physics scenario. We have relooked into the exclusive B — wfrv modes for the extrac-
tion of |Vi|. So far, the method utilised by HFLAV for the extraction of |V ;|*** from
B — wlv transitions invloves a two-stage procedure. In the first stage, incorporating the
experimental measurements, they determine the average partial branching fraction in each
¢? interval from a binned maximum-likelihood fit with p-value ~ 6 % which is considered
to be of marginal significance. In the second stage, they use these average ¢ spectrum
along with the Lattice and LCSR (at ¢®> = 0) inputs to extract |Vyp| (p-value ~ 47 %).
We have reanalysed the B — mfr modes simultaneously with the available experimental
data and newly available form factor inputs from Lattice and LCSR, while commenting
on the effect of outliers on the fits. We have mentioned a few scenarios in the extraction
of |Vyp|®*¢ and found that the BaBar 2011 dataset impacts the extracted value of |Vy|.
Without including these datapoints in our analysis results in a value for |V,;|**¢ which
is consistent with the recent inclusive measurement from Belle within 1o. We have also
considered other exclusive b — wlv channels for eg. B — p(w)fv and the exclusive b — clv
channels for eg. B(B;) — D(*)(Dg*))&/ for the extractions of |Vy;| and |V|, respectively.
There has been a recent measurement of the ratio % o % from LHCDb in two
bins of B; — K momentum transfer. Initially, we have determined the ratio independently
from b — c(u)fv mesonic modes, also separately analyzing the impact of the form factor
inputs from Lattice QCD and LCSR computations for different channels on the extracted
values of |V, and |Vi5|. Then we have introduced the measurements on the branching
fraction ratios in the two bins separately and also simultaneously to study the effect on
the |Viup|/|Ve| ratio. Our result for |Vi|/|Ves| is consistent with that obtained from the

measurement of the ratio of partial rates of baryonic decays from LHCb.

In this thesis, we have addressed some important issues related to flavor physics and
basic aspects of the Standard Model. Due to the lack of significant observation of new
particles at the colliders so far, it is interesting to look for complementary hints of new
physics signals from low energy experiments. The precision of measurements of rare B-
decays have also improved significantly over the past few years with several hints towards
the presence of physics beyond the SM. In the coming years, the improvement in precision
of the theoretical calculations and experimental measurements in various channels will
provide solid proofs for the presence of physics beyond the SM and may also help pinpoint
a particular type of NP scenario. The results from the upcoming Belle II upgrade and
future colliders will pave the way for an exciting future in the area of flavor physics that

will help the high energy physics community in better understanding of the SM and also
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in the search for new physics.

AATVEL F
& 7

96

TH-3118_176121005



Appendix A

The transversity amplitudes and
angular coefficients corresponding to

B(Bs) = V(V = K7, p(¢))¢l decays:

Here, we provide the explicit form of the eight transversity amplitudes (up to corrections

of O(as) for B meson decays to vector mesons in the final state [126].

€ € € € V 2 2m € €
ALLr=NV2)/2 { ((cs! + ey = (cit! + e8] o (fzw - q2b(c7ff + 0 1(g?) ],
e e e e Al q2
AHL,R = —N\/i(mgB - m%/) [ [(Cgff - Cgff/) + (Clgf - Clgf/)} mg E ﬂiv
2m, " e

+ qu(C7ff - C7ff/)T2(q2)} :

_ off _ peffr eff  reffr
Aor,r = 2mv\/?{ [(09 Cy'"") F (Cyp Cip )] )

As(q%)
2 g J9 A (g?) — (22
|y = = P+ ) A1) - T
e e A
+ 2my(C51T — ) [(m% +3mi — ¢*)Ta(q?) — MTB(QQ)] }
B 1%
N . 2
Ar= A2 |2l — oty + Lo — ) | Ao(@?),
V¢ My
Ag = —2NXY2(Cs — C%) Ao(¢?) (A1)
where "
* G%OZQ 24y1/2
N = ‘/tb‘/;fp |:3 . 21071'571’1,33 A / 6 ) (AQ)
p = s,d quarks.
97

TH-3118_176121005



Chapter A. The transversity amplitudes and angular coefficients corresponding to

B(Bs) = V(V = K*, p(¢))¢¢ decays:
m2
A= Mpb+ ML+ ¢* —2(MEMZ + M3¢> + Mig?), Bu=1[1—4—F, (A.3)
q

With the eight transversity amplitudes defined above, the angular coefficients J; in eq.

1.30 can be written as

Jg =

Jyg =

TH-3118_176121005

2+ 4, Am?

( 4/3’” 14k \2+|A 24+ (L= R)| + m“Re (af Al + afaf),
|AGI* + 1AG? + [|At]2+2Re(ALAR*)] + B2 Asl,
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Appendix B

The matrix element and coefficients
relevant to B — P(P = K, )t/
decays:

The matrix element for B-meson decays to pseudoscalar mesons can be written as [91]

GFroe * 2 I
< :Z%va}p ¢p(q?) <FV P [1ul] + Faplg [1751]

+ (Fs + cos Fr) [ll] + (Fp + cos 0 Frs) [l_75l]) (B.1)

The functions F; = F;(¢?), i = S, P, A, V,T,T5 are given as

- 2VAB fr(g?)
Mg+ Mp f1(¢?)

_ 2VAB fr(d?)
Mp+ Mp f+(q?)

Fy = Cho, Fr Ct, Frs Chs,

_ 1 ME - M} fold®)

Fp =
2 mp —mg f+(q2)

M2 i | M2 2
(mbC’fp +mbC'fé) +mlC’10 |: -] P (fo(q ) — 1) — 1:| s

q? f+(a?)

MR )
2 my —mg f+(q2)

2my, Tp(q?) 8my  fr(q?)
Mp €ép(¢?)  Mp+ Mp fi(q?)
(B.2)

Fs (mpCh +mypCY), Fy = Co+

where
A= Mp+Mp+q* —2(MEMp + Mjq® + Mpq®),  B=4|1—-4—,  (B3)
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Chapter B. The matrix element and coefficients relevant to B — P(P = K, m){{ decays:

The coeflicients a;, b; and ¢; appearing in eq. 1.25 are expressed as

@) 2 (@2F 4 FRR) + 2P+ IF )
I‘0 \F)\Bl gp 4
+2my (M3 — M3 + ¢*)Re(FpF3) + 4m? M3|Fal?,

bl(q2) 2 152

—— L — 214 [B?Re(FsF}) + Re(FpFys)
ToVABIER { [ )
+ my [VAGRe(FsFy) + (M — M+ ¢))Re(PrsF})| |,

01(92) 2 (22 2 2 A o 2 2 *
————t— = (BHFr > + | Prs|?) — ZBE(|1Fal* + [Fv|?) + 2nuyVABRe(FrFy)  (B.4)
Lo VA B E3 & ) 4™ | v

where
_ GRaZ| Vg Vi (B.5)
° T s1205 M3 '
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Appendix C

NP predictions for observables
defined in chapter 5.

In this appendix, we present the numerical estimates for the various observables defined
in chapter 5 corresponding to a few benchmark values of the real and imaginary parts of
the NP Wilson coefficients ACy 19 and 05/),10 taken one at a time.
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Chapter C. NP predictions for observables defined in chapter 5.

Bin clrt Re(C]P) | Im(CNT) AT, Obieér:ables A
01-1 | ACe/Cy 1 1 0.258(17) 20.631(16) 20.4533(38)
1 1 20.274(12) | -0.660(16) -0.4507(95)
-1 1 -0.239(20) -0.532(11) -0.500(11)
- - -0.263(11) | -0.5590(84) -0.504(12)
1 0 -0.275(15) 20.662(16) -0.4575(99)
L g 0 -0.262(16) | -0.5609(80) -0.511(12)
AC10/C 1 i -0.336(19) -0.720(10) -0.503(12)
1 1 -0.336(19) | -0.720(10) -0.503(12)
i 1 -0.212(12) -0.518(12) -0.4514(91)
-1 -1 -0.212(12) -0.518(12) -0.4514(91)
1 0 -0.353(20) -0.742(10) -0.512(13)
1 0 -0.219(13) -0.532(13) -0.4568(99)
12 ACo/Ch 1 1 0.1895(65) | -0.480(18) 20.3755(36)
1 1 20.2115(71) | -0.472(17) -0.3999(46)
—1 1 -0.1694(63) | -0.441(15) -0.3887(49)
i 1 -0.2035(68) | -0.429(14) -0.4274(65)
1 0 -0.2070(63) | -0.492(17) -0.3904(46)
-1 0 -0.1948(57) | -0.454(13) -0.4126(63)
AC10/CY, 1 1 -0.2558(83) | -0.580(18) -0.4127(59)
1 -1 -0.2558(83) | -0.580(18) -0.4127(59)
—1 1 -0.1571(54) | -0.381(14) -0.3844(40)
1 = -0.1571(54) | -0.381(14) -0.3844(40)
1 0 -0.2687(80) | -0.605(17) -0.4179(65)
—1 0 -0.1623(49) | -0.393(14) -0.3870(44)
24 ACy/CY 1 1 20.1749(53) | -0.308(11) 20.3451(17)
1 1 -0.1845(57) | -0.298(11) -0.3718(25)
—1 1 -0.1622(47) | -0.295(11) -0.3431(18)
—1 —1 -0.1772(57) | -0.280(10) -0.3858(33)
1 0 -0.1855(57) | -0.314(11) -0.3598(23)
=1 0 -0.1778(51) | -0.3018(99) -0.3666(28)
AC10/Cg 1 1 -0.2313(69) | -0.384(13) -0.3690(28)
1 1 -0.2313(69) | -0.384(13) -0.3690(28)
—il 1 0.1417(43) | -0.2425(89) -0.3556(18)
—1 g1 -0.1417(43) -0.2425(89) -0.3556(18)
1 0 -0.2429(73) | -0.403(13) -0.3715(33)
=il 0 -0.1463(43) | -0.2508(89) -0.3568(21)
16 ACy/Ch 1 1 -0.1565(54) | -0.1974(72) ~0.3346(11)
1 -1 -0.1647(53) | -0.1982(68) -0.3525(13)
-1 1 -0.1470(54) | -0.1905(72) -0.3299(11)
] 1 -0.1600(51) | -0.1920(65) | -0.3588(15)
1 0 0.1656(45) | -0.2043(63) | -0.3441(11)
-1 0 -0.1607(43) | -0.2005(60) -0.3451(13)
AC10/Clg it 1 -0.2071(67) | -0.2544(87) -0.3471(14)
1 1 -0.2071(67) | -0.2544(87) -0.3471(14)
-1 1 -0.1275(42) | -0.1585(56) | -0.34182(89)
=l 1 -0.1275(42) | -0.1585(56) | -0.34182(89)
1 0 -0.2171(59) | -0.2666(80) | -0.3481(16)
1 0 -0.1315(36) | -0.1637(50) | -0.34230(100)

Table C.1: The dependence of the CP and Isospin asymmetry observables corresponding to
B — 7l on the real and imaginary parts of the NP WC’s ACy 19 and Cg ;, for the q? bins 0.1 — 1,

1—2,2—4and 4—6 GeV? for a few benchmark values of the real and imaginary parts of the
corresponding WC’s. The +, 0 superscript over Acp denotes the charge of the initial state B and
the final state = meson.
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. NP NP NP Observables
Bin ¢ Re(Ci77) | Im(C70) BRO BR BR— BRT fri Ro
x108 x108 x108 x108
0.1-1 ACo/C} 1 1 0.0396(28) | 0.0672(40) | 0.0565(44) 0.2492(95) 1.3878(41) 1.260(22)
1 -1 0.0353(27) | 0.0618(36) | 0.0470(40) 0.2291(85) 1.2341(72) 1.047(28)
—1 1 0.0263(18) | 0.0429(26) | 0.0523(25) 0.1715(63) 0.9217(67) 1.170(26)
-1 -1 0.0219(16) | 0.0375(22) | 0.0428(21) 0.1513(51) 0.7680(67) | 0.957(23)
1 0 0.0354(26) | 0.0622(34) | 0.0479(38) 0.2346(83) 1.25(14) 1.07(11)
A1 0 0.0224(16) | 0.0383(21) | 0.0444(19) 0.1578(52) 0.789(84) 0.995(77)
ACi19/Cly 1 1 0.0213(16) | 0.0429(25) | 0.0293(19) 0.1799(62) 0.7466(51) | 0.6537(47)
1 —1 0.0213(16) | 0.0429(25) | 0.0293(19) 0.1799(62) 0.7466(51) | 0.6537(47)
-1 1 0.0402(28) | 0.0618(37) | 0.0700(45) 0.2207(85) 1.4093(86) | 1.5633(85)
-1 -1 0.0402(28) | 0.0618(37) | 0.0700(45) 0.2207(85) 1.4093(86) | 1.5633(85)
1 0 0.0196(15) | 0.0410(22) | 0.0261(16) 0.1762(57) 0.691(78) 0.585(54)
il 0 0.0382(27) | 0.0596(33) | 0.0661(41) 0.2162(78) 1.35(14) 1.48(14)
1-2 ACo/C} 1 1 0.0457(31) | 0.0671(38) | 0.0698(60) 0.1979(87) 1.3851(26) | 1.2965(95)
1 =i 0.0419(30) | 0.0644(37) | 0.0706(57) 0.1966(86) 1.2700(42) | 1.3132(77)
-1 1 0.0296(20) | 0.0416(23) | 0.0488(36) 0.1256(52) 0.8966(52) | 0.908(11)
-1 =i 0.0258(18) | 0.0390(23) | 0.0497(34) 0.1242(51) 0.7814(23) | 0.924(13)
1 0 0.0416(28) | 0.0632(36) | 0.0656(54) 0.1920(83) 1.27(13) 1.23(15)
-1 0 0.0258(17) | 0.0383(22) | 0.0453(31) 0.1206(49) 0.785(78) 0.848(93)
AC10/Clo 1 1 0.0252(18) | 0.0424(23) | 0.0368(33) 0.1382(55) 0.7617(23) | 0.6846(61)
1 =i 0.0252(18) | 0.0424(23) | 0.0368(33) 0.1382(55) 0.7617(23) | 0.6846(61)
-1 1 0.0464(31) | 0.0636(37) | 0.0826(61) 0.1839(83) 1.4050(40) 1.536(10)
-1 —i 0.0464(31) | 0.0636(37) | 0.0826(61) 0.1839(83) 1.4050(40) 1.536(10)
1 0 0.0233(17) | 0.0403(23) | 0.0330(28) 0.1338(53) 0.708(73) 0.617(77)
—1 0 0.0441(28) | 0.0612(35) | 0.0779(56) 0.1788(80) 1.34(13) 1.46(16)
2-4 ACo/C) 1 1 0.0921(60) | 0.1311(72) 0.171(12) 0.323(16) 1.3670(18) | 1.3085(43)
1 il 0.0873(57) | 0.1267(70) 0.177(12) 0.327(16) 1.2950(23) | 1.3520(31)
-1 1 0.0585(37) | 0.0812(44) | 0.1085(76) 0.1993(95) 0.8686(33) | 0.8298(38)
-1 -1 0.0537(35) | 0.0768(43) | 0.1142(74) 0.2030(95) 0.7966(18) | 0.8733(59)
1 0 0.0853(56) | 0.1240(69) 0.165(12) 0.314(15) 1.27(12) 1.27(13)
| 0 0.0523(34) | 0.0749(42) | 0.1034(69) 0.1925(92) 0.780(75) 0.795(80)
AC10/Clq 1 1 0.0517(35) | 0.0827(45) | 0.0969(72) | 0.2172(100) | 0.7664(23) | 0.7405(35)
1 —1l 0.0517(35) | 0.0827(45) | 0.0969(72) | 0.2172(100) | 0.7664(23) | 0.7405(35)
—il 1 0.0942(60) | 0.1252(70) 0.188(13) 0.309(15) 1.3973(39) | 1.4414(61)
—il —il 0.0942(60) | 0.1252(70) 0.188(13) 0.309(15) 1.3973(39) | 1.4414(61)
1 0 0.0479(33) | 0.0786(43) | 0.0890(67) 0.2085(97) 0.714(71) 0.684(74)
=l 0 0.0897(57) | 0.1204(68) 0.179(12) 0.299(15) 1.34(13) 1.38(14)
16 ACo/C} 1 1 0.0944(57) | 0.1293(67) 0.194(12) 0.289(15) 1.3571(20) | 1.3259(26)
1 i 0.0907(56) | 0.1264(66) 0.196(12) 0.293(15) 1.3044(23) | 1.3387(26)
-1 1 0.0593(36) | 0.0798(41) | 0.1205(76) 0.1771(89) 0.8535(28) | 0.8228(27)
— 1l -1 0.0557(34) | 0.0769(40) | 0.1223(73) 0.1804(88) 0.8008(19) | 0.8357(31)
1 0 0.0881(55) | 0.1231(67) 0.186(12) 0.281(15) 1.27(12) 1.27(12)
il 0 0.0538(33) | 0.0743(40) | 0.1134(71) 0.1702(87) 0.777(70) 0.778(72)
AC10/Cly 1 1 0.0538(34) | 0.0819(42) | 0.1126(73) 0.1893(92) 0.7742(16) | 0.7689(20)
1 -1 0.0538(34) | 0.0819(42) | 0.1126(73) 0.1893(92) 0.7742(16) | 0.7689(20)
=1 1 0.0962(57) | 0.1243(66) 0.204(12) 0.281(14) 1.3838(28) | 1.3928(35)
-1 —1l 0.0962(57) | 0.1243(66) 0.204(12) 0.281(14) 1.3838(28) | 1.3928(35)
1 0 0.0501(32) | 0.0779(42) | 0.1047(69) 0.1806(91) 0.724(67) 0.718(68)
¥ il 0 0.0918(56) | 0.1195(65) 0.194(12) 0.270(14) 1.33(12) 1.33(12)

Table C.2: The dependence of the Branching ratio and R, on the NP WC’s ACy ;o and Ce/),lo

for the ¢ bins 0.1 — 1,1 —2, 2 —4 and 4 — 6 GeV? for a few benchmark values of the real and
imaginary parts of the corresponding WC’s. The —, 0 superscript over R, denotes the charge of
the initial state B and the final state 7 meson.
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Chapter C. NP predictions for observables defined in chapter 5.

Observables
Bin cNFP Re(CNF) | Im(CNP) A A Ags Az Asg

0.1-1 | ACo 1 1 -0.0862(71) | 0.0240(40) 0.0022(19) | -0.0052(37) 0.0752(68)
1 —1 -0.0995(56) | 0.0249(42) 0.0023(20) | -0.0054(38) 0.0173(79)

-1 1 -0.0995(68) 0.0259(42) 0.0024(20) -0.0056(40) 0.0821(63)

-1 -1 -0.1144(52) | 0.0269(44) 0.0025(21) -0.0058(41) 0.0199(76)

1 0 -0.0937(63) | 0.0247(41) 0.0023(19) -0.0053(38) 0.0472(74)

-1 0 -0.1081(60) 0.0267(44) 0.0025(21) -0.0058(41) 0.0522(70)

ACig 1 1 -0.1087(64) | 0.0082(16) | 0.00726(51) | -0.0769(41) 0.0536(77)
1 -1 -0.1087(64) | 0.0328(59) | -0.0035(28) 0.0680(38) 0.0536(77)

-1 1 -0.0918(59) | 0.0191(31) | 0.0073(13) | -0.0675(50) 0.0453(66)

-1 -1 -0.0918(59) | 0.0399(70) | -0.0018(34) 0.0548(46) 0.0453(66)

1 0 -0.1100(64) 0.0208(34) 0.0019(16) -0.0045(32) 0.0542(78)

] 0 -0.0928(59) | 0.0298(49) 0.0027(23) -0.0064(46) 0.0457(67)

c} 1 1 -0.1181(54) | 0.0277(46) 0.0026(22) -0.0060(43) 0.0272(75)
1 -1 -0.1026(70) 0.0267(43) 0.0025(21) -0.0058(41) 0.0760(66)

-1 1 -0.0967(54) | 0.0242(40) 0.0022(19) | -0.0052(37) 0.0246(76)

i —1 -0.0838(68) | 0.0234(39) 0.0022(18) | -0.0050(36) 0.0675(69)

1 0 -0.1115(62) | 0.0275(45) 0.0025(22) | -0.0059(43) 0.0527(71)

-1 0 -0.0911(61) | 0.0240(40) 0.0022(19) | -0.0052(37) 0.0469(73)

Cilo 1 1 -0.0922(59) | 0.0241(70) 0.0021(19) 0.0550(46) 0.0378(68)
1 —i -0.0922(59) | 0.0060(27) 0.0023(18) -0.0678(50) 0.0531(66)

-1 1 -0.1081(63) 0.0481(59) 0.0024(22) 0.0677(38) 0.0443(78)

-1 -1 -0.1081(63) 0.0268(25) 0.0027(21) -0.0765(41) 0.0623(76)

1 0 -0.0931(59) | 0.0152(47) | 0.0022(19) | -0.0065(46) 0.0459(67)

—1 0 -0.1094(64) | 0.0379(37) | 0.0026(22) | -0.0045(32) 0.0540(78)

1-2 ACq 1 1 -0.0443(64) | 0.0603(77) 0.0049(49) 0.0260(32) 0.0402(62)
1 -1 -0.0561(49) 0.0569(73) 0.0046(46) 0.0246(31) -0.0371(63)

-1 1 -0.0761(72) 0.0758(87) 0.0062(61) 0.0327(37) 0.0427(68)

-1 —i -0.0886(57) | 0.0705(83) 0.0057(56) 0.0305(36) -0.0533(68)
1 0 -0.0516(55) | 0.0600(76) 0.0049(47) 0.0259(32) | 0.00043(634)

-1 0 -0.0852(62) | 0.0753(87) | 0.0061(60) 0.0325(38) -0.0072(71)

AC1o 1 1 -0.0817(69) | 0.0399(47) | 0.0207(21) | -0.0840(47) -0.0036(82)
1 =il -0.0817(69) 0.082(11) -0.0108(87) 0.1365(47) -0.0036(82)

-1 1 -0.0536(50) 0.0541(64) 0.0158(33) -0.0430(43) -0.0024(54)

-1 -1 -0.0536(50) 0.081(11) -0.0048(79) 0.1015(45) -0.0024(54)

1 0 -0.0846(70) | 0.0630(75) 0.0051(51) 0.0272(32) -0.0038(85)

il 0 -0.0548(50) | 0.0693(86) 0.0056(56) 0.0299(36) -0.0024(55)

ch 1 1 -0.0933(63) | 0.0742(87) 0.0060(59) 0.0321(38) -0.0134(66)
1 — 1l -0.0805(78) | 0.0801(94) 0.0065(64) 0.0346(40) 0.0151(73)

-1 1 -0.0539(46) | 0.0547(69) 0.0044(44) 0.0236(28) -0.0152(61)

5 -1 -0.0424(60) | 0.0578(73) 0.0047(47) 0.0250(30) 0.0053(66)
1 0 -0.0900(68) | 0.0796(92) 0.0065(64) 0.0344(40) | 0.00033(705)

—=1 0 -0.0495(51) 0.0576(72) 0.0047(46) 0.0248(30) -0.0054(64)

Cio 1 1 -0.0549(52) 0.049(10) 0.0042(45) 0.1040(47) -0.0319(57)
1 51 -0.0549(52) | 0.0270(46) 0.0048(44) | -0.0440(44) 0.0270(56)

—1 1 -0.0788(65) 0.120(12) 0.0059(64) 0.1317(42) -0.0459(81)

-1 LY -0.0788(65) | 0.0877(80) | 0.0068(62) | -0.0810(45) 0.0389(80)

1 0 -0.0562(53) | 0.0390(73) 0.0046(46) 0.0307(37) -0.0025(56)

-1 0 -0.0815(66) | 0.1072(97) 0.0066(65) 0.0262(31) -0.0036(82)

Table C.3: The dependence of the asymmetric observables corresponding to B* — p*il on the
real and imaginary parts of the NP WC’s ACy 19 and Cy 4, for the ¢2 bins 0.1 —1 and 1 — 2 GeV?
for a few benchmark values of the real and imaginary parts of the corresponding WC’s.
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Observables

Bin | ¢NP | Re(CNT) | Im(CNT)

K Ay As Ags A7 Asg
24 ACy 1 1 0.00090(380) 0.0439(67) 0.00048(655) 0.0484(42) 0.0368(28)
1 -1 -0.0117(15) 0.0409(63) 0.00043(610) 0.0451(38) -0.0218(32)
—1 1 -0.0159(41) 0.0627(92) 0.00069(929) 0.0691(53) 0.0360(32)
—1 —1 -0.0318(30) 0.0567(83) 0.00059(841) 0.0624(46) -0.0451(41)
1 0 -0.0058(23) 0.0437(67) 0.00047(652) 0.0482(41) 0.0067(28)
—1 0 -0.0253(28) 0.0622(91) 0.00066(924) 0.0686(51) -0.0069(38)
ACyg 1 q -0.0186(32) 0.0300(42) 0.0243(28) -0.0392(47) 0.0014(43)
1 = -0.0186(32) 0.072(13) -0.023(14) 0.1519(79) 0.0014(43)
-1 1 -0.0104(18) 0.0367(49) 0.0138(40) 0.000014(3959) | 0.00081(239)
-1 -1 -0.0104(18) 0.0605(100) -0.013(11) 0.1071(56) 0.00081(239)
1 0 -0.0196(34) 0.0539(82) 0.00057(803) 0.0594(50) 0.0015(45)
1 0 -0.0107(19) 0.0500(75) 0.00053(744) 0.0551(44) 0.00083(246)
c 1 1 -0.0324(31) 0.0577(84) 0.00061(857) 0.0636(47) 0.0292(38)
1 —1 -0.0163(42) 0.0641(94) 0.00070(952) 0.0707(55) -0.0152(35)
—1 1 -0.0115(15) 0.0403(61) 0.00042(600) 0.0444(37) 0.0112(33)
— -1 0.00089(375) 0.0433(67) 0.00046(646) 0.0478(41) -0.0201(35)
1 0 -0.0259(28) 0.0636(92) 0.00068(945) 0.0701(53) 0.0086(33)
il 0 -0.0057(23) 0.0431(66) 0.00046(642) 0.0475(40) -0.0040(32)
o 1 1 -0.0110(19) 0.0409(97) 0.000049(6207) 0.1133(65) -0.0477(34)
1 —1 -0.0110(19) 0.0191(41) 0.00089(605) 0.000022(4185) 0.0494(34)
—1 1 -0.0170(28) 0.096(13) -0.000029(9404) 0.1385(62) -0.0734(47)
—1 =i -0.0170(28) 0.0628(66) 0.0013(92) -0.0358(43) 0.0761(50)
1 0 -0.0114(20) 0.0309(70) 0.00048(632) 0.0584(49) 0.00088(261)
-1 0 -0.0178(30) 0.0834(92) 0.00064(973) 0.0539(42) 0.0014(41)
16 | ACy 1 1 0.0126(39) 0.0246(53) -0.0144(90) 0.0367(32) 0.0296(13)
1 —1 0.00078(78) 0.0237(51) -0.0139(87) 0.0353(30) -0.0062(15)
—1 1 0.0090(39) 0.0375(79) -0.022(14) 0.0559(46) 0.03188(77)
—1 =il -0.0086(13) 0.0354(75) -0.021(13) 0.0528(42) -0.0217(21)
1 0 0.0068(23) 0.0250(53) -0.0146(91) 0.0372(32) 0.0117(11)
-1 0 -0.000056(1628) | 0.0384(81) -0.022(14) 0.0572(46) 0.0045(13)
AC1o 1 1 0.0057(28) 0.0110(19) 0.0158(26) -0.0155(39) 0.0123(15)
1 =il 0.0057(28) 0.051(12) -0.052(21) 0.1080(64) 0.0123(15)
—1 1 0.0030(15) 0.0174(32) 0.0017(52) 0.0088(32) 0.00656(81)
L | =1 0.0030(15) 0.0387(89) -0.035(15) 0.0747(42) 0.00656(81)
1 0 0.0060(28) 0.0329(70) -0.019(12) 0.0490(44) 0.0130(16)
—1 0 0.0031(15) 0.0289(62) -0.017(11) 0.0430(35) 0.00676(84)
c il 1 -0.0082(11) 0.0341(72) -0.020(12) 0.0508(39) 0.0628(25)
1 1 0.0086(38) 0.0362(76) -0.021(13) 0.0539(44) -0.0353(14)
—1 1 0.00080(80) 0.0243(52) -0.0142(89) 0.0362(31) 0.0380(19)
v, —1 0.0130(40) 0.0253(55) -0.0149(92) 0.0377(33) -0.0318(15)
1 0 -0.000055(1565) | 0.0368(77) -0.022(13) 0.0549(44) 0.0160(15)
—1 0 0.0070(23) 0.0257(55) -0.0150(94) 0.0382(33) 0.0040(10)
o 1 1 0.0033(16) 0.036(10) -0.0149(91) 0.0814(50) -0.0515(20)
1 1 0.0033(16) 0.0093(30) -0.0137(88) 0.0096(36) 0.0657(27)
-1 1 0.0049(23) 0.059(11) -0.022(13) 0.0936(47) -0.0768(23)
-1 i 5, 0.0049(23) 0.0194(22) -0.020(13) -0.0135(34) 0.0981(28)
—1 —1 0.0049(23) 0.0194(22) -0.020(13) -0.0135(34) 0.0981(28)
1 0 0.0034(17) 0.0232(69) -0.0148(92) 0.0470(41) 0.00738(94)
—1 0 0.0052(25) 0.0409(59) -0.022(14) 0.0421(34) 0.0112(13)

Table C.4: The dependence of the asymmetric observables corresponding to B — pTil on the
real and imaginary parts of the NP WC’s ACy 109 and Cé,lo for the ¢ bins 2 — 4 and 4 — 6 GeV?
for a few benchmark values of the real and imaginary parts of the corresponding WC'’s.
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Chapter C. NP predictions for observables defined in chapter 5.

s NP NP NP Observables
Bin C; Re(C;" ) | Im(Ci™T) As Ay Acp
0.1-1 ACq 1 1 0.000051(47) 0.00040(24) -0.342(25)
1 -1 -0.000066(48) -0.00034(21) -0.329(27)
-1 1 0.000072(45) 0.00044(25) -0.216(22)
-1 -1 -0.000053(40) -0.00036(22) -0.197(25)
1 0 -0.0000065(326) 0.000037(40) -0.339(26)
-1 0 0.000011(20) 0.000048(37) -0.210(24)
ACqg 1 1 0.0000019(280) 0.000046(41) -0.299(28)
1 -1 0.0000019(280) 0.000046(41) -0.299(28)
-1 1 0.0000017(236) 0.000039(34) -0.252(22)
-1 -1 0.0000017(236) 0.000039(34) -0.252(22)
1 (0] 0.0000019(283) 0.000046(42) -0.303(28)
-1 0 0.0000017(239) 0.000039(35) -0.255(22)
Cé 1 1 -0.00222(83) -0.01372(63) -0.209(24)
1 -1 0.00275(34) 0.01336(75) -0.217(24)
-1 1 -0.00249(29) -0.01204(77) -0.325(26)
-1 -1 0.00188(73) 0.01166(63) -0.328(26)
1 (0] 0.00031(25) 0.000083(236) -0.216(24)
-1 0 -0.00027(25) 0.0000068(2486) -0.330(26)
Cio 1 1 0.0000017(237) -0.00210(16) -0.253(22)
1 -1 0.0000017(237) 0.00218(13) -0.253(22)
-1 1 0.0000019(279) -0.00246(17) -0.297(28)
-1 -1 0.0000019(279) 0.00255(14) -0.297(28)
1 0 0.0000017(240) 0.000039(35) -0.256(22)
—1 0 0.0000019(282) 0.000046(42) -0.301(28)
1-2 ACy 1 1 0.00011(12) 0.00099(55) -0.409(20)
1 -1 -0.00020(12) -0.00080(46) -0.348(19)
-1 1 0.00018(12) 0.00128(72) -0.298(16)
= -1 -0.00021(12) -0.00097(55) -0.230(19)
1 0 -0.000052(95) 0.000073(74) -0.387(19)
—1 0 -0.000020(68) 0.000120(84) -0.271(17)
ACqg 1 1 -0.000046(101) 0.000115(94) -0.413(21)
1 =1l -0.000046(101) 0.000115(94) -0.413(21)
-1 1 -0.000030(66) 0.000075(62) -0.270(15)
-1 -1 -0.000030(66) 0.000075(62) -0.270(15)
1 0 -0.000048(104) 0.000119(98) -0.427(21)
-1 0 -0.000031(68) 0.000077(63) -0.277(15)
C’é 1 1 -0.0063(23) -0.0256(22) -0.255(15)
1 -1 0.0083(13) 0.0276(25) -0.298(18)
-1 1 -0.00575(85) -0.0187(20) -0.346(18)
=1 —1 0.0048(20) 0.0201(19) -0.383(20)
1 0 0.00078(75) -0.0000084(5228) -0.285(17)
-1 0 -0.00063(64) 0.00017(46) -0.373(19)
C’io 1 1 -0.000031(68) -0.0129(13) -0.277(15)
1 -1 -0.000031(68) 0.0131(11) -0.277(15)
-1 1 -0.000045(97) -0.0185(16) -0.398(20)
-1 —1 -0.000045(97) 0.0188(16) -0.398(20)
1 0 -0.000032(69) 0.000079(64) -0.284(15)
—1 0 -0.000046(101) 0.000115(95) -0.412(21)

Table C.5: The dependence of the asymmetric observables corresponding to B* — p*il on the
real and imaginary parts of the NP WC’s ACy 19 and Cf y for the ¢2 bins 0.1 —1 and 1 — 2 GeV?
for a few benchmark values of the real and imaginary parts of the corresponding WC’s.
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NP NP NP Observables
Bin C; Re(C;¥7) Im(C;¥") A3 A, Acp
2-4 ACyg 1 1 0.00029(23) 0.00117(61) -0.202(12)
1 -1 -0.00022(11) -0.00095(51) -0.1535(94)
-1 1 0.00038(24) 0.00172(90) -0.1704(84)
-1 -1 -0.00032(12) -0.00129(68) -0.106(12)
1 0 0.000027(138) 0.000074(65) -0.183(10)
-1 0 0.000012(101) 0.000149(91) -0.1428(87)
AC1g 1 1 0.000028(164) 0.000140(99) -0.223(12)
1 -1 0.000028(164) 0.000140(99) -0.223(12)
=i 1 0.000016(92) 0.000079(55) -0.1250(69)
-1 -1 0.000016(92) 0.000079(55) -0.1250(69)
1 0 0.000030(172) 0.00015(10) -0.235(12)
-1 0 0.000016(94) 0.000081(57) -0.1287(71)
Cé 1 1 -0.0098(36) -0.0094(16) -0.1272(70)
1 =i 0.0111(20) 0.0092(18) -0.1525(86)
-1 1 -0.0069(11) -0.0056(11) -0.1650(90)
-1 =1 0.0074(28) 0.0072(11) -0.185(11)
1 0 0.00011(108) -0.00062(45) -0.1458(78)
-1 0 -0.000039(916) 0.00060(38) -0.1802(100)
C{O 1 1 0.000017(97) -0.0305(30) -0.1322(74)
1 =k 0.000017(97) 0.0307(30) -0.1322(74)
-1 1 0.000026(149) -0.0469(43) -0.203(11)
-1 =1 0.000026(149) 0.0471(42) -0.203(11)
1 0 0.000017(100) 0.000086(60) -0.1363(76)
—1 0 0.000027(157) 0.000135(95) -0.213(11)
4-6 ACq 1 1 0.00092(47) 0.00105(51) -0.079(10)
1 =i 0.0000044(1353) -0.00092(46) -0.0406(30)
-1 1 0.00104(51) 0.00166(82) -0.0747(85)
-1 =1 -0.00034(12) -0.00133(66) -0.0178(73)
1 0 0.00047(29) 0.000049(39) -0.0614(54)
-1 0 0.00034(24) 0.000132(72) -0.0477(26)
AC1g 1 1 0.00058(38) 0.000113(69) -0.0773(55)
1 — 0.00058(38) 0.000113(69) -0.0773(55)
-1 1 0.00031(20) 0.000060(37) -0.0413(31)
-1 —t 0.00031(20) 0.000060(37) -0.0413(31)
1 0 0.00061(40) 0.000119(73) -0.0820(57)
-1 0 0.00032(21) 0.000062(38) -0.0425(31)
cy 1 1 -0.0159(53) 0.0198(19) -0.0486(49)
1 =1 0.0124(27) -0.0230(21) -0.0487(40)
-1 1 -0.0077(16) 0.0156(16) -0.0572(39)
—1 —1 0.0125(43) -0.0146(16) -0.0576(35)
1 0 -0.0023(15) -0.00101(20) -0.0511(46)
-1 0 0.0023(14) 0.00084(18) -0.0594(38)
Clo 1 1 0.00034(22) -0.0481(42) -0.0449(33)
1 -1 0.00034(22) 0.0483(42) -0.0449(33)
—1 1 0.00050(33) -0.0718(56) -0.0671(47)
=l -1 0.00050(33) 0.0720(56) -0.0671(47)
1 0 0.00035(23) 0.000068(41) -0.0465(34)
—1 0 0.00053(35) 0.000103(63) -0.0705(50)

Table C.6: The dependence of the asymmetric observables corresponding to B* — p*il on the
real and imaginary parts of the NP WC’s ACy 19 and Cj 4, for the ¢ bins 2 —4 and 4 — 6 GeV?
for a few benchmark values of the real and imaginary parts of the corresponding WC’s.
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Chapter C. NP predictions for observables defined in chapter 5.

Bin CINP Re Im Observa/bles . . .
Py Py Ps3 Py Py Pg Pg

0.1- ACo 1 1 0.0035(26) -0.0800(26) 0.00044(27) 0.178(10) 0.3473(88) -0.072(18) | -0.068(12)

1 1 -1 0.0036(27) -0.0813(25) 0.00042(29) 0.1865(82) 0.3609(89) -0.075(19) | -0.053(14)

-1 1 0.0016(15) -0.0825(26) 0.00023(14) 0.099(11) 0.467(14) -0.081(21) -0.0565(90)

-1 | -1 0.0016(16) -0.0838(25) 0.00021(14) 0.1061(87) 0.491(14) -0.085(22) -0.040(12)

1 0 0.0036(27) -0.0810(26) 0.00043(29) 0.1864(92) 0.3583(91) -0.074(19) -0.061(13)

-1 0 0.0016(16) -0.0835(26) 0.00022(14) 0.1065(99) 0.486(14) -0.085(22) -0.049(10)

ACig 1 1 0.0030(23) -0.0623(18) 0.00033(22) 0.182(11) 0.343(11) -0.042(20) | -0.061(13)

1 -1 0.0030(23) -0.0625(22) 0.00033(22) 0.182(11) 0.338(11) -0.087(14) | -0.061(13)

-1 1 0.0021(18) -0.1004(28) 0.00031(21) 0.1142(82) 0.471(11) -0.071(25) | -0.050(11)

-1 | -1 0.0021(18) -0.1006(33) 0.00031(21) 0.1142(82) 0.467(11) -0.107(21) | -0.050(11)

1 0 0.0031(23) -0.0626(20) 0.00033(22) 0.187(11) 0.346(11) -0.066(17) -0.062(13)

-1 0 0.0021(18) -0.1009(31) 0.00031(21) 0.1177(83) 0.475(11) -0.090(23) -0.050(11)

cl 1 1 -0.0385(28) -0.0839(26) -0.00391(44) 0.1086(90) 0.462(14) -0.087(23) -0.056(12)

1 -1 -0.0377(23) -0.0826(26) -0.0029(11) 0.101(11) 0.439(13) -0.083(21) -0.0397(92)

i, 1 0.0421(22) -0.0813(25) 0.0035(13) 0.1821(80) 0.3865(88) -0.073(19) | -0.068(14)

-1 | -1 0.0417(27) -0.0801(25) 0.00436(55) 0.1734(97) 0.3720(88) -0.070(18) | -0.053(12)

1 0 -0.0382(25) -0.0836(26) | -0.00343(80) 0.109(10) 0.457(14) -0.087(22) | -0.049(11)

] 0 0.0421(23) -0.0810(25) 0.00395(91) 0.1820(90) 0.3837(90) -0.073(19) | -0.061(13)

Clo 1 1 -0.0047(20) -0.0810(26) 0.00031(21) 0.1146(82) 0.502(11) -0.107(21) -0.050(11)

1 -1 -0.0047(20) -0.0810(25) 0.00031(21) 0.1146(82) 0.497(11) -0.071(25) -0.050(11)

-1 1 0.0101(22) -0.0830(26) 0.00033(22) 0.181(11) 0.3080(97) -0.086(14) -0.061(13)

-1 | -1 0.0101(22) -0.0830(26) 0.00033(22) 0.181(11) 0.302(10) -0.042(19) | -0.061(13)

1 0 -0.0047(21) -0.0813(26) 0.00031(21) 0.1181(83) 0.505(11) -0.090(23) | -0.050(11)

—i 0 0.0102(23) -0.0833(26) 0.00033(22) 0.187(11) 0.310(10) -0.065(17) | -0.062(13)

1- ACq 1 1 0.0032(42) -0.325(12) 0.0035(21) 0.056(14) 0.054(23) -0.115(32) | -0.106(20)

2 1 -1 0.0035(43) -0.3213(100) 0.0032(21) 0.039(13) 0.052(22) -0.111(31) -0.059(23)

-1 1 -0.0012(26) -0.3426(97) 0.00143(92) | 0.0094(107) 0.403(15) -0.123(34) | -0.082(13)

—1 | —1 | -0.00094(268) | -0.3398(81) 0.00129(90) | -0.0065(86) 0.381(15) -0.116(33) | -0.032(16)

1 0 0.0045(47) -0.331(11) 0.0034(22) 0.059(13) 0.054(23) -0.116(32) | -0.084(22)

-1 0 -0.00031(293) | -0.3472(92) 0.00138(92) 0.0129(95) 0.403(15) -0.123(34) | -0.058(15)

ACqg 1 1 0.0089(75) -0.2911(83) 0.0026(17) 0.134(11) 0.178(18) -0.045(34) | -0.084(22)

1 -1 0.0089(75) -0.290(11) 0.0026(17) 0.134(11) 0.214(16) -0.164(24) -0.084(22)

-1 1 -0.0051(21) -0.3663(83) 0.0019(11) -0.050(11) 0.215(21) -0.080(37) -0.058(15)

-1 =1l -0.0051(21) -0.366(10) 0.0019(11) -0.050(11) 0.239(20) -0.161(31) -0.058(15)

1 0 0.0101(83) -0.297(10) 0.0027(17) 0.152(11) 0.202(17) -0.108(30) | -0.087(23)

-1 0 -0.0045(20) -0.3722(95) 0.0020(13) -0.042(11) 0.232(20) -0.123(35) | -0.059(15)

ch i 1 -0.1716(90) -0.3403(90) -0.0241(28) -0.0070(92) 0.236(20) -0.126(35) | -0.076(17)

1 —1 -0.1750(53) -0.3441(92) -0.0190(77) 0.010(12) 0.250(21) -0.133(37) | -0.036(14)

-1 1 0.1661(33) -0.3235(92) 0.0222(82) 0.035(11) 0.189(16) -0.101(28) -0.093(21)

-1 | -1 0.1664(74) -0.3269(95) 0.0274(35) 0.051(13) 0.197(17) -0.105(29) -0.062(19)

1 0 -0.1760(70) -0.3493(95) -0.0220(53) 0.014(10) 0.250(21) -0.133(37) -0.058(16)

-1 0 0.1704(50) -0.3316(97) 0.0253(59) 0.054(12) 0.197(17) -0.105(29) -0.080(20)

Clo 1 1 -0.1117(76) -0.3253(92) 0.0021(14) -0.053(11) 0.351(17) -0.170(32) | -0.061(16)

1 —1 -0.1117(76) -0.3253(92) 0.0021(14) -0.053(11) 0.379(16) -0.085(39) | -0.061(16)

-1 1 0.1223(82) -0.3432(94) 0.0023(15) 0.126(11) 0.00065(2141) | -0.154(23) | -0.079(21)

-1 -1 0.1223(82) -0.3431(94) 0.0023(15) 0.126(11) 0.037(21) -0.042(33) -0.079(21)

1 0 -0.1130(80) -0.3314(95) 0.0022(14) -0.044(11) 0.373(17) -0.130(36) | -0.062(16)

-1 0 0.1258(88) -0.3502(98) 0.0023(15) 0.142(11) 0.019(22) -0.101(28) | -0.082(21)

Table C.7: The dependence of the optimized observables corresponding to B* — p*il on the
real and imaginary parts of the NP WC’s ACy 19 and Cy 4, for the ¢2 bins 0.1 —1 and 1 — 2 GeV?

for a few benchmark values of the real and imaginary parts of the corresponding WC’s.
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Observables

Bin | ¢NP | Re(CNT) | Im(CNT) B 5 7 7 77 77 77
2-4 ACy 1 1 -0.056(25) 0.039(23) 0.0059(34) -0.311(15) -0.614(28) -0.119(33) -0.089(19)
1 -1 -0.055(25) 0.039(23) 0.0058(34) -0.325(15) -0.588(26) -0.115(32) -0.057(22)
-1 1 -0.036(15) | -0.306(17) 0.0030(18) -0.253(13) -0.070(26) | -0.144(40) | -0.071(13)
-1 -1 -0.035(14) -0.307(15) 0.0029(18) -0.268(12) -0.065(24) -0.135(38) -0.032(16)
1 0 -0.055(25) 0.042(25) 0.0062(36) -0.312(15) -0.626(28) -0.122(34) -0.076(21)
-1 0 -0.034(14) -0.322(17) 0.0031(19) -0.249(13) -0.071(26) -0.146(41) -0.053(15)
ACqg 1 1 -0.035(14) -0.177(23) 0.0070(41) -0.197(18) -0.430(32) -0.087(44) -0.092(25)
1 -1 -0.035(14) -0.167(26) 0.0070(41) -0.197(18) -0.347(30) -0.189(31) -0.092(25)
-1 1 -0.050(22) -0.132(19) 0.0031(19) -0.337(12) -0.360(25) -0.094(37) -0.047(13)
-1 -1 -0.050(22) | -0.128(20) 0.0031(19) -0.337(12) -0.317(24) | -0.147(31) | -0.047(13)
1 0 -0.032(13) -0.187(26) 0.0076(45) -0.179(19) -0.414(33) -0.147(40) -0.098(27)
1 0 -0.049(22) -0.135(20) 0.0033(19) -0.332(12) -0.349(25) -0.124(35) -0.049(14)
cy 1 1 -0.114(23) -0.146(21) -0.0377(54) -0.278(12) -0.394(29) -0.140(39) -0.066(16)
1 -1 -0.127(21) -0.148(21) -0.037(14) -0.264(13) -0.424(31) -0.151(42) -0.033(13)
-1 1 0.032(23) -0.138(20) 0.043(15) -0.311(15) -0.308(23) -0.110(31) -0.084(21)
—1 -1 0.021(24) -0.139(21) 0.0444(67) -0.299(15) -0.323(24) -0.115(32) -0.059(18)
1 0 -0.124(22) -0.155(22) -0.040(10) -0.260(13) -0.429(32) -0.153(42) -0.053(15)
—j 0 0.031(23) -0.146(21) 0.046(11) -0.298(16) -0.328(25) | -0.117(32) | -0.075(20)
Ciy 1 1 -0.386(18) -0.142(20) 0.0041(23) -0.388(13) -0.190(26) | -0.168(35) -0.054(15)
1 -1 -0.386(18) -0.142(20) 0.0041(23) -0.388(13) -0.133(25) -0.108(42) -0.054(15)
-1 1 0.330(18) -0.144(22) 0.0046(28) -0.159(15) -0.660(27) -0.152(26) -0.074(21)
-1 -1 0.330(18) -0.144(22) 0.0046(28) -0.159(15) -0.583(27) -0.070(36) -0.074(21)
1 0 -0.402(18) -0.149(21) 0.0043(25) -0.384(13) -0.168(26) -0.144(40) -0.056(16)
-1 0 0.352(18) -0.152(23) 0.0048(28) -0.142(15) -0.653(28) -0.117(32) -0.078(22)
4-6 ACq 1 1 -0.089(35) | 0.3739(84) 0.0051(27) -0.469(11) -0.863(21) -0.116(33) -0.067(16)
1 -1 -0.089(35) | 0.3772(84) 0.0053(28) -0.474(11) -0.842(19) | -0.114(32) -0.061(19)
-1 1 -0.075(29) 0.043(17) 0.0037(21) -0.433(10) -0.488(20) -0.170(47) -0.055(12)
-1 -1 -0.075(28) 0.043(17) 0.0040(23) -0.439(10) -0.468(19) -0.163(46) -0.047(16)
1 0 -0.089(35) | 0.3935(88) 0.0054(30) -0.470(11) -0.885(21) -0.119(34) -0.066(19)
-1 0 -0.075(28) 0.045(18) 0.0041(23) -0.432(11) -0.504(21) | -0.175(49) | -0.053(15)
ACig 1 1 -0.087(34) 0.279(14) 0.0076(41) -0.436(13) -0.805(24) | -0.143(48) | -0.088(24)
1 -1 -0.087(34) 0.289(14) 0.0076(41) -0.436(13) -0.752(21) -0.159(35) -0.088(24)
-1 1 -0.081(31) 0.206(11) 0.0033(18) -0.4681(94) | -0.674(18) -0.124(40) -0.044(12)
-—1 -1 -0.081(31) 0.210(12) 0.0033(18) -0.4681(94) | -0.648(18) -0.132(33) -0.044(12)
1 0 -0.088(35) 0.310(15) 0.0083(45) -0.432(14) -0.833(24) | -0.161(44) -0.094(25)
-1 0 -0.081(31) 0.216(12) 0.0034(19) -0.4669(95) | -0.683(19) -0.133(38) -0.045(13)
cf 1 1 0.043(32) 0.236(13) -0.0280(55) -0.413(11) -0.790(19) -0.154(43) -0.058(16)
1 —1 0.031(32) 0.237(13) -0.043(14) -0.410(11) -0.828(20) -0.161(45) -0.042(13)
-1 1 -0.191(31) 0.225(12) 0.050(15) -0.496(10) -0.612(18) -0.119(34) -0.072(19)
1 -1 -0.203(31) 0.225(12) 0.0356(71) -0.493(10) -0.629(19) -0.122(34) -0.059(17)
1 0 0.044(32) 0.250(13) -0.037(10) -0.407(11) -0.850(20) -0.165(46) -0.053(15)
-1 0 -0.203(32) 0.237(12) 0.045(12) -0.495(10) -0.646(20) -0.125(35) -0.068(19)
Cio 1 1 -0.452(28) 0.218(12) 0.0044(23) -0.5424(87) | -0.547(21) -0.153(38) -0.051(14)
1 =1 -0.452(28) 0.218(12) 0.0044(23) -0.5424(87) | -0.508(20) -0.144(46) -0.051(14)
-1 1 0.316(31) 0.244(14) 0.0048(27) -0.346(12) -0.969(18) -0.126(29) -0.070(19)
-1 -1 0.316(31) 0.245(14) 0.0048(27) -0.346(12) -0.916(17) -0.114(39) -0.070(19)
-1 -1 0.316(31) 0.245(14) 0.0048(27) -0.346(12) -0.916(17) -0.114(39) -0.070(19)
1 0 -0.471(28) 0.229(13) 0.0046(25) -0.5446(89) | -0.549(21) -0.155(43) -0.053(15)
-1 0 0.338(31) 0.258(14) 0.0051(28) -0.337(12) -0.992(18) -0.126(35) -0.073(20)

Table C.8: The dependence of the optimized observables corresponding to B* — pTil on the
real and imaginary parts of the NP WC’s ACy 19 and Cé,lo for the ¢2 bins 2 — 4 and 4 — 6 GeV?
for a few benchmark values of the real and imaginary parts of the corresponding WC'’s.

TH-3118_176121005

109




Chapter C. NP predictions for observables defined in chapter 5.

Observables

Bin cNFP | Re(cNP) | Im(c]NT) BRI y i 7,
0.1-1 ACg 1 1 3.47(23) 0.416(26) -0.0701(41) 1.061(10)
1 -1 3.35(22) 0.405(26) -0.0726(41) 1.0248(89)

—1 1 3.22(22) 0.331(24) -0.0828(40) 0.9856(49)

-1 -1 3.10(22) 0.317(24) -0.0859(39) 0.9497(64)

1 0 3.37(23) 0.407(26) -0.0721(41) 1.0317(86)

-1 0 3.13(22) 0.319(24) -0.0853(39) 0.9566(63)

ACqg 1 1 3.01(21) 0.330(24) -0.0626(28) 0.9205(47)
1 -1 3.01(21) 0.330(24) -0.0628(31) 0.9205(47)

-1 1 3.56(24) 0.402(25) -0.0901(49) 1.0896(88)

-1 —i 3.56(24) 0.402(25) -0.0902(51) 1.0896(88)

1 0 2.97(21) 0.324(24) -0.0635(30) 0.9095(56)

-1 0 3.52(24) 0.398(25) -0.0911(50) 1.0786(79)

cf 1 1 3.01(21) 0.327(24) -0.0847(39) 0.9200(51)
1 -1 3.12(22) 0.342(24) -0.0815(40) 0.9560(40)

-1 1 3.45(23) 0.394(26) -0.0740(40) 1.0544(79)

-1 -1 3.56(24) 0.405(25) -0.0715(40) 1.0904(91)

1 0 3.03(21) 0.329(24) -0.0841(40) 0.9269(52)

-1 0 3.47(23) 0.395(26) -0.0735(40) 1.0614(75)

Cio 1 1 3.55(24) 0.404(25) -0.0724(40) 1.0852(89)
1 -1 3.55(24) 0.404(25) -0.0724(40) 1.0852(89)

-1 1 3.02(21) 0.329(24) -0.0836(41) 0.9249(47)

-1 -1 3.02(21) 0.329(24) -0.0836(40) 0.9249(47)

1 0 3.51(24) 0.400(25) -0.0732(40) 1.0742(80)

-1 0 2.99(21) 0.323(24) -0.0846(41) 0.9139(57)

1-2 ACq 1 1 1.75(14) 0.794(18) -0.101(11) 1.137(13)
1 -1 1.85(14) 0.803(17) | -0.0950(100) 1.205(13)

-1 1 1.389(95) | 0.648(26) -0.181(14) 0.904(11)

—1 -1 1.493(98) | 0.670(25) -0.168(14) 0.972(11)

1 0 1.76(14) 0.798(17) -0.100(11) 1.142(12)

—1 0 1.397(93) 0.655(26) -0.180(14) 0.909(11)

AC1g 1 1 1.282(88) | 0.717(24) -0.124(11) 0.8343(39)
1 -1 1.282(88) | 0.717(24) -0.123(11) 0.8343(39)

-1 1 1.96(15) 0.750(20) -0.138(13) 1.2734(67)

-1 -1 1.96(15) 0.750(20) -0.137(13) 1.2734(67)

1 0 1.239(85) | 0.714(24) -0.128(11) 0.8059(46)

-1 0 1.91(14) 0.749(20) -0.141(13) 1.2450(60)

cy 1 1 1.418(94) 0.705(23) -0.150(13) 0.9228(68)
1 -1 1.313(91) 0.685(24) -0.163(14) 0.8545(63)

-1 1 1.93(14) 0.772(19) -0.111(11) 1.2539(84)

-1 -1 1.82(14) 0.761(20) -0.117(12) 1.1856(94)

1 0 1.322(89) 0.692(24) -0.161(14) 0.8601(66)

-1 0 1.83(14) 0.766(20) -0.117(11) 1.1912(80)

Clo 1 1 1.91(14) 0.768(19) -0.113(11) 1.2429(83)
1 -1 1.91(14) 0.768(19) -0.113(11) 1.2429(83)

-1 1 1.329(90) | 0.692(25) -0.159(14) 0.8648(56)

-1 -1 1.329(90) | 0.692(25) -0.159(14) 0.8648(56)

1 0 1.87(14) 0.767(19) -0.116(11) 1.2145(77)

-1 0 1.285(86) 0.688(25) -0.164(15) 0.8364(62)

Table C.9: The dependence of the Branching Ratio and the observables F7,, Arp and R, corre-
sponding to B¥ — p*il on the real and imaginary parts of the NP WC’s ACy 19 and C§ , for the

¢® bins 0.1 — 1 and 1 — 2 GeV? for a few benchmark values of the real and imaginary parts of the
corresponding WC'’s.
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r 1

Bin | ¢VF | Re(0]F) | 1m(C]F) gr—aoo 7 Obse VabAeFSB 7
24 | ACe 1 1 3.05(27) | 0.826(15) | 0.0103(62) | L.2117(90)
1 —1 3.28(28) | 0.838(14) | 0.0096(57) | 1.3017(68)
-1 1 2.14(17) | 0.724(22) | -0.127(14) | 0.8490(81)
“1 1 2.36(18) | 0.751(20) | -0.115(12) | 0.9390(97)
1 0 3.07(27) | 0.836(14) | 0.0102(61) | 1.2174(74)
1 0 2.15(17) | 0.730(21) | -0.126(13) | 0.8547(77)
AC1o 1 1 1.94(16) | 0.823(16) | -0.0471(82) | 0.7722(35)
1 1 1.94(16) | 0.823(16) | -0.0446(84) | 0.7722(35)
1 1 3.47(28) | 0.777(18) | -0.0443(77) | 1.3777(52)
= 1 3.47(28) | 0.777(18) | -0.0420(78) | 1.3777(52)
1 0 1.85(15) | 0.828(16) | -0.0483(87) | 0.7331(41)
=i 0 3.37(28) | 0.779(18) | -0.0449(80) | 1.3386(47)
cl 1 1 2.32(18) | 0.765(19) | -0.0518(90) | 0.9219(78)
1 g 2.00(17) | 0.741(21) | -0.058(10) | 0.8206(61)
1 1 3.33(28) | 0.826(15) | -0.0362(65) | 1.3212(47)
1 il 3.09(27) | 0.815(16) | -0.0380(71) | 1.2289(71)
1 0 2.10(16) | 0.755(20) | -0.0571(100) | 0.8364(57)
E i 0 3.11(27) | 0.824(15) | -0.0387(70) | 1.2357(54)
clo 1 1 3.28(28) | 0.821(15) | -0.0382(66) | 1.3031(47)
1 -1 3.28(28) | 0.821(15) | -0.0382(66) | 1.3031(47)
1 1 2.13(17) | 0.750(21) | -0.054(10) | 0.8468(52)
1 1 2.13(17) | 0.750(21) | -0.054(10) | 0.8468(52)
1 0 3.18(27) | 0.825(15) | -0.0394(68) | 1.2640(49)
1 0 2.03(16) | 0.752(21) | -0.057(11) | 0.8077(50)
46 | ACe 1 1 3.37(28) | 0.712(23) 0.162(14) 1.2772(38)
1 1 3.50(28) | 0.725(22) | 0.155(14) | 1.3270(34)
1 1 2.21(18) | 0.661(26) | 0.0217(86) | 0.8374(49)
1 1 2.34(18) | 0.683(24) | 0.0205(82) | 0.8872(57)
1 0 3.32(28) | 0.723(23) | 0.164(15) | 1.2595(33)
1 0 2.16(17) | 0.676(25) | 0.0221(88) | 0.8197(41)
AC1g 1 1 1.98(17) | 0.740(23) | 0.109(11) | 0.7526(43)
1 —1 1.98(17) | 0.740(23) | 0.113(12) | 0.7526(43)
1 1 3.72(30) | 0.680(24) | 0.0090(97) | 1.4110(67)
1 1 3.72(30) | 0.680(24) | 0.1010(98) | 1.4110(67)
1 0 1.87(16) | 0.748(22) | 0.117(12) | 0.7102(50)
1 0 3.61(28) | 0.682(24) | 0.103(10) | 1.3686(60)
cl 1 1 2.43(19) | 0.657(25) | 0.122(11) | 0.9225(83)
1 —1 2.29(18) | 0.637(27) | 0.120(12) | 0.8692(75)
—1 1 3.42(28) | 0.743(21) | 0.0867(90) | 1.2052(57)
-1 -1 3.28(28) | 0.732(22) | 0.0904(94) 1.2419(64)
1 0 2.25(18) | 0.649(26) | 0.131(12) | 0.8533(70)
= 0 3.23(28) | 0.742(21) | 0.0016(95) | 1.2259(63)
Clo 1 1 3.42(28) | 0.740(21) | 0.0851(89) | 1.2055(54)
1 1 3.42(28) | 0.740(21) | 0.0852(89) | 1.2055(54)
1 1 2.20(18) | 0.642(27) | 0.131(12) | 0.8681(69)
=T —1 2.20(18) | 0.642(27) | 0.131(12) | 0.8681(69)
1 1 2.20(18) | 0.642(27) | 0.131(12) | 0.8681(69)
1 0 3.31(28) | 0.744(21) | 0.0880(92) | 1.2531(57)
1 0 2.18(17) | 0.643(27) | 0.138(13) | 0.8257(64)

Table C.10: The dependence of the Branching Ratio and the observables Fr, Arp and R,
corresponding to B¥ — pTil on the real and imaginary parts of the NP WC’s ACy 1 and Cs 10

for the ¢2 bins 2 — 4 and 4 — 6 GeV? for a few benchmark values of the real and imaginary parts
of the corresponding WC'’s.
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Chapter C. NP predictions for observables defined in chapter 5.

bservables

Bin | ¢NP | Re(CNT) | 1m(CNT) = P;O o i
0.1 ACy 1 1 -0.1293(52) -0.1220(39) -0.00042(29) 0.0017(11)
1 1 —1 -0.1261(52) -0.1247(37) 0.00157(96) -0.00022(35)
—1 1 -0.1256(49) -0.1188(36) -0.00067(42) 0.00125(78)
—1 -1 -0.1228(49) -0.1212(34) 0.00110(67) -0.00044(33)
1 0 -0.1279(52) -0.1235(38) 0.00059(37) 0.00074(54)
-1 0 -0.1244(49) -0.1201(35) 0.00022(14) 0.00041(29)
ACqg 1 1 -0.0880(42) -0.0966(28) 0.00040(25) 0.00057(42)
1 -1 -0.1005(36) -0.0853(38) 0.00040(25) 0.00057(42)
—ill 1 -0.1505(64) -0.1570(43) 0.00039(25) 0.00056(41)
-1 -1 -0.1628(57) -0.1459(53) 0.00039(25) 0.00056(41)
1 0 -0.0944(39) -0.0911(28) 0.00040(25) 0.00057(42)
-1 0 -0.1569(61) -0.1517(44) 0.00039(25) 0.00056(41)
Cé 1 1 -0.1256(50) -0.1214(36) 0.0252(16) -0.0344(17)
1 —1 -0.1257(50) -0.1213(36) -0.0362(11) 0.0249(22)
—1 1 -0.1260(50) -0.1217(36) 0.0370(11) -0.0239(25)
-1 =1 -0.1260(50) -0.1217(36) -0.0245(16) 0.0356(20)
1 0 -0.1258(50) -0.1215(36) -0.00546(59) -0.0047(17)
—1 0 -0.1262(50) -0.1219(36) 0.00627(70) 0.0059(21)
Cio 1 1 -0.1269(51) -0.1223(37) 0.00615(51) -0.00474(47)
1 =il -0.1266(51) -0.1226(37) -0.00536(53) 0.00587(55)
-1 1 -0.1251(49) -0.1205(36) 0.00615(51) -0.00475(47)
—1 -1 -0.1247(50) -0.1208(36) -0.00536(53) 0.00588(55)
1 0 -0.1269(51) -0.1226(37) 0.00039(25) 0.00057(41)
-1 0 -0.1251(50) -0.1208(36) 0.00040(25) 0.00057(41)
1-2 ACq 1 1 -0.4508(72) -0.386(21) -0.0021(16) 0.0096(57)
1 =il -0.390(12) -0.4420(82) 0.0093(54) -0.0011(20)
-1 1 -0.418(11) -0.370(13) -0.0028(17) 0.0054(32)
-1 —1 -0.380(13) -0.4055(83) 0.0049(28) -0.0019(14)
1 0 -0.429(11) -0.421(16) 0.0041(25) 0.0047(32)
-1 0 -0.404(13) -0.393(10) 0.00122(79) 0.0019(13)
ACqg 1 1 -0.319(17) -0.3722(99) 0.0027(17) 0.0035(23)
1 =1l -0.387(12) -0.308(20) 0.0027(17) 0.0035(23)
—1 1 -0.421(11) -0.4647(53) 0.0020(13) 0.0026(18)
—1 =il -0.4712(50) -0.416(19) 0.0020(13) 0.0026(18)
1 0 -0.361(15) -0.347(12) 0.0028(17) 0.0035(23)
—1 0 -0.4533(85) -0.447(12) 0.0021(13) 0.0027(18)
C:) 1 1 -0.405(11) -0.396(11) 0.0769(61) -0.1255(62)
1 —Js -0.406(11) -0.395(11) -0.1296(26) 0.076(10)
—1 1 -0.407(11) -0.398(11) 0.1345(32) -0.071(12)
el -1 -0.408(11) -0.397(11) -0.0729(67) 0.1317(78)
1 0 -0.413(12) -0.403(12) -0.0267(38) -0.0249(83)
-1 0 -0.415(12) -0.405(12) 0.0316(45) 0.031(10)
Cio 1 1 -0.408(11) -0.398(11) 0.0749(57) -0.0638(42)
1 -1 -0.407(11) -0.399(11) -0.0703(61) 0.0697(46)
-1 1 -0.406(11) -0.395(11) 0.0762(62) -0.0648(41)
-1 -1 -0.404(11) -0.396(11) -0.0715(62) 0.0708(50)
1 0 -0.415(12) -0.405(12) 0.0023(14) 0.0030(20)
—1 0 -0.413(12) -0.402(12) 0.0024(15) 0.0031(21)

Table C.11: The dependence of some of the optimized observables corresponding to B* — pTll
and B~ — p~ll on the real and imaginary parts of the NP WC’s ACy 19 and Cg,, for the q?

bins 0.1 — 1 and 1 — 2 GeV? for a few benchmark values of the real and imaginary parts of the
corresponding WC'’s.
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bservables

Bin | ¢NP | Re(CNT) | Im(CcNT) P P;C’ P 7
2-4 ACg 1 1 0.051(35) 0.038(31) -0.0011(18) 0.0131(70)
1 -1 0.044(30) 0.048(40) 0.0124(67) -0.00018(276)

-1 1 -0.363(19) -0.303(30) -0.0039(23) 0.0092(50)

-1 —1 -0.310(13) -0.361(22) 0.0082(45) -0.0027(21)

1 0 0.050(34) 0.045(37) 0.0067(38) 0.0075(44)

-1 0 -0.351(15) -0.345(28) 0.0028(17) 0.0040(25)

ACio 1 1 -0.125(25) -0.273(28) 0.0072(42) 0.0087(53)
1 -1 -0.268(37) -0.114(58) 0.0072(42) 0.0087(53)

-1 1 -0.112(20) -0.177(24) 0.0031(18) 0.0038(23)

-1 -1 -0.173(28) -0.108(37) 0.0031(18) 0.0038(23)

1 0 -0.215(30) -0.211(45) 0.0079(46) 0.0095(57)

—1 0 -0.148(25) -0.148(31) 0.0032(19) 0.0040(23)

Cé 1 1 -0.159(25) -0.160(33) 0.0024(75) -0.0840(89)
1 -1 -0.160(25) -0.159(33) -0.080(14) -0.0021(189)

-1 1 -0.157(25) -0.157(33) 0.087(15) 0.013(21)

-1 -1 -0.158(25) -0.156(33) 0.0062(90) 0.0925(98)

1 0 -0.169(26) -0.168(35) -0.0407(92) -0.045(13)

—1 0 -0.166(26) -0.165(35) 0.049(11) 0.055(15)

C’io 1 1 -0.163(24) -0.159(32) 0.1998(49) -0.1862(73)
1 -1 -0.160(24) -0.162(32) -0.1915(77) 0.1965(38)

1l 1 -0.157(26) -0.154(34) 0.2108(75) -0.1961(61)

-1 —1 -0.154(26) -0.157(34) -0.2019(73) 0.2070(68)

1 0 -0.170(25) -0.169(34) 0.0044(25) 0.0054(32)

-1 0 -0.165(27) -0.164(36) 0.0047(28) 0.0058(35)

4-6 ACy 1 1 0.4069(92) 0.3748(77) 0.0017(18) 0.0082(41)
1 -1 0.354(20) 0.436(14) 0.0087(44) 0.0021(21)

-1 1 0.011(23) 0.069(27) -0.0013(14) 0.0081(41)
-1 e 0.010(20) 0.086(36) 0.0078(39) -0.00023(171)

1 0 0.398(16) 0.4214(79) 0.0057(32) 0.0056(30)

—1 0 0.011(22) 0.081(32) 0.0039(22) 0.0046(26)

ACq1g 1 1 0.337(13) 0.249(16) 0.0079(43) 0.0080(43)
1 —1 0.205(42) 0.388(28) 0.0079(43) 0.0080(43)

-1 1 0.219(12) 0.206(14) 0.0033(18) 0.0035(20)

-1 -1 0.164(24) 0.267(26) 0.0033(18) 0.0035(20)

1 0 0.298(28) 0.347(17) 0.0086(47) 0.0088(47)

-1 0 0.199(18) 0.246(20) 0.0034(19) 0.0037(20)

C; 1 1 0.218(20) 0.268(20) -0.0905(69) 0.0303(75)
1 —1 0.220(20) 0.265(19) 0.022(15) -0.106(13)

-1 1 0.211(19) 0.258(19) -0.012(16) 0.113(15)

—1 —1 0.212(19) 0.256(18) 0.0972(91) -0.0193(85)
1 0 0.232(21) 0.281(20) -0.037(11) -0.0403(100)

| 0 0.223(20) 0.270(19) 0.045(13) 0.049(12)

010 1 1 0.203(19) 0.251(20) 0.2030(18) -0.1843(92)
1 -1 0.206(18) 0.249(20) -0.1940(61) 0.1938(57)

—L 1 0.225(21) 0.275(20) 0.2166(47) -0.1959(94)

-1 —1 0.228(21) 0.273(19) -0.2069(42) 0.2062(82)

1 0 0.215(20) 0.263(20) 0.0047(26) 0.0050(27)

—1 0 0.240(23) 0.289(20) 0.0051(28) 0.0054(30)

Table C.12: The dependence of some of the optimized observables corresponding to B* — pTll
and B~ — p~ll on the real and imaginary parts of the NP WC’s ACy 19 and CS/),IO for the ¢?

bins 2 — 4 and 4 — 6 GeV? for a few benchmark values of the real and imaginary parts of the
corresponding WC'’s.
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Chapter C. NP predictions for observables defined in chapter 5.

Bin | ¢NP | Re(CNP) | 1m(cNP) — (jbsewables — -
P P P Pl
0.1-1 | ACs 1 1 0.175(21) | -0.059(25) | 0.180(14) | -0.211(26)
1 “1 0.181(23) | -0.062(27) | -0.037(16) | -0.085(29)
—1 1 0.159(19) | -0.068(30) | 0.202(12) | -0.227(24)
-1 -1 -0.164(20) | -0.072(31) | 0.0052(176) | -0.082(27)
1 0 0.183(22) | -0.061(26) | 0.075(16) | -0.150(28)
-1 0 0.166(20) | -0.071(31) | 0.108(15) | -0.158(26)
ACqg 1 1 -0.460(19) 0.111(23) 0.118(19) -0.161(29)
1 L5 0.130(23) | -0.213(22) | 0.118(19) | -0.161(29)
-1 1 0.365(21) | 0.066(34) | 0.075(13) | -0.142(25)
1 1 0.0093(220) | -0.219(32) | 0.075(13) | -0.142(25)
1 0 20.173(21) | -0.051(22) | 0.124(20) | -0.163(29)
-1 0 0.182(22) | -0.077(33) | 0.077(13) | -0.143(25)
al 1 1 0.170(21) | -0.074(32) | 0.0027(162) | -0.113(28)
1 i 0.163(19) | -0.071(31) 0.207(12) -0.198(25)
-1 1 0.176(22) | -0.059(26) | -0.036(15) | -0.112(29)
-1 -1 -0.168(20) | -0.058(25) | 0.176(15) | -0.183(27)
1 0 0.171(20) | -0.073(32) | 0.110(15) | -0.158(26)
—1 0 0.177(22) | -0.059(26) | 0.075(16) | -0.149(28)
clo 1 1 0.0093(230) | -0.220(32) | 0.048(13) | -0.127(25)
1 -1 0.367(21) | 0.067(34) | 0.103(12) | -0.159(25)
-1 1 0.130(23) | -0.212(22) | 0.075(20) | -0.143(28)
-1 -1 -0.458(19) 0.111(23) 0.161(18) -0.178(29)
1 0 0.183(22) | -0.077(33) | 0.077(13) | -0.144(25)
-1 0 0.172(20) | -0.051(22) | 0.124(20) | -0.162(29)
12 | ACe 1 1 0.083(43) | -0.159(34) | -0.012(11) | -0.182(30)
1 -1 0.071(36) | -0.168(39) | -0.2239(72) | 0.033(37)
-1 1 ~0.077(40) | -0.166(37) | 0.0108(85) | -0.149(24)
i -1 -0.066(34) | -0.170(40) | -0.1902(57) | 0.076(27)
1 0 -0.079(40) | -0.166(37) | -0.1302(97) | -0.079(35)
-1 0 -0.074(38) | -0.172(39) | -0.1011(70) | -0.038(27)
ACio 1 1 0.378(37) | 0.122(35) | -0.1516(91) | -0.066(35)
1 —il 0.229(39) | -0.403(30) | -0.1516(91) | -0.066(35)
-1 1 0.246(38) | 0.017(42) | -0.0867(55) | -0.049(26)
—1 —1 0.101(37) | -0.371(37) | -0.0867(55) | -0.049(26)
1 0 -0.079(40) | -0.144(33) | -0.1601(97) | -0.068(36)
=] 0 -0.075(38) | -0.180(40) | -0.0890(56) | -0.050(27)
cl 1 1 0.074(38) | -0.182(41) | -0.1423(62) | -0.043(29)
1 =t 0.083(42) | -0.186(42) | -0.0054(63) | -0.062(27)
—1 1 0.066(34) | -0.145(33) | -0.193(11) | -0.053(33)
-1 —1 0.071(36) | -0.147(33) | -0.0780(83) | -0.068(31)
1 0 0.081(42) | -0.188(43) | -0.0806(55) | -0.054(29)
-1 0 -0.070(36) | -0.148(33) | -0.1423(97) | -0.061(32)
o 1 1 0.108(40) | -0.394(40) | -0.1899(56) | 0.014(27)
1 il -0.263(40) | 0.018(45) | 0.0051(81) | -0.118(28)
#1 1 0.213(36) | -0.376(27) | -0.2891(89) | 0.017(32)
“1 1 0.351(36) | 0.113(32) | 0.0077(122) | -0.140(34)
1 0 0.080(41) | -0.191(43) | -0.0950(57) | -0.053(28)
-1 0 0.073(38) | -0.134(30) | -0.1483(92) | -0.063(34)

Table C.13: The dependence of some of the optimized observables corresponding to B¥ — pTll
and B~ — p~Il on the real and imaginary parts of the NP WC’s ACjy 19 and Cs'),lo for the g2

bins 0.1 — 1 and 1 — 2 GeV? for a few benchmark values of the real and imaginary parts of the
corresponding WC'’s.

114

TH-3118_176121005



Bin | NP | Re(cNP) | Im(cNF) - " Observables —
P, P, P P
24 | ACe 1 1 0.010(42) | -0.226(28) | 0.0096(166) 20.171(20)
1 —1 0.0094(366) | -0.244(36) -0.132(16) 0.0026(302)
—1 1 0.012(49) -0.271(37) | 0.0114(87) -0.138(17)
—1 —1 0.011(41) -0.282(45) | -0.1499(73) 0.072(24)
1 0 0.010(41) -0.243(33) -0.070(17) -0.090(27)
—1 0 0.012(47) -0.288(42) | -0.0800(85) -0.036(22)
ACio 1 1 -0.237(50) 0.015(47) -0.110(18) -0.090(34)
1 -1 0.262(47) | -0.552(27) | -0.110(18) -0.090(34)
-1 1 -0.108(40) | -0.091(39) | -0.0518(92) -0.048(18)
1 —1 0.127(37) -0.392(31) | -0.0518(92) -0.048(18)
1 0 0.014(52) -0.285(38) -0.119(20) -0.095(36)
g 0 0.0100(397) | -0.249(36) | -0.0536(95) -0.049(19)
cl 1 1 0.011(45) -0.281(40) | 0.0034(136) -0.130(23)
1 -1 0.013(49) -0.295(41) | -0.0796(67) 0.0012(197)
—1 1 0.0092(364) | -0.220(31) -0.065(18) -0.110(27)
-1 -1 0.0098(388) | -0.227(32) | -0.134(13) -0.0073(254)
1 0 0.013(49) -0.301(42) -0.038(10) -0.069(22)
—1 0 0.0099(392) | -0.232(33) -0.103(16) -0.062(27)
o 1 1 0.149(43) -0.457(35) | -0.2082(98) 0.069(22)
1 1 -0.126(47) | -0.106(45) 0.087(13) -0.181(21)
1 1 0.205(36) -0.435(23) -0.297(14) 0.088(27)
-1 —il -0.186(41) 0.012(37) 0.124(17) -0.230(27)
1 0 0.012(47) -0.292(41) -0.063(11) £0.058(22)
-1 0 0.010(40) | -0.221(31) | -0.091(16) -0.074(28)
16 | ACy 1 1 0.040(40) | -0.185(26) | -0.0019(184) -0.124(14)
1 -1 -0.036(35) | -0.194(31) -0.078(18) -0.048(22)
-1 1 -0.057(57) | -0.270(40) 0.014(12) -0.115(10)
— —1 -0.049(49) | -0.285(48) -0.094(12) -0.00030(2094)
1 0 -0.039(39) | -0.196(29) | -0.044(19) -0.090(18)
-1 0 -0.056(55) | -0.291(45) -0.046(13) -0.062(17)
ACig 1 1 -0.196(53) | -0.102(48) -0.065(24) -0.111(24)
1 —1 0.095(47) -0.389(24) -0.065(24) -0.111(24)
=i 1 -0.111(42) | -0.141(39) -0.032(12) -0.057(13)
—1 —1 0.029(39) -0.287(29) -0.032(12) -0.057(13)
1 0 -0.054(53) | -0.262(37) -0.070(26) -0.118(25)
-1 0 0.043(42) | -0.221(35) -0.033(12) -0.059(14)
b/ 1 1 -0.050(49) | -0.254(39) 0.079(16) -0.186(15)
1 —1 -0.052(51) | -0.265(40) -0.122(12) 0.031(14)
—1 1 -0.039(38) | -0.197(30) 0.016(19) -0.155(20)
= -1 -0.040(40) | -0.202(31) -0.141(17) 0.013(19)
1 0 0.053(53) | -0.272(41) -0.021(15) -0.084(15)
e 0 -0.041(41) | -0.207(32) -0.064(19) -0.075(20)
o 1 1 0.034(46) -0.334(32) -0.179(14) 0.066(17)
1 -1 -0.130(49) | -0.163(45) 0.105(15) -0.198(14)
) 1 0.074(37) -0.308(22) -0.248(19) 0.087(23)
L —1 -0.153(41) | -0.082(39) 0.145(20) -0.263(18)
1 0 -0.050(50) | -0.258(40) -0.039(14) -0.069(16)
—1 0 -0.041(41) | -0.205(31) -0.054(20) -0.092(21)

Table C.14: The dependence of some of the optimized observables corresponding to BT — p*li
and B~ — p~ll on the real and imaginary parts of the NP WC’s ACy 19 and Cs/),lo for the g2

bins 2 — 4 and 4 — 6 GeV? for a few benchmark values of the real and imaginary parts of the
corresponding WC'’s.
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Chapter C. NP predictions for observables defined in chapter 5.

Bin | CNP | Re(CNP) | Im(CNF) -0 PO Obse"’able% PO
2 2 3 3
01-1 | ACe 1 1 -0.0784(22) | -0.0791(36) | -0.00067(42) | 0.00146(91)
1 -1 -0.0772(21) | -0.0803(33) | 0.00131(80) | -0.00046(37)
-1 1 -0.0764(21) | -0.0769(32) | -0.00079(48) | 0.00115(71)
-1 -1 -0.0753(21) | -0.0778(30) | 0.00097(59) | -0.00056(37)
1 0 -0.0779(22) -0.0798(34) 0.00033(20) 0.00051(37)
-1 0 -0.0759(21) -0.0775(31) 0.000099(64) 0.00030(22)
AC1o 1 1 -0.0513(19) | -0.0645(18) | 0.00021(12) 0.00040(29)
1 -1 -0.0636(19) | -0.0530(39) | 0.00021(12) 0.00040(29)
! 1 -0.0896(27) | -0.1034(31) | 0.00020(12) | 0.00039(29)
-1 = -0.1016(27) | -0.0921(53) | 0.00020(12) 0.00039(29)
1 0 -0.0576(17) | -0.0588(25) | 0.00021(12) 0.00040(29)
-1 0 -0.0957(26) | -0.0979(40) | 0.00020(12) 0.00039(29)
cl 1 1 -0.0766(21) | -0.0784(32) 0.0270(11) -0.0328(11)
1 -1 -0.0767(21) | -0.0783(32) -0.0339(11) 0.0269(18)
41 1 -0.0768(21) | -0.0786(33) 0.0344(11) -0.0262(20)
-1 —il -0.0769(21) | -0.0785(33) | -0.0267(11) | 0.0337(15)
1 0 -0.0768(21) | -0.0785(32) | -0.00346(27) | -0.0029(13)
-1 0 -0.0770(22) | -0.0787(33) | 0.00388(29) 0.0038(15)
Cho 1 1 -0.0775(22) | -0.0789(33) | 0.00587(43) | -0.00499(41)
1 —il -0.0772(22) | -0.0792(33) | -0.00545(42) | 0.00578(46)
-1 1 -0.0764(21) -0.0777(32) 0.00587(44) -0.00499(41)
-1 -1 -0.0760(21) -0.0780(32) -0.00546(43) 0.00579(46)
1 0 -0.0774(22) | -0.0791(33) | 0.00021(12) | 0.00040(29)
-1 0 -0.0763(21) | -0.0780(32) | 0.00021(12) | 0.00040(29)
1-2 ACy 1 1 -0.2640(47) | -0.257(20) -0.0037(23) 0.0084(50)
1 -1 -0.2417(27) -0.281(14) 0.0079(46) -0.0027(21)
-1 1 -0.2497(47) | -0.243(13) -0.0034(20) 0.0050(28)
-1 -1 -0.2355(41) | -0.2577(91) 0.0043(25) -0.0025(16)
1 0 -0.2584(35) | -0.274(18) 0.0024(14) 0.0032(22)
—il 0 -0.2462(46) | -0.254(11) | 0.00060(39) | 0.00138(96)
G, 1 1 -0.1798(67) | -0.2536(70) | 0.00149(91) 0.0024(16)
1 =il -0.2470(79) | -0.189(21) 0.00149(91) 0.0024(16)
—il 1 -0.2459(20) | -0.3097(74) | 0.00111(68) 0.0018(11)
—1 -1 -0.2962(78) -0.260(21) 0.00111(68) 0.0018(11)
1 0 -0.2182(53) | -0.226(13) 0.00152(93) 0.0024(17)
-1 0 -0.2755(36) | -0.290(14) | 0.00113(69) | 0.0018(13)
&} 1 1 -0.2456(36) | -0.257(13) | 0.0865(43) | -0.1169(40)
1 —1 -0.2460(37) | -0.256(13) -0.1191(22) 0.0856(81)
—il 1 -0.2467(35) | -0.258(13) 0.1220(22) -0.0821(92)
il —1 -0.2472(35) | -0.258(13) -0.0845(45) 0.1214(50)
1 0 -0.2504(39) | -0.261(14) -0.0165(20) -0.0158(57)
-1 0 -0.2517(37) -0.263(14) 0.0192(23) 0.0201(70)
Cio 1 1 -0.2481(38) | -0.258(13) 0.0726(52) -0.0657(42)
1 = -0.2464(35) | -0.259(13) | -0.0701(52) | 0.0698(43)
e 1 -0.2463(36) | -0.256(13) 0.0739(55) -0.0667(42)
-1 -1 -0.2446(36) | -0.257(13) -0.0713(54) 0.0709(46)
1 0 -0.2519(39) | -0.263(14) 0.00129(78) 0.0021(14)
-1 0 -0.2502(38) | -0.261(14) 0.00131(80) 0.0021(15)

Table C.15: The dependence of some of the optimized observables corresponding to tagged
BY — pPll and B® — p°ll on the real and imaginary parts of the NP WC’s ACy 10 and C§ ,, for

the ¢2 bins 0.1 — 1 and 1 — 2 GeV? for a few benchmark values of the real and imaginary parts of
the corresponding WC'’s.
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Bin | ¢NP | Re(cNP) | Im(cNP) 0 0 Obser"ab;iz 0
2 2 3 3
24 | ACe 1 1 0.032(27) 0.024(26) | -0.0037(23) 0.0112(60)
1 -1 0.029(25) 0.028(30) 0.0105(56) -0.0028(25)
—1 1 -0.219(16) -0.197(25) -0.0050(28) 0.0084(46)
—1 —1 -0.199(12) -0.221(21) 0.0073(40) -0.0039(23)
1 0 0.032(27) 0.028(29) 0.0040(22) 0.0049(30)
-1 0 -0.219(14) -0.218(25) 0.00150(91) 0.0027(17)
ACqg 1 1 -0.049(16) -0.201(19) 0.0042(23) 0.0059(35)
1 L% -0.195(36) -0.045(51) 0.0042(23) 0.0059(35)
-1 1 -0.057(14) -0.124(18) 0.0018(10) 0.0025(16)
-1 —il -0.120(25) -0.057(32) 0.0018(10) 0.0025(16)
1 0 -0.133(24) -0.135(37) 0.0045(26) 0.0064(39)
-1 0 -0.092(20) -0.094(25) 0.0019(11) 0.0026(16)
ch 1 1 -0.099(20) -0.101(27) 0.0178(63) -0.0691(72)
1 4 -0.100(20) -0.101(27) -0.0642(88) 0.013(14)
-1 1 -0.098(20) -0.100(27) 0.0679(92) -0.0056(154)
—1 1, -0.098(20) | -0.099(27) | -0.0126(70) 0.0746(77)
1 0 -0.105(21) -0.107(28) -0.0244(52) -0.0295(86)
—1 0 -0.103(21) -0.105(28) 0.0292(60) 0.036(10)
ot s 1 1 -0.102(20) -0.101(26) 0.1973(51) -0.1887(66)
1 —il -0.099(20) -0.103(26) -0.1924(67) 0.1956(41)
-1 1 -0.098(21) -0.097(28) 0.2080(69) -0.1987(60)
-1 —i -0.095(21) -0.100(27) -0.2029(67) 0.2061(63)
1 0 -0.106(21) -0.107(28) 0.0025(15) 0.0036(22)
—1 0 -0.102(22) | -0.104(29) | 0.0027(16) 0.0039(23)
46 ACy 1 1 0.234(14) 0.2532(81) | -0.00053(103) 0.0067(33)
1 —il 0.216(18) 0.280(14) 0.0068(34) -0.000057(1290)
-1 1 -0.0064(201) | 0.057(24) -0.0028(16) 0.0071(35)
i -1 -0.0053(179) | 0.065(29) 0.0066(33) -0.0019(15)
1 0 0.236(17) 0.278(11) 0.0035(19) 0.0037(20)
-1 0 -0.0062(201) | 0.064(27) 0.0023(13) 0.0031(17)
AC1g 1 1 0.2207(87) 0.147(10) 0.0047(26) 0.0053(28)
1 =il 0.087(41) 0.285(32) 0.0047(26) 0.0053(28)
-1 1 0.1379(91) 0.129(12) 0.0020(11) 0.0023(13)
=1 =1l 0.081(23) 0.190(25) 0.0020(11) 0.0023(13)
1 0 0.169(27) 0.236(18) 0.0051(28) 0.0058(31)
il 0 0.114(17) 0.165(18) 0.0021(11) 0.0024(13)
ch 1 1 0.125(19) 0.181(19) | -0.0789(47) 0.0410(57)
1 =i 0.125(19) 0.179(18) 0.0381(95) -0.0912(88)
-1 1 0.120(18) 0.174(18) -0.031(10) 0.095(10)
—1 -1 0.121(18) 0.173(18) 0.0819(57) -0.0330(61)
1 0 0.132(20) 0.190(19) -0.0216(66) -0.0267(65)
-1 0 0.127(19) 0.183(19) 0.0266(77) 0.0323(77)
Clho 1 1 0.115(18) 0.170(19) 0.1994(31) -0.1876(80)
1 il 0.118(17) 0.168(18) | -0.1940(57) 0.1938(55)
-1 1 0.128(20) 0.186(19) 0.2125(47) -0.1996(81)
-1 -1 0.131(19) 0.184(18) -0.2068(47) 0.2063(74)
1 0 0.123(19) 0.178(19) 0.0028(15) 0.0033(18)
—1 0 0.137(21) 0.195(19) 0.0031(17) 0.0035(20)

Table C.16: The dependence of some of the optimized observables corresponding to tagged
BY — p%ll and B — p°ll on the real and imaginary parts of the NP WC’s ACy 10 and C§ 4 for

the ¢2 bins 2 — 4 and 4 — 6 GeV? for a few benchmark values of the real and imaginary parts of
the corresponding WC'’s.
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Chapter C. NP predictions for observables defined in chapter 5.

Bin CiNP Re(C,fVP) IWL(C{VP) — , Observable/s ,
PO PO pLo PO
0.1-1 ACq 1 1 -0.131(20) | -0.110(33) | 0.0924(28) -0.148(20)
1 -1 -0.134(21) -0.113(35) -0.0900(33) 0.026(22)
-1 1 -0.155(24) | -0.132(40) | 0.1345(45) -0.159(16)
—1 —1 -0.161(25) | -0.136(42) | -0.0821(54) 0.050(18)
1 0 -0.135(21) | -0.113(35) | 0.0021(32) -0.063(21)
—1 0 -0.162(25) | -0.137(42) | 0.0288(53) -0.057(18)
AC1o 1 1 -0.278(22) | 0.050(35) | 0.0164(47) -0.068(22)
1 L} 0.027(18) | -0.258(29) | 0.0164(47) -0.068(22)
L1 1 -0.270(26) | -0.018(44) | 0.0121(35) -0.052(17)
—1 -1 -0.045(23) -0.251(38) 0.0121(35) -0.052(17)
4 0 -0.129(20) | -0.107(33) | 0.0168(49) -0.070(23)
—1 0 -0.160(25) | -0.136(42) | 0.0122(35) -0.053(17)
cy 1 1 -0.166(26) | -0.140(43) | -0.0625(47) 0.027(18)
1 - -0.159(24) | -0.137(41) | 0.1105(51) -0.137(16)
-1 1 -0.130(20) | -0.109(33) | -0.0652(28) | 0.0031(211)
-1 .y -0.127(20) | -0.108(33) | 0.0722(35) -0.125(20)
1 0 -0.167(26) -0.141(43) 0.0264(52) -0.057(18)
-1 0 -0.130(20) | -0.110(34) | 0.0045(33) -0.062(21)
o 1 1 -0.045(23) | -0.253(39) | -0.0116(39) -0.030(17)
1 =1 -0.271(26) | -0.018(44) | 0.0358(32) -0.074(17)
-1 1 0.027(17) | -0.257(29) | -0.0156(52) -0.039(22)
—1 =il -0.277(22) | 0.049(35) | 0.0481(45) -0.097(22)
1 0 -0.161(25) | -0.137(42) | 0.0123(35) -0.053(17)
-1 0 -0.128(20) -0.106(33) 0.0167(49) -0.070(23)
1-2 ACy 1 1 0.181(32) | -0.154(40) | 0.0798(52) -0.174(19)
1 =i -0.175(31) | -0.162(45) | -0.1536(28) 0.056(25)
-1 1 -0.185(33) | -0.161(43) | 0.1122(14) -0.157(13)
s -1 -0.182(33) | -0.167(47) | -0.1294(16) 0.083(16)
1 0 -0.183(32) -0.162(43) -0.0399(42) -0.063(23)
-1 0 -0.190(34) -0.169(46) -0.0097(13) -0.040(16)
ACig 1 1 -0.349(31) | 0.047(45) | -0.0304(30) -0.062(23)
1 =1 0.014(28) | -0.340(34) | -0.0304(30) -0.062(23)
=1 1 -0.300(34) | -0.036(48) | -0.0196(20) -0.041(16)
=i =i -0.066(32) | -0.292(41) | -0.0196(20) -0.041(16)
1 0 -0.174(31) | -0.151(41) | -0.0316(31) -0.064(24)
= 0 -0.187(34) | -0.168(46) | -0.0200(20) -0.042(16)
Cé 1 1 -0.203(36) -0.180(49) -0.0563(35) -0.0037(170)
1 -1 -0.200(35) -0.179(48) 0.0255(38) -0.079(15)
=il 1 -0.160(29) | -0.141(38) | -0.0634(49) -0.026(22)
=i -1 -0.158(28) | -0.141(38) | 0.0013(35) -0.086(20)
1 0 -0.208(37) | -0.185(50) | -0.0156(15) -0.043(16)
-1 0 -0.163(29) -0.144(39) -0.0317(34) -0.058(22)
o 1 1 -0.070(34) | -0.310(43) | -0.1070(34) 0.038(17)
1 il -0.320(36) | -0.039(51) | 0.0653(43) -0.126(17)
4 1 0.013(26) | -0.317(32) | -0.1448(44) 0.051(22)
-1 -1 -0.324(30) | 0.044(42) | 0.0883(56) -0.167(22)
1 0 -0.200(35) | -0.179(48) | -0.0214(21) -0.045(17)
—1 0 -0.161(29) | -0.141(38) | -0.0293(30) -0.060(23)

Table C.17: The dependence of some of the optimized observables corresponding to tagged
B — pPll and B® — p°ll on the real and imaginary parts of the NP WC’s ACy 10 and Cy ,, for

the ¢2 bins 0.1 — 1 and 1 — 2 GeV? for a few benchmark values of the real and imaginary parts of
the corresponding WC'’s.
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Bin C{VP Re(C{VP) Im(C,fVP) — , Observables/ ,
PO PO plo pLO
2-4 ACy 1 1 -0.155(36) -0.140(33) 0.0426(88) -0.134(12)
1 —1 -0.147(33) | -0.151(39) | -0.1219(82) 0.031(19)
—1 1 -0.180(41) | -0.166(41) 0.0787(45) -0.1321(79)
—1 —1 -0.173(38) | -0.178(47) | -0.1158(35) 0.064(14)
1 0 -0.157(36) | -0.152(37) | -0.0435(89) -0.057(16)
—1 0 -0.185(41) | -0.180(46) | -0.0214(42) -0.039(12)
AC1g 1 1 -0.347(42) | 0.0032(523) | -0.0479(92) -0.069(20)
1 -1 -0.015(38) | -0.351(33) -0.0479(92) -0.069(20)
;) 1 -0.232(36) | -0.059(41) 0.0235(47) -0.035(10)
-1 -1 -0.069(33) -0.235(33) -0.0235(47) -0.035(10)
1 0 -0.194(42) | -0.186(45) | -0.0515(99) -0.074(22)
i} 0 -0.156(36) | -0.152(38) | -0.0243(50) -0.036(11)
&, 1 1 -0.185(42) | -0.180(45) 0.0273(83) -0.092(12)
1 —1 -0.183(41) | -0.178(44) | -0.0788(47) 0.018(11)
—1 1 -0.144(33) | -0.140(35) 0.0053(99) -0.097(17)
-1 -1 -0.143(32) | -0.139(35) -0.0774(64) -0.011(16)
1 0 -0.194(44) -0.188(47) -0.0273(52) -0.039(11)
—1 0 -0.150(34) | -0.145(36) | -0.0377(78) -0.056(17)
Tl 1 1 -0.081(38) | -0.274(38) | -0.1684(57) 0.098(13)
1 b -0.271(42) | -0.069(48) 0.1135(73) -0.178(12)
=) 1 -0.012(30) | -0.276(28) | -0.2311(67) 0.133(18)
B 1 =1 -0.273(35) 0.0023(414) 0.1558(94) -0.242(16)
1 0 -0.183(41) -0.178(44) -0.0286(57) -0.042(12)
-1 0 -0.150(34) -0.144(36) -0.0397(80) -0.058(17)
16 ACy 1 1 -0.129(36) | -0.118(30) | 0.0027(110) | -0.0787(79)
1 =i -0.124(34) | -0.125(33) -0.078(11) | -0.0055(138)
-1 1 -0.185(51) -0.171(44) 0.0333(76) -0.0868(50)
-1 - -0.177(47) | -0.183(50) -0.0825(68) 0.021(12)
1 0 -0.131(36) | -0.126(33) -0.040(11) -0.045(11)
-1 0 -0.190(52) -0.187(49) -0.0272(77) -0.0368(92)
AC1o 1 1 -0.265(49) | -0.079(51) -0.050(14) -0.060(14)
1 L | -0.071(42) | -0.242(31) -0.050(14) -0.060(14)
=1 1 -0.186(41) | -0.095(41) | -0.0246(70) | -0.0298(76)
=i —1 -0.092(37) | -0.177(32) | -0.0246(70) | -0.0298(76)
1 0 -0.180(49) | -0.172(43) -0.054(15) -0.064(15)
1 0 -0.144(40) | -0.141(37) 20.0255(73) | -0.0308(79)
@ 1 1 -0.172(47) | -0.167(44) 0.0735(99) -0.1392(87)
1 —1 -0.170(47) -0.166(43) -0.1325(70) 0.0743(82)
—il 1 -0.133(37) | -0.128(34) 0.044(12) -0.128(12)
—1 ., -0.132(36) | -0.128(34) | -0.1151(97) 0.036(12)
1 0 -0.180(49) | -0.175(46) | -0.0316(85) | -0.0338(85)
-1 0 -0.138(38) -0.133(35) -0.037(11) -0.048(12)
o 1 1 -0.107(43) | -0.205(36) -0.1689(85) 0.102(11)
1 ) -0.218(47) -0.111(47) 0.1113(92) -0.1717(81)
Fi 1 -0.056(33) | -0.192(26) -0.232(11) 0.140(14)
—f —1 -0.207(39) | -0.063(41) 0.153(12) -0.234(10)
1 0 -0.169(47) | -0.164(43) | -0.0209(85) | -0.0360(91)
—1 0 -0.139(38) | -0.134(35) -0.042(12) -0.050(12)

Table C.18: The dependence of some of the optimized observables corresponding to tagged
BY — p°ll and B° — p°ll on the real and imaginary parts of the NP WC’s ACy 19 and C§ y, for

the ¢2 bins 2 — 4 and 4 — 6 GeV? for a few benchmark values of the real and imaginary parts of
the corresponding WC'’s.
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Chapter C. NP predictions for observables defined in chapter 5.

Bin | NP | Re(cNP) | 1m(c]P) A Obser\;j;les 77
011 | ACe 1 1 0.0037(28) 0.2265(54) | -0.099(22)
1 1 0.0037(28) 0.2326(34) | -0.101(23)
—1 1 OA0017(16) 0A1430(59) »0,121(27)
—1 —1 0.0017(16) 0.1494(31) | -0.125(29)
1 0 0.0038(28) 0.2361(42) | -0.102(23)
= 0 0.0017(17) 0.1533(44) | -0.126(29)
AC10 1 1 0.0032(25) 0.2535(42) | -0.090(25)
1 1 0.0032(25) 0.2535(42) | -0.103(19)
1 1 0.0022(19) | 0.1466(39) | -0.116(30)
—1 —1 0.0022(19) | 0.1466(39) | -0.125(25)
1 0 0.0032(25) 0.2640(43) | -0.099(23)
-1 0 0.0022(19) 0.1515(39) | -0.122(28)
ol 1 1 -0.0403(28) | 0.1531(32) | -0.128(29)
1 E il -0.0399(23) | 0.1466(60) | -0.124(28)
1 1 0.0439(23) 0.2269(34) | -0.099(23)
4 i 0.0440(28) 0.2210(52) | -0.096(22)
1 0 -0.0402(26) | 0.1571(45) | -0.129(29)
1 0 0.0442(25) 0.2303(41) | -0.099(23)
Cho 1 1 -0.0049(21) 0.1471(39) | -0.126(25)
1 L | £0.0049(21) | 0.1471(39) | -0.116(30)
1 1 0.0106(23) | 0.2526(42) | -0.102(19)
1 1 0.0106(23) | 0.2526(42) | -0.090(25)
1 0 -0.0049(22) | 0.1521(39) | -0.123(28)
i 0 0.0107(23) | 0.2630(42) | -0.099(22)
12 | AG 1 1 0.0033(43) 0.045(14) | -0.149(33)
1 -1 0.0036(45) 0.048(13) | -0.151(34)
-1 1 -0.0012(26) | -0.0095(94) | -0.162(36)
1 1 -0.00096(275) | -0.0061(88) | -0.165(38)
1 0 0.0046(50) 0.060(13) | -0.154(34)
1 0 -0.00031(299) | 0.0052(89) | -0.169(38)
ACio 1 1 0.0091(78) 0.144(10) | -0.133(38)
1 1 0.0091(78) 0.144(10) | -0.157(28)
1 1 -0.0052(21) | -0.060(11) | -0.152(39)
1 i -0.0052(21) | -0.060(11) | -0.167(33)
1 0 0.0104(85) 0.166(10) | -0.151(34)
1 0 -0.0045(20) | -0.051(11) | -0.163(37)
cl 1 1 -0.1769(92) | -0.0067(95) | -0.179(40)
1 —1 0.1780(52) | -0.010(10) | -0.177(39)
-1 1 0.1713(34) 0.044(12) | -0.137(31)
1 1 0.1695(77) 0.040(12) | -0.136(30)
1 0 -0.1803(70) | 0.0056(97) | -0.184(41)
o 0 0.1748(52) 0.054(12) | -0.140(31)
clo 1 1 0.1143(78) | -0.063(12) | -0.176(34)
1 1 0.1143(78) | -0.063(12) | -0.160(41)
=) 1 0.1255(86) 0.1357(99) | -0.148(26)
-1 —1 0.1255(86) 0.1357(99) | -0.125(35)
1 0 [0.1157(82) | -0.054(12) | -0.172(38)
—1 0 0.1290(92) 0.1556(98) | -0.142(32)

Table C.19: The dependence of the optimized observables corresponding to B(B) — p°ll on the
real and imaginary parts of the NP WC’s ACy 19 and Cf 4 for the ¢2 bins 0.1 —1 and 1 — 2 GeV?
for a few benchmark values of the real and imaginary parts of the corresponding WC’s.
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Bin | ¢NP | Re(cMNP) | Im(cNF) 2 Obse;zables o
24 | ACy 1 1 -0.056(25) | -0.331(15) | -0.138(33)
1 -1 -0.056(25) | -0.330(15) | -0.140(34)
—1 1 -0.036(15) | -0.280(13) | -0.167(39)
-1 -1 -0.035(14) | -0.278(13) | -0.169(41)
1 0 -0.056(25) | -0.325(16) | -0.145(34)
= 0 -0.034(14) | -0.268(13) | -0.176(42)
ACqg 1 1 -0.035(15) | -0.212(19) | -0.160(45)
1 —1 -0.035(15) | -0.212(19) | -0.176(33)
—1 1 -0.050(22) | -0.351(12) | -0.139(37)
=il =T -0.050(22) | -0.351(12) | -0.146(31)
1 0 -0.033(14) | -0.194(20) | -0.179(42)
-1 0 -0.049(22) | -0.346(12) | -0.147(35)
cl 1 1 -0.116(23) | -0.288(13) | -0.175(42)
1 -1 -0.127(21) | -0.293(13) | -0.174(41)
-1 1 0.033(23) | -0.315(16) | -0.134(32)
=i =il 0.021(24) | -0.319(15) | -0.133(32)
1 0 -0.125(22) | -0.280(13) | -0.184(44)
=il 0 0.032(23) | -0.310(16) | -0.139(33)
Cio 1 1 -0.389(19) | -0.403(13) | -0.168(36)
1 =l -0.389(19) | -0.403(13) | -0.159(42)
—1 1 0.333(19) | -0.170(15) | -0.141(27)
-1 =1 0.333(19) | -0.170(15) | -0.128(37)
1 0 -0.405(19) | -0.400(13) | -0.170(41)
-1 0 0.355(18) | -0.153(15) | -0.142(34)
46 | ACg 1 1 -0.089(35) | -0.475(11) | -0.121(32)
1 —1 -0.089(35) | -0.475(11) | -0.122(33)
-1 1 -0.075(29) | -0.443(11) | -0.175(47)
-1 -1 -0.075(28) | -0.442(11) | -0.177(48)
1 0 -0.090(35) | -0.474(11) | -0.126(34)
-1 0 -0.075(28) | -0.439(11) | -0.186(50)
ACig 1 1 -0.087(34) | -0.442(14) | -0.166(48)
1 =il -0.087(34) | -0.442(14) | -0.155(36)
—il 1 -0.081(31) | -0.4724(95) | -0.138(40)
—1 —1 -0.081(31) | -0.4724(95) | -0.133(34)
1 0 -0.088(35) | -0.438(14) | -0.172(45)
—1 0 -0.081(31) | -0.4713(97) | -0.140(38)
c} 1 1 0.043(32) | -0.417(11) | -0.167(45)
1 =il 0.031(32) | -0.420(11) | -0.166(44)
= 1 -0.192(32) | -0.497(10) | -0.128(34)
-1 -1 -0.203(31) | -0.500(10) | -0.127(34)
1 0 0.044(32) | -0.414(11) | -0.175(47)
~1 0 -0.204(32) | -0.499(11) | -0.133(36)
Cio 1 1 -0.452(28) | -0.5475(91) | -0.154(39)
1 = -0.452(28) | -0.5475(91) | -0.160(46)
-1 i 0.316(31) | -0.350(12) | -0.123(29)
— —1 0.316(31) | -0.350(12) | -0.132(39)
£l -1 0.316(31) | -0.350(12) | -0.132(39)
1 0 -0.471(28) | -0.5498(92) | -0.163(44)
—1 0 0.338(31) | -0.342(12) | -0.135(36)

Table C.20: The dependence of the optimized observables corresponding to B(B) — p°ll on the
real and imaginary parts of the NP WC’s ACy 19 and Cé,lo for the ¢ bins 2 — 4 and 4 — 6 GeV?
for a few benchmark values of the real and imaginary parts of the corresponding WC'’s.
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Chapter C. NP predictions for observables defined in chapter 5.

Observables
Bin | P | Re(c]") | Im(c{'T) A5 Ags As A,
0.1-1 ACq 1 1 -0.0022(46) 0.0026(22) 0.0474(42) 0.00047(27)
1 -1 -0.0022(47) 0.0027(23) -0.0221(47) -0.00039(24)
-1 1 -0.0024(51) 0.0029(23) 0.0529(36) 0.00052(31)
-1 -1 -0.0024(52) 0.0029(25) | -0.0233(43) -0.00042(25)
1 0 -0.0022(47) 0.0027(23) 0.0130(46) 0.000044(47)
-1 0 -0.0024(52) 0.0029(25) 0.0153(39) 0.000057(44)
ACig 1 1 -0.01521(92) | 0.00872(59) | 0.0155(47) 0.000055(49)
1 L1 0.0115(73) -0.0042(34) 0.0155(47) 0.000055(49)
-1 1 -0.0135(30) 0.0085(16) 0.0127(38) 0.000045(40)
=1 =1 0.0083(83) -0.0021(39) 0.0127(38) 0.000045(40)
1 0 -0.0019(41) 0.0023(20) 0.0157(47) 0.000056(50)
-1 0 -0.0026(57) 0.0032(27) 0.0128(39) 0.000046(41)
gl 1 1 -0.0025(54) 0.0030(26) | -0.0157(41) -0.01627(61)
1 -1 -0.0025(53) 0.0030(25) 0.0449(37) 0.01617(82)
—4 1 -0.0021(46) 0.0026(22) -0.0128(46) -0.01390(86)
-1 =1 -0.0021(45) 0.0025(22) 0.0387(43) 0.01370(66)
1 0 -0.0025(54) 0.0030(26) 0.0151(39) 0.00010(27)
-1 0 -0.0021(46) 0.0026(22) 0.0133(46) | 0.0000073(2899)
Cio 1 1 0.0075(83) 0.0024(22) 0.0038(40) -0.00245(18)
1 —il -0.0160(30) 0.0027(21) 0.0217(38) 0.00254(14)
-1 1 0.0143(72) 0.0029(26) 0.0046(47) -0.00295(20)
-1 —il -0.01405(99) 0.0032(25) 0.0262(46) 0.00306(17)
1 0 -0.0043(57) 0.0026(22) 0.0129(39) 0.000046(41)
-1 0 0.00013(406) 0.0031(26) 0.0156(47) 0.000056(50)
1-2 ACq 1 1 0.0013(63) 0.0054(54) 0.0480(38) 0.00109(61)
1 -1 0.0014(63) 0.0054(54) | -0.0389(42) -0.00094(55)
-1 1 0.0017(79) 0.0069(68) 0.0620(32) 0.00143(80)
-1 =il 0.0018(81) 0.0069(69) -0.0486(39) -0.00117(67)
1 0 0.0014(65) 0.0056(56) 0.0049(38) 0.000083(84)
—1 0 0.0018(83) 0.0072(71) 0.0074(37) 0.000141(98)
ACqg 1 1 -0.0197(14) 0.0248(26) 0.0077(47) 0.00014(11)
1 —il 0.023(13) -0.013(10) 0.0077(47) 0.00014(11)
—il 1 -0.0114(37) 0.0177(37) 0.0047(28) 0.000084(69)
L | —il 0.015(11) -0.0054(89) | 0.0047(28) 0.000084(69)
1 0 0.0016(72) 0.0062(61) 0.0080(50) 0.00014(12)
-1 0 0.0016(73) 0.0063(63) 0.0048(30) 0.000087(71)
Cc§ 1 1 0.0019(86) 0.0074(73) -0.0114(36) -0.0314(27)
1 =1 0.0018(85) 0.0073(73) 0.0236(39) 0.0310(28)
kil 1 0.0013(60) 0.0052(52) | -0.0068(38) -0.0219(23)
-1 -1 0.0013(60) 0.0052(51) 0.0178(41) 0.0220(21)
1 0 0.0019(88) 0.0077(76) 0.0065(36) | 0.0000067(6169)
=l 0 0.0013(62) 0.0053(53) 0.0057(39) 0.00019(51)
Clo 1 1 0.013(11) 0.0048(51) -0.0284(35) -0.0145(15)
1 -1 -0.0171(40) 0.0054(50) 0.0380(33) 0.0147(14)
-1 1 0.030(12) 0.0071(76) -0.0431(51) -0.0221(20)
-1 -1 -0.0156(16) 0.0081(74) 0.0578(47) 0.0224(19)
1 0 -0.0022(75) 0.0052(52) 0.0050(31) 0.000089(72)
-1 0 0.0074(70) 0.0079(78) 0.0076(47) 0.00014(11)

Table C.21: The dependence of the asymmetric observables corresponding to B(B) — p°ll on
the real and imaginary parts of the NP WC’s ACy 19 and Cg ; for the ¢*> bins 0.1 — 1 and 1 — 2

GeV? for a few benchmark values of the real and imaginary parts of the corresponding WC’s.

122

TH-3118_176121005



r 1

Bin | ¢NP | Re(CNP) | Im(cNP) i AGSObse vables . y
2-4 ACq 1 1 0.0056(56) 0.00050(670) 0.0324(18) 0.00120(63)
1 -1 0.0056(57) 0.00048(676) -0.0276(23) | -0.00106(57)
—1 1 0.0079(79) 0.00071(942) 0.0460(17) 0.00174(92)
-1 -1 0.0080(80) 0.00068(954) -0.0390(25) -0.00146(78)
1 0 0.0058(57) 0.00051(696) 0.0026(16) 0.000079(69)
-1 0 0.0083(83) 0.00073(995) 0.0039(18) | 0.000160(98)
ACqo 1 1 -0.0136(14) 0.0267(33) 0.0044(23) 0.00015(11)
1 -1 0.028(13) -0.025(15) 0.0044(23) 0.00015(11)
-1 1 -0.0047(32) 0.0146(43) 0.0023(11) 0.000083(58)
%) -1 0.0174(95) -0.013(11) 0.0023(11) 0.000083(58)
1 0 0.0074(74) 0.00065(886) 0.0046(23) 0.00016(11)
-1 0 0.0066(66) 0.00057(784) 0.0024(13) 0.000085(60)
cl 1 1 0.0082(82) 0.00071(975) 0.0255(22) -0.0107(18)
1 5 0.0081(80) 0.00073(965) -0.0203(23) 0.0093(19)
-1 1 0.0056(56) 0.00047(664) 0.0190(22) -0.0062(14)
-1 — il 0.0055(55) 0.00048(660) -0.0121(23) 0.0074(11)
1 0 0.0085(85) 0.00076(1018) 0.0026(14) -0.00067(49)
—1 0 0.0057(57) 0.00050(685) 0.0035(18) 0.00063(40)
af 1 1 0.0167(98) 0.000061(6554) -0.0488(28) -0.0322(32)
1 —i -0.0094(36) 0.00094(639) 0.0538(27) 0.0324(32)
-1 1 0.032(11) -0.000013(10236) | -0.0775(39) | -0.0511(47)
-1 -1 -0.0094(16) 0.0014(100) 0.0854(37) 0.0514(46)
1 0 0.0038(69) 0.00052(668) 0.0026(13) 0.000090(63)
-1 0 0.0118(68) 0.00073(1063) 0.0041(22) 0.00015(10)
16 ACq 1 1 0.0120(51) -0.0144(90) 0.01868(74) 0.00105(51)
1 -1 0.0121(52) -0.0146(91) -0.01607(98) | -0.00096(48)
-1 1 0.0181(77) -0.022(13) 0.02829(94) | 0.00164(81)
-1 -1 0.0184(78) -0.022(14) -0.0242(14) | -0.00141(70)
1 0 0.0125(53) -0.0150(92) 0.00142(37) | 0.000050(39)
—il 0 0.0192(82) -0.023(14) 0.00233(48) | 0.000135(74)
ACqo 1 1 -0.0041(11) 0.0164(27) 0.00248(55) 0.000116(71)
1 =i 0.035(12) -0.054(22) 0.00248(55) | 0.000116(71)
=il 1 0.0036(30) 0.0017(53) 0.00130(29) | 0.000061(38)
-1 -1 0.0243(89) -0.035(16) 0.00130(29) | 0.000061(38)
1 0 0.0166(71) -0.020(12) 0.00263(59) | 0.000124(75)
-1 0 0.0144(61) -0.017(11) 0.00134(31) | 0.000063(39)
cl 1 1 0.0176(75) -0.021(13) 0.0505(15) 0.0210(20)
1 il 0.0175(74) -0.021(13) -0.0487(16) -0.0228(21)
—i 1 0.0125(53) -0.0149(92) 0.0376(15) 0.0164(17)
-1 -1 0.0124(53) -0.0148(92) -0.0325(15) -0.0146(16)
1 0 0.0184(78) -0.022(14) 0.00074(27) | -0.00104(20)
-1 0 0.0129(55) -0.0154(95) 0.00251(51) | 0.00086(18)
Cio 1 1 0.027(11) -0.0152(92) -0.0583(23) -0.0491(43)
1 = -0.00039(297) -0.0139(90) 0.0612(22) 0.0492(43)
=il 1 0.037(11) -0.023(14) -0.0879(26) -0.0739(57)
—1 —1 -0.00479(85) -0.021(13) 0.0922(23) 0.0741(57)
-1 iy -0.00479(85) -0.021(13) 0.0922(23) 0.0741(57)
1 0 0.0140(70) -0.0151(94) 0.00147(33) | 0.000069(42)
-1 0 0.0170(57) -0.023(14) 0.00225(51) | 0.000106(65)

Table C.22: The dependence of the asymmetric observables corresponding to B(B) — p°ll on
the real and imaginary parts of the NP WC’s ACq 19 and C§ y, for the ¢* bins 2 — 4 and 4 — 6

GeV? for a few benchmark values of the real and imaginary parts of the corresponding WC'’s.
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Chapter C. NP predictions for observables defined in chapter 5.

Bin | OF | Re(c]'F) | Im(C]'?) | grsqow Obse:;'ables R,
0.1-1 | ACg 1 1 1.36(11) | 0.348(28) | 1.063(12)
1 -1 1.34(11) | 0.340(28) | 1.047(11)
-1 1 1.24(11) | 0.238(23) | 0.9705(65)
—1 —1 1.22(10) | 0.228(23) | 0.9538(72)
1 0 1.33(11) | 0.338(28) | 1.042(10)
—1 0 1.22(10) | 0.226(22) | 0.9490(76)
ACig 1 1 1.164(99) | 0.236(24) | 0.9083(56)
1 -1 1.164(99) | 0.236(24) | 0.9083(56)
-1 1 1.42(11) | 0.337(27) | 1.109(11)
-1 =i 1.42(11) | 0.337(27) | 1.109(11)
1 0 1.147(99) | 0.228(23) | 0.8953(67)
=1 0 1.40(11) | 0.331(27) | 1.0956(95)
cy 1 1 1.18(10) | 0.237(23) | 0.9185(57)
1 -1 1.20(10) | 0.247(23) | 0.9354(52)
-1 1 1.39(11) | 0.329(28) | 1.0818(99)
4 =il 1.41(11) | 0.336(28) | 1.099(11)
1 0 1.17(10) | 0.234(23) | 0.9139(63)
-1 0 1.38(11) | 0.327(28) | 1.0772(91)
Cio 1 1 1.41(11) | 0.338(27) | 1.103(11)
1 1 1.41(11) | 0.338(27) | 1.103(11)
-1 1 1.17(10) | 0.234(24) | 0.9135(57)
-1 —1 1.17(10) | 0.234(24) | 0.9135(57)
1 0 1.40(11) | 0.333(27) | 1.0904(95)
=il 0 1.154(99) | 0.226(23) | 0.9005(68)
1-2 ACy 1 1 0.737(65) | 0.777(20) | 1.198(14)
1 —1 0.729(64) | 0.776(20) | 1.185(14)
-1 1 0.579(46) | 0.613(29) | 0.941(12)
EL =il 0.570(45) | 0.609(29) | 0.928(12)
1 0 0.712(63) | 0.776(20) | 1.158(13)
=i 0 0.554(44) | 0.604(30) | 0.902(12)
ACi1g 1 1 0.497(41) | 0.670(28) | 0.8077(33)
1 = 0.497(41) | 0.670(28) | 0.8077(33)
= 1 0.810(68) | 0.725(23) | 1.3175(57)
-1 —1 0.810(68) | 0.725(23) | 1.3175(57)
1 0 0.476(40) | 0.664(29) | 0.7747(39)
-1 0 0.790(66) | 0.723(23) | 1.2845(52)
c) 1 1 0.536(43) | 0.649(28) | 0.8717(62)
1 =i 0.544(44) | 0.653(28) | 0.8844(68)
—iL 1 0.764(66) | 0.740(23) | 1.2416(89)
—1 i 0.771(66) | 0.742(22) | 1.2543(84)
1 0 0.519(42) | 0.645(28) | 0.8448(67)
=1 0 0.747(64) | 0.740(23) | 1.2148(80)
Clp 1 1 0.788(68) | 0.745(22) | 1.2820(79)
1 —1 0.788(68) | 0.745(22) | 1.2820(79)
-1 1 0.518(42) | 0.642(29) | 0.8431(55)
-1 —1 0.518(42) | 0.642(29) | 0.8431(55)
1 0 0.768(66) | 0.743(22) | 1.2490(74)
—1 0 0.498(41) | 0.635(30) | 0.8102(60)

Table C.23: The dependence of the Branching Ratio and the observables Fy, and R, corresponding
to B(B) — p°ll on the real and imaginary parts of the NP WC’s ACq 1o and Cg 4 for the ¢*

bins 0.1 — 1 and 1 — 2 GeV? for a few benchmark values of the real and imaginary parts of the
corresponding WC'’s.
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Bin | oVF | Re(O]F) | 1m(C]F) —gr—oy Obs?:ables 7
24 | AGy 1 1 138(13) | 0.823(15) | 1.2730(72)
1 1 1.37(12) | 0.823(15) | 1.2619(75)
“1 1 0.978(82) | 0.720(23) | 0.9001(88)
~1 1 0.966(80) | 0.720(23) | 0.8890(85)
1 0 1.33(12) | 0.827(15) | 1.2252(74)
1 0 0.926(77) | 0.721(23) | 0.8523(79)
AC1o 1 1 0.821(75) | 0.808(18) | 0.7551(37)
1 L] 0.821(75) | 0.808(18) | 0.7551(37)
1 1 1.53(13) | 0.766(19) | 1.4060(54)
1 1 1.53(13) | 0.766(19) | 1.4060(54)
1 0 0.775(71) | 0.813(18) | 0.7131(43)
“1 0 1.48(13) | 0.768(19) | 1.3639(49)
cl 1 1 0.946(79) | 0.735(22) | 0.8706(63)
1 1 0.955(81) | 0.737(22) | 0.8792(66)
i 1 1.39(13) | 0.810(16) | 1.2828(52)
- 1 1.40(13) | 0.811(16) | 1.2014(47)
1 0 0.905(76) | 0.737(22) | 0.8326(57)
1 0 1.35(12) | 0.814(16) | 1.2449(52)
cly 1 1 1.44(13) | 0.813(16) | 1.3257(41)
1 -1 1.44(13) | 0.813(16) | 1.3257(41)
-1 1 0.908(77) | 0.730(23) | 0.8354(52)
-1 -1 0.908(77) | 0.730(23) | 0.8354(52)
1 0 1.40(13) | 0.816(16) | 1.2837(45)
1 0 0.862(73) | 0.731(23) | 0.7934(47)
4-6 ACyo 1 1 1.56(13) 0.712(23) 1.3104(26)
1 1 1.55(13) | 0.713(23) | 1.2095(33)
1 1 1.037(84) | 0.665(25) | 0.8691(49)
. 1 1.024(83) | 0.665(25) | 0.8582(47)
1 0 1.50(13) | 0.716(23) | 1.2613(33)
1 0 0.978(80) | 0.668(25) | 0.8200(41)
AC1o 1 1 0.891(78) | 0.731(23) | 0.7463(44)
1 —1 0.891(78) | 0.731(23) | 0.7463(44)
-1 1 1.70(14) | 0.674(25) | 1.4216(70)
1 1 1.70(14) | 0.674(25) | 1.4216(70)
1 0 0.839(74) | 0.739(23) | 0.7028(52)
4 0 1.64(13) | 0.676(24) | 1.3781(62)
al 1 1 1.067(85) | 0.638(27) | 0.8944(78)
1 1 1.075(86) | 0.641(26) | 0.9017(77)
“1 1 1.51(13) | 0.731(22) | 1.2669(60)
= i 1.52(13) | 0.732(22) | 1.2742(57)
1 0 1.019(81) | 0.641(26) | 0.8543(71)
1 0 1.46(13) | 0.736(22) | 1.2269(64)
cly 1 1 1.55(13) | 0.735(22) | 1.3031(55)
1 1 1.55(13) | 0.735(22) | 1.3031(55)
= 1 1.031(82) | 0.632(27) | 0.8647(70)
“1 1 1.031(82) | 0.632(27) | 0.8647(70)
==, —1 1.031(82) | 0.632(27) | 0.8647(70)
1 0 1.50(13) | 0.740(21) | 1.2596(59)
- 0 0.979(79) | 0.633(28) | 0.8212(65)

Table C.24: The dependence of the Branching Ratio and the observables F', and R, corresponding
to B(B) — p°ll on the real and imaginary parts of the NP WC’s ACy 19 and C§ y, for the ¢ bins

2—4 and 4—6 GeV? for a few benchmark values of the real and imaginary parts of the corresponding
WC’s.
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Chapter C. NP predictions for observables defined in chapter 5.

r 1

Bin | ¢NP | Re(CNP) | Im(cNF) yv = Observables ™ yr
0.1-1 | ACq 1 1 -0.0373(98) 0.000038(35) -0.0037(28) -0.0023(27)
1 -1 -0.035(12) -0.000048(35) -0.0105(11) -0.0023(28)
-1 1 -0.031(11) 0.000054(33) -0.0037(23) -0.0025(30)
-1 -1 -0.028(14) -0.000040(30) -0.01123(72) | -0.0026(30)
1 0 -0.036(11) -0.0000049(240) -0.0072(21) -0.0024(28)
-1 0 -0.030(13) 0.0000079(149) -0.0076(15) -0.0026(31)
ACio 1 1 -0.037(13) 0.0000013(211) | -0.0081(20) | -0.0567(31)
1 N -0.037(13) 0.0000013(211) -0.0081(20) 0.0527(26)
-1 1 -0.030(11) 0.0000011(172) -0.0066(16) -0.0476(36)
-1 -1 -0.030(11) 0.0000011(172) -0.0066(16) 0.0420(31)
1 0 -0.037(13) 0.0000013(213) -0.0082(20) -0.0020(23)
-1 0 -0.030(11) 0.0000011(174) -0.0067(16) -0.0028(33)
cl 1 1 -0.033(13) -0.00166(62) -0.01167(76) | -0.0027(32)
1 -1 -0.027(12) 0.00209(25) -0.0039(23) | -0.0026(31)
-1 1 -0.038(11) -0.00181(21) -0.0102(11) -0.0023(27)
3 Cil -0.033(11) 0.00139(54) -0.0036(27) -0.0022(26)
1 0 -0.030(13) 0.00024(19) -0.0079(16) -0.0027(32)
-1 0 -0.036(11) -0.00020(18) -0.0070(20) -0.0023(27)
Cio 1 1 -0.030(11) 0.0000011(173) -0.0066(16) 0.0422(31)
1 =i -0.030(11) 0.0000011(173) -0.0066(16) -0.0478(36)
-1 1 -0.036(13) 0.0000012(210) -0.0080(19) 0.0524(26)
-1 -1 -0.036(13) 0.0000012(210) | -0.0080(19) | -0.0564(31)
1 0 -0.030(11) 0.0000011(174) -0.0067(16) -0.0028(34)
-1 0 -0.037(13) 0.0000013(213) -0.0081(20) -0.0020(23)
12 ACq 1 1 0.0381(26) 0.000075(90) ~0.00047(358) | -0.0020(22)
1 = 0.0274(57) | -0.000150(89) -0.0094(13) | -0.0020(22)
-1 1 -0.0343(42) 0.000128(88) -0.00097(327) | -0.0025(27)
-1 = -0.0207(95) -0.000159(91) -0.01233(64) | -0.0025(28)
1 0 -0.0337(38) -0.000038(69) -0.0050(25) -0.0020(22)
-1 0 -0.0286(70) -0.000015(50) -0.0068(19) -0.0026(28)
ACqo 1 1 -0.0401(65) -0.000035(76) -0.0074(28) -0.0840(40)
1 -1 -0.0401(65) -0.000035(76) -0.0074(28) 0.0797(27)
—il 1 -0.0246(40) -0.000021(47) -0.0046(17) -0.0524(35)
L =i -0.0246(40) -0.000021(47) -0.0046(17) 0.0480(25)
1 0 -0.0418(68) |  -0.000037(79) -0.0077(28) | -0.0022(25)
-1 0 -0.0252(41) -0.000022(48) -0.0047(18) -0.0023(25)
e’ 1 1 -0.0318(65) -0.0048(19) -0.01314(74) | -0.0027(28)
1 -1 -0.0245(56) 0.00588(89) -0.0010(35) -0.0027(28)
il 1 -0.0347(46) -0.00424(63) -0.0089(11) -0.0019(21)
-1 -1 -0.0296(40) 0.0033(14) -0.00044(341) | -0.0019(21)
1 0 -0.0293(63) 0.00058(55) -0.0073(20) -0.0028(30)
—1 0 -0.0330(44) -0.00045(46) 0.0048(23) | -0.0019(21)
o 1 1 0.0253(42) |  -0.000022(48) 0.0047(18) | 0.0493(27)
1 -1 -0.0253(42) -0.000022(48) -0.0047(18) -0.0539(37)
-1 1 -0.0384(62) -0.000034(73) -0.0071(27) 0.0764(23)
-1 i1 -0.0384(62) -0.000034(73) -0.0071(27) -0.0805(36)
1 0 -0.0260(43) -0.000023(49) -0.0048(18) -0.0024(26)
—1 0 -0.0400(65) -0.000035(76) -0.0074(28) -0.0021(23)

Table C.25: The dependence of the asymmetric observables corresponding to B°(B°) — pCll
which can be measured only at Belle on the real and imaginary parts of the NP WC’s ACy 19 and
C§ 19 for the ¢* bins 0.1 —1 and 1 —2 GeV? for a few benchmark values of the real and imaginary
parts of the corresponding WC'’s.
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bservables

Bin | NP | Re(GNP) | Im(c]P) pers — - -
2-4 ACy 1 1 -0.0250(39) 0.00018(14) 0.0039(32) -0.00016(84)
1 -1 -0.0083(23) -0.000150(78) -0.0037(10) -0.00016(85)
-1 1 -0.0253(23) 0.00024(14) 0.0041(32) -0.00022(119)
-1 -1 -0.0017(62) -0.000230(94) -0.00669(40) -0.00022(119)
1 0 -0.0173(13) 0.000018(92) 0.00013(215) -0.00016(87)
-1 0 -0.0143(23) 0.0000082(685) -0.0013(17) -0.00023(125)
ACqg 1 1 -0.0220(11) 0.000019(113) -0.00063(273) -0.0641(37)
1 -1 -0.0220(11) 0.000019(113) -0.00063(273) 0.0637(28)
=1 1 -0.01184(63) 0.000010(61) -0.00034(146) -0.0345(21)
-1 —1; -0.01184(63) 0.000010(61) -0.00034(146) 0.0341(14)
i 0 -0.0233(11) 0.000020(120) -0.00067(289) -0.00021(111)
-1 0 -0.01220(65) 0.000011(62) -0.00035(151) -0.00018(98)
Cé 1 1 -0.0155(13) -0.0070(26) -0.00684(43) -0.00023(122)
1 — -0.01198(68) 0.0071(13) 0.0042(33) -0.00023(120)
=1 1 -0.01774(97) -0.00482(82) -0.0037(10) -0.00015(83)
-1 —1 -0.01530(81) 0.0047(19) 0.0039(31) -0.00016(83)
1 0 -0.01445(95) 0.000077(731) -0.0013(18) -0.00024(128)
-1 0 -0.01707(85) -0.000027(614) 0.00013(212) -0.00016(86)
C{D 1 1 -0.01255(67) 0.000011(64) -0.00036(155) 0.0362(16)
1 =1 -0.01255(67) 0.000011(64) -0.00036(155) -0.0366(23)
-1 1 -0.0199(10) 0.000018(102) -0.00057(246) 0.0575(22)
-1 -1 -0.0199(10) 0.000018(102) -0.00057(246) -0.0579(30)
1 0 -0.01297(69) 0.000011(66) -0.00037(161) -0.00020(105)
—1 0 -0.0210(11) 0.000019(108) -0.00060(259) -0.00018(100)
4-6 ACy 1 1 -0.0233(59) 0.00058(29) 0.0076(30) -0.00011(43)
1 =1 -0.0020(11) 0.0000029(890) 0.00053(99) -0.00011(43)
-1 1 -0.0235(50) 0.00064(32) 0.0084(33) -0.00017(65)
-1 -1 0.0087(47) -0.000227(80) -0.00234(31) -0.00017(65)
1 0 -0.0131(28) 0.00030(19) 0.0042(21) -0.00012(45)
=1l 0 -0.00792(65) 0.00022(14) 0.0032(18) -0.00018(68)
AC1g 1 1 -0.0154(26) 0.00038(24) 0.0053(28) -0.0387(22)
1 =1 -0.0154(26) 0.00038(24) 0.0053(28) 0.0384(23)
=1 1 -0.0081(14) 0.00020(12) 0.0028(15) -0.0203(11)
=1 =1 -0.0081(14) 0.00020(12) 0.0028(15) 0.0201(11)
1 0 -0.0164(28) 0.00040(25) 0.0057(28) -0.00015(59)
=1 0 -0.0084(15) 0.00020(12) 0.0029(15) -0.00013(51)
Cé 1 1 -0.0127(28) -0.0106(35) -0.00224(29) -0.00016(63)
1 -1 -0.0082(20) 0.0077(17) 0.0081(31) -0.00016(62)
=il 1 -0.0123(18) -0.0051(11) 0.00055(102) -0.00012(44)
=1 -1 -0.0092(11) 0.0079(27) 0.0078(31) -0.00011(44)
1 0 -0.0110(25) -0.00145(96) 0.0031(18) -0.00017(66)
—1 0 -0.0111(16) 0.00147(89) 0.0044(21) -0.00012(46)
Cio 1 1 -0.0088(15) 0.00022(13) 0.0031(16) 0.0219(13)
1 =1 -0.0088(15) 0.00022(13) 0.0031(16) -0.0222(13)
-1 1 -0.0133(23) 0.00033(21) 0.0046(23) 0.0331(18)
-1 -1 -0.0133(23) 0.00033(21) 0.0046(23) -0.0334(17)
-1 -1 -0.0133(23) 0.00033(21) 0.0046(23) -0.0334(17)
1 0 -0.0091(16) 0.00022(14) 0.0032(16) -0.00015(55)
-1 0 -0.0140(23) 0.00034(22) 0.0049(25) -0.00013(51)

Table C.26: The dependence of the asymmetric observables corresponding to BO(B°) — p°li
which can be measured only at Belle on the real and imaginary parts of the NP WC’s ACy 19 and
C§ 1o for the ¢® bins 2 — 4 and 4 — 6 GeV? for a few benchmark values of the real and imaginary
parts of the corresponding WC'’s.
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Chapter C. NP predictions for observables defined in chapter 5.

Observables

Bin | cNP | Re(cNP) | tm(c]NP) y 5 B 7 7
0.1-1 ACq 1 1 -0.0520(28) -0.0532(17) 0.00029(19) 0.2665(44) -0.0267(69)
1 -1 -0.0529(28) -0.0534(16) 0.00028(19) 0.2722(46) -0.0245(87)

-1 1 -0.0625(26) -0.0547(17) 0.00015(10) 0.3898(41) -0.0144(43)

-1 -1 -0.0636(25) -0.0550(17) 0.00014(10) 0.4027(41) -0.0113(64)

1 0 -0.0531(28) -0.0535(17) 0.00028(19) 0.2738(45) -0.0260(79)

—1 0 -0.0640(25) -0.0551(17) 0.00014(10) 0.4064(40) -0.0132(55)

ACqg 1 1 -0.0472(18) -0.0412(11) 0.00022(14) 0.2855(42) -0.0234(79)
1 —1 -0.0473(21) -0.0413(15) 0.00022(14) 0.2835(45) -0.0234(79)

-1 1 -0.0659(33) -0.0662(19) 0.00020(13) 0.3567(47) -0.0172(57)

-1 -1 -0.0660(35) -0.0663(22) 0.00020(13) 0.3552(53) -0.0172(57)

1 0 -0.0480(19) | -0.0414(13) | 0.00022(14) | 0.2922(38) | -0.0241(81)

-1 0 -0.0667(34) -0.0665(20) 0.00021(13) 0.3616(47) -0.0175(59)

C’é 1 1 -0.0632(25) -0.0552(17) -0.00257(29) 0.3793(45) -0.0136(65)
1 —1 -0.0620(26) -0.0549(17) -0.00195(77) 0.3670(44) -0.0140(44)

—1 1 -0.0536(27) -0.0533(16) 0.00231(84) 0.2912(41) -0.0244(85)

—1 -1 -0.0528(28) -0.0531(16) 0.00289(36) 0.2852(40) -0.0246(68)

1 0 -0.0635(25) -0.0553(17) -0.00227(53) 0.3827(45) -0.0141(56)

=il 0 -0.0539(27) -0.0534(16) 0.00261(59) 0.2929(41) -0.0249(78)

C{O 1 1 -0.0530(27) -0.0534(17) 0.00021(13) 0.3801(50) -0.0173(57)
1 =1 -0.0530(27) -0.0534(16) 0.00021(13) 0.3777(42) -0.0173(57)

—1 1 -0.0630(26) -0.0549(17) 0.00022(14) 0.2557(47) -0.0234(79)

—1 —1 -0.0630(26) -0.0549(17) 0.00022(14) 0.2525(49) -0.0234(79)

1 0 -0.0536(27) -0.0536(17) 0.00021(13) 0.3850(44) -0.0176(59)

—1 0 -0.0639(26) -0.0551(17) 0.00022(14) 0.2610(46) -0.0240(81)

1-2 ACy 1 1 -0.0698(75) -0.2087(77) 0.0022(14) 0.044(15) -0.048(11)
1 -1 -0.0705(76) -0.2095(62) 0.0021(14) 0.044(15) -0.043(13)

—1 1 -0.127(10) -0.2184(62) 0.00091(59) 0.285(10) -0.0261(59)

—1 =1 -0.128(10) -0.2191(52) 0.00083(58) 0.288(10) -0.0204(87)

1 0 -0.0721(78) -0.2143(72) 0.0022(14) 0.045(16) -0.046(12)

-1 0 -0.132(11) -0.2227(59) 0.00089(59) 0.296(10) -0.0240(75)

ACio 1 1 -0.0931(84) | -0.1882(54) 0.0017(11) 0.151(12) -0.043(12)
1 =1 -0.0929(86) -0.1876(73) 0.0017(11) 0.146(12) -0.043(12)

-1 1 -0.0970(92) -0.2351(51) 0.00123(79) 0.164(14) -0.0281(79)

—1 -1 -0.0968(95) -0.2347(66) 0.00123(79) 0.161(13) -0.0281(79)

1 0 -0.0970(88) -0.1924(66) 0.0017(11) 0.154(12) -0.045(13)

—1 0 -0.0994(95) -0.2390(60) 0.00125(81) 0.167(14) -0.0287(81)

Cé 1 1 -0.116(10) -0.2204(57) -0.0156(19) 0.183(14) -0.0273(92)
1 -1 -0.115(10) -0.2200(59) -0.0122(49) 0.181(14) -0.0263(62)

-1 1 -0.0817(82) -0.2097(59) 0.0144(53) 0.140(11) -0.040(12)

-1 -1 -0.0809(81) -0.2092(60) 0.0176(23) 0.139(11) -0.0395(99)

1 0 -0.120(10) -0.2249(62) -0.0142(34) 0.188(15) -0.0277(79)

-1 0 -0.0835(83) -0.2137(62) 0.0163(38) 0.143(11) -0.041(11)

Clo 1 1 -0.0800(78) -0.2093(59) 0.00136(87) 0.256(11) -0.0296(83)
1 -1 -0.0800(78) -0.2092(59) 0.00136(87) 0.254(11) -0.0296(83)

-1 1 -0.119(11) -0.2212(60) 0.00148(96) 0.026(15) -0.041(11)

-1 iy, -0.119(11) -0.2211(60) | 0.00148(96) 0.023(15) -0.041(11)

1 0 -0.0821(80) -0.2133(61) 0.00139(89) 0.261(11) -0.0303(85)

-1 0 -0.124(11) -0.2258(63) 0.00151(98) 0.025(15) -0.042(12)

Table C.27: The dependence of the optimized observables corresponding to B(B°) — p°1l which
can be measured only at Belle on the real and imaginary parts of the NP WC’s ACy 19 and Cs,),lo

for the ¢ bins 0.1 — 1 and 1 — 2 GeV? for a few benchmark values of the real and imaginary parts
of the corresponding WC'’s.
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Observables

Bin | ¢NP | Re(CNT) | Im(CcNP) y 5 7 77 7
2-4 ACq 1 1 0.0066(40) 0.025(15) 0.0037(21) -0.380(18) -0.047(10)
1 -1 0.0066(40) 0.025(15) 0.0037(22) -0.384(17) -0.044(13)

-1 1 -0.0809(88) -0.193(10) 0.0019(11) -0.030(16) -0.0294(60)

-1 -1 -0.0820(88) -0.1950(98) 0.0018(11) -0.030(16) -0.0262(89)

1 0 0.0068(41) 0.026(16) 0.0039(23) -0.398(18) -0.047(12)

-1 0 -0.0855(92) -0.204(10) 0.0020(11) -0.032(17) -0.0292(78)

ACq1o 1 1 -0.0325(57) -0.112(15) 0.0045(26) -0.241(20) -0.056(14)
1 -1 -0.0308(59) -0.107(16) 0.0045(26) -0.250(20) -0.056(14)

-1 1 -0.0293(51) -0.084(12) 0.0020(11) -0.206(16) -0.0278(72)

i ] i -0.0284(52) -0.081(12) 0.0020(11) -0.210(16) | -0.0278(72)

1 0 -0.0336(61) -0.119(17) 0.0049(28) -0.262(22) -0.059(15)

-1 0 -0.0298(53) -0.085(13) 0.0021(11) -0.215(16) -0.0288(75)

Cé 1 1 -0.0370(65) -0.093(13) -0.0240(34) -0.256(20) -0.0320(90)
1 -1 -0.0367(64) -0.093(13) -0.0235(89) -0.254(20) -0.0288(60)

—1 1 -0.0252(46) -0.088(13) 0.0276(95) -0.195(15) -0.044(12)

—1 —1 -0.0250(45) -0.088(13) 0.0280(42) -0.195(15) -0.041(10)

1 0 -0.0387(68) -0.098(14) -0.0250(64) -0.268(21) -0.0320(79)

-1 0 -0.0259(47) -0.093(14) 0.0292(72) -0.203(16) -0.044(12)

Cio 1 1 -0.0254(44) -0.090(12) 0.0026(15) -0.097(16) -0.0320(83)
1 =1 -0.0254(44) -0.090(12) 0.0026(15) -0.097(16) -0.0320(83)

—1 1 -0.0370(69) -0.091(14) 0.0029(17) -0.395(18) -0.045(12)

—1 —1 -0.0369(69) -0.091(14) 0.0029(17) -0.396(18) -0.045(12)

1 0 -0.0262(45) -0.095(13) 0.0027(16) -0.101(17) -0.0333(86)

—1 0 -0.0389(73) -0.096(15) 0.0031(18) -0.417(19) -0.047(12)

4-6 ACy 1 1 0.1014(90) 0.2350(53) 0.0032(17) -0.535(13) -0.0387(95)
1 -1 0.1023(91) 0.2375(52) 0.0033(18) -0.539(13) -0.041(12)

—1 1 0.0134(54) 0.027(10) 0.0024(13) -0.293(12) -0.0283(63)

—1 —1 0.0136(54) 0.027(11) 0.0025(14) -0.297(13) -0.0315(95)

1 0 0.1054(94) 0.2476(55) 0.0034(19) -0.558(13) -0.041(11)

-1 0 0.0143(57) 0.029(11) 0.0026(14) -0.311(13) -0.0315(83)

AC1o 1 1 0.0707(74) 0.1755(89) 0.0048(26) -0.486(15) -0.054(14)
1 =1 0.0732(75) 0.1816(88) 0.0048(26) -0.496(14) -0.054(14)

-1 1 0.0633(62) 0.1294(71) 0.0021(11) -0.410(11) -0.0268(72)

—1 -1 0.0646(63) 0.1321(72) 0.0021(11) -0.415(11) -0.0268(72)

1 0 0.0764(80) 0.1951(95) 0.0052(28) -0.526(16) -0.058(15)

—1 0 0.0660(64) 0.1357(74) 0.0022(11) -0.426(12) -0.0277(75)

Cé 1 1 0.0808(76) 0.1489(80) -0.0176(35) -0.509(12) -0.0337(92)
1 =l 0.0801(75) 0.1486(80) -0.0269(88) -0.505(13) -0.0276(67)

-1 1 0.0571(59) 0.1416(74) 0.0313(97) -0.389(12) -0.042(12)

-1 -1 0.0568(59) 0.1413(73) 0.0224(44) -0.388(12) -0.0376(98)

1 0 0.0846(79) 0.1571(84) -0.0235(64) -0.533(13) -0.0323(84)

—1 0 0.0590(61) 0.1489(77) 0.0283(74) -0.405(12) -0.042(11)

Clo 1 1 0.0545(57) 0.1372(77) 0.0028(15) -0.330(13) -0.0311(83)
1 —1 0.0546(57) 0.1373(77) 0.0028(15) -0.331(13) -0.0311(83)

—1 1 0.0850(79) 0.1538(85) 0.0030(17) -0.593(11) -0.043(11)

-1 -1 0.0850(79) 0.1539(86) 0.0030(17) -0.593(11) -0.043(11)

1 0 0.0564(59) 0.1444(81) 0.0029(16) -0.344(13) -0.0323(86)

-1 0 0.0895(84) 0.1624(90) 0.0032(18) -0.625(12) -0.045(12)

Table C.28: The dependence of the optimized observables corresponding to BO(B®) — p°ll which
can be measured only at Belle on the real and imaginary parts of the NP WC’s ACy 10 and Cs/),lo

for the ¢ bins 2 — 4 and 4 — 6 GeV? for a few benchmark values of the real and imaginary parts
of the corresponding WC'’s.
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