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Abstract
In this work we analyze a phenomenologically rich four body decay A, — A(— pr~)u*p~ which

provides a large number of physical observables that can be accessed experimentally. In 2015,

aB
d?

fraction of dimuon Fp, the lepton- and hadron-side forward-backward asymmetries, denoted by

the LHCDb collaboration measured the differential branching ratio longitudinal polarization
AZF p and A%B, respectively, in several bins of dimuon mass squared s = ¢>. Motivated by these
measurements, we perform an analysis of angular observables for this decay in the SM as well as
in family non-universal Z’ model, Randall-Sundrum model with custodial protection (RS.) and in
a model independent way.

e Using the full four-folded angular distribution of A, — A(— pr~)utu~ decay, first of all
we focus on calculations of the experimentally measured observables %, A%B and A% p in
the SM and compare their numerical values with the measurements in appropriate bins of
s. In case of a possible discrepancy between the SM prediction and the measurements, we
try to see if these can be accommodated through the extra neutral Z’ boson which modifies
the Wilson coefficients (WCs) of the SM. We find that in the dimuon momentum range
15 < s < 20 GeV? the value of % and central value of A%B in the Z’ model is compatible
with the measured values. In addition, the value of Fy, in Z’ model is closer to LHCb results
than the SM in 15 < s < 20 GeV? bin. After comparing the results of these observables, we
have proposed the other observables such as agl) with ¢ = 0y, 0, &, L, U and coeflicients of
different foldings P ... ¢ in different bins of s in the SM and Z’ model.

e The RS, model belongs to that class of models where NP is incorporated by the modification
of SM WCs. By considering the constraints coming from the direct searches of the lightest
Kaluza-Klein (KK) excitation of the gluon, electroweak precision tests, the measurements
of the Higgs signal strengths at the LHC and from AF = 2 flavor observables, we perform
a scan of the parameter space of the RS, model and obtain the maximum allowed devia-
tions of the WCs AC%)Q 10 for different values of the lightest KK gluon mass M, ,m- Later,
their implications on the observables are discussed for which experimental data is available.
It is observed that with the current constraints on the WCs in the RS, model show slight
deviations from their SM values of these observables and hence cannot accommodate the dis-
crepancies between the SM calculations of various observables and the LHCb measurements

in Ay decays.

e The exclusive baryonic Ay, — A(— pr~)¢T¢~ decay has been analyzed using model inde-
pendent approach, where apart from the modification of some of the SM WCs, there are
additional vector, axial-vector, scalar, pseudo-scalar, and tensor couplings. We examine the
influence of these couplings separately and by taking them together to check whether they
satisfy LHCb data and B—physics constraints simultaneously. We find that most of the
available data could be accommodated by the different pairs of VA and SP WCs which in
result give more severe constraints on the parametric space of these WCs. By using these

new constraints, the values of several other angular observables are calculated.

We illustrate that the experimental observations of the s-dependent angular observables calculated
here in several bins of s can help to test the predictions of the SM and unravel NP contributions

arising due to different NP scenarios in Ay, — Au™ ™~ decay.
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Chapter 1

Introduction

Standard model (SM), the theory of fundamental interactions is capable of explaining successfully
a huge amount of experimental data however, there are some question marks on the complete
validity of the SM. The most pertinent among these are the evidence of dark matter, dark energy,
neutrino oscillations, hierarchy problem, strong CP problem, and the exclusion of gravity. In
addition, some tensions exist between the SM predictions and the experimental data for the flavor
changing neutral current (FCNC) decays involving b — s¢T¢~ and flavor changing charged current
(FCCC) b — crv processes. It leads to the fact that the SM is not yet a complete theory. A number
of searches for the extension of the SM are on the way and the road to Theory of Everything
passes through the flavor physics. The flavor physics is interesting as it predicted the charm quark
and also the masses of charm and top quarks well before their direct experimental observations.
Also, the measurements of the flavor changing decays provide us information about new sources of
CP violation, which are important because the baryogenesis suggests that there must be sources
of CP violation other than the Kobayashi-Maskawa phase (dxs) present in the SM.

The SM couplings of gauge bosons with different families of leptons; i.e., the lepton-flavor uni-
versality (LFU) also invoke agitation between theory and experiments. This important prediction
can be tested by measuring the ratio of decay widths of B — K®putp~ and B — K®eTe,

defined as:
Br(B — K®utpu™)

Br(B — K®ete™)

Ry = (1.1)

in specific bins of the square of momentum transfer s(= q2) € [Smin »Smax] GeV2. In these
ratios, the hadronic uncertainties arising from the form factors (FFs) of B — K* cancel out
to a good approximation. Therefore, any possible deviations from the SM predictions; i.e., the
value of ratio different from one, will hint towards the New Physics (NP). Due to this reason,
these are currently under the spotlight of LHCb and Belle experiments. In 2014, the LHCb
collaboration has observed more than 20 mismatch between the experimental observations and
the SM predictions in different bins of s [1]. Recently, the LHCb reported Ry = 0.8461'8:8221'8:8%2
in the bin s € [1,6] GeV? which is 2.50 away from the corresponding SM value [2]. R} is
measured to be 0.66f826%f8:8§ and 0.69f8:(1)%f8:82 in the bins s € [0.045,1.1] GeV? and s € [1.1,6.0]
GeV? which deviate from the SM prediction by 2.1¢ and 2.4¢, respectively [3]. These hint towards
the breakdown of LFU of the SM; i.e., the couplings of gauge bosons with © and e are not the
same [4,5]. Moreover, the BaBar Collaboration measured the LFU violation [6,7] for Rp and
Ryt (Rpey = Br(B — D®1u.)/Br(B — D®{y,), where £ = e, 1) and reported 20 and 2.50



deviations from their SM predictions, respectively and 3.40 by taking them together [8]. There
are also some other areas where inconsistency between the SM predications and the experimental
observations are found such as the P. anomaly (3.5¢ in one bin s € [4.30,8.68] GeV? [9]) that
corresponds to the certain coefficient in the angular distribution of the B — K*(— Km)utu~
decay [9-11]. This anomaly was again observed at 3o in the LHCb data with 3 fb~! luminosity in
the two bins s € [4,6] GeV? and s € [6,8] GeV? [12] and later this is confirmed by Belle in s € [4, §]
GeV? bin [13]. This anomaly was also accompanied by a 2.90 tension in s € [4,8] GeV? region of
another angular observable called Py [14]. In addition, there are small but noticeable differences
found in the branching ratios of B — K** ™~ where the SM prediction is (26.8 £ 3.6) x 10~°
and the LHCb measurement is (15.8752 4+ 1.1) x 1078 [15-17] and By — éutpu~, which is 2.00
larger than the SM values both in low and high ¢ recoil [18-20]. Similar deviation is seen in the
decay of BT — J/1¢Tv by LHCD [21] which is found to be 1.70 away from the SM predictions [22].

By using the available data and motivated by these tantalizing anomalies observed in B—meson
decays, in addition to explain them in different beyond the SM scenarios [23], the global analyses
have also been carried out [10,14,24-31]. Incorporating the factorizable (absorbed in the FFs)
and non-factorizable contributions, these global analyses favor the negative shift in the Wilson
coefficient (WC) Cy to explain most of the data. However, before we could claim that these are
indications of the NP, we have to get full control of the possible hadronic uncertainties arising due
to the FFs in the exclusive decays [32-38].

In order to establish the hints of NP, on the experimental side we need to have an improved
statistical data which is expected at the Belle II and the LHCb, whereas on the theoretical side
we can study some other decays that are governed at quark level by b — s¢t¢~ (£ = p ,7)
transitions. In future, it is also possible to have similar deviations in the baryonic partners of
these rare B—meson decays, e.g. in Ay, — A (— pr~) u"p~. Theoretically, the b—baryon decays
are less studied as compared to b—meson decays because the baryon system includes more degrees
of freedom at the quark level. Experimentally, it is easy to detect and isolate heavy baryons
than light systems because large mass makes their beam narrow - but the only difficulty in the
experiment is due to the fact that in the hadronization process the production rate of b—baryons
is about four times less than that of b—mesons [39].

The nature of NP in the rare decays can be investigated in two ways: direct detection of new
particles and their interactions or indirect detection involving the study of their effects via low
energy decay processes. Rare decays involving b—quark such as b — (s ,d)y, b — (s ,d){T(™,
are of prime interest as they are induced by the FCNC transitions involving the quantum number
transitions |[AQ| = 0 and [AB| = 1. In the SM, the FCNC transitions are not allowed at the tree
level but occur at the loop level because of Glashow-Iliopoulos-Maiani (GIM) mechanism [40]. This
makes them sensitive to the masses of particles that run in the loop, e.g. m; and my, in the SM
hence, they play a pivotal role in the determination of Cabibbo-Kobayashi-Masakawa (CKM) [41]
matrix elements in an indirect way. In different extensions of the SM, there is a possibility that
the new particles can also run in the SM loop diagrams making these rare decays sensitive to their
masses and couplings. It can be inferred that the rare decays provide us a rich laboratory to test
the predictions of the SM and help us to establish the possible NP indirectly [42,43].

The study presented in this dissertation is about the flavor sector of the SM and specifically
about the bound state of the bottom quark. The decay of the bottom quark takes place via weak



interactions however, the hadronization involves strong interactions. The inclusive decays, e.g.,
B — X 4(7,0707) are easier to calculate theoretically but quite difficult to measure experimen-
tally. Contrary to this, the exclusive decays are easily accessible experimentally because all the
decay products are identified but these are quite challenging theoretically due to a lack of deep
insight in the low energy QCD. Despite theoretical difficulties in exclusive modes, they have their
own advantages to test the SM and to put constraints on the NP scenarios. Just like the exclusive
decays of B-mesons, the decay A, — A¢T¢~ is prone to the uncertainties arising due to FFs. How-
ever, at present the Ay, — A transition FFs are calculated using lattice QCD (LQCD) calculations
with high precision [44] and to have their profile in the full s range, these FFs are extrapolated
using the Bourrely-Caprini-Lellouch parametrization [45]. The lattice results are quite consistent
with the recent QCD light-cone sum rule calculation [46] with an added benefit of having much
smaller uncertainty in most of the kinematical range. However, in contrast to the B—meson de-
cays, the QCD factorization is not fully developed for the b—baryon decays, therefore, we will not
include these non-factorizable contributions in this work. After having a control on the hadronic
uncertainties that mimic in the FF's, the next choice is to find the observables that are relatively
clean.

In addition, the decay channel A, — A(— pr~)¢f*t¢~ is interesting to its own regard. On
experimental side, this decay was first studied by CDF collaboration [47] and later the LHCb
has published the first measurement of A; lifetime [48], differential branching ratio as well as
the forward-backward asymmetry of final state muon i.e., the A%B [49,50]. In 2017, the LHCb
collaboration has made the observation of C'P violation and the asymmetries arising due to the
angle between the p™u~ and pK~ planes (aé%dd) in Ay, — pK uTu~ by analyzing the data
available at an integrated luminosity of 3 fb~! [51]. The LHCb has measured the branching fraction
of Ay — pr~ ™ relative to Ay — J/¢(— ptp”)pr~ [52] and they have also published results of
LFU measurement [53|, angular moments of polarized Aj decay [54] and b—hadron fractions [55].

On the theoretical front, in the decay A, — A¢T¢~ the hadrons involved in the initial and
final states are the baryons therefore, the study of such decays will help us to understand the
helicity structure of the underlying effective Hamiltonian [56-58]. It is because Ap—baryon has a
non-zero spin, hence it provides a wonderful platform to test the helicity structure which is not
possible while studying the B—meson decays [56,59]. Like the B — K* (— Km) u*pu~ decay, the
above mentioned decay provides a large number of angular observables and is sensitive to all the
Dirac structures present in the weak Hamiltonian. Also, this decay is particularly significant as
the polarization of A is preserved in the parity-violating decay A — pm~ which enables us to make
a complementary analysis to that of meson decays. If initial state A, baryons are unpolarized,
even then final state A’s spin can be used to understand the helicity structure of the weak effective
Hamiltonian (WEH) [60,61]. This motivates us to take into account the cascade decay of A that
also help us to disentangle the contribution from the individual operators in the WEH of quark
level transition b — st~ [58,62-65]. Another feature that makes the semileptonic decay of A,
to be more prolific for testing the NP is that the number of angular observables increases when
the initial state A is polarized [66]. Also, the analysis of angular asymmetries in the sequential
decay Ay — A(— pr~)utp~ is expected to complement the different angular asymmetries in the
corresponding B — K*(— Kr)¢T¢~ decays [62,67,68]. One important aspect is the stability of
A under strong interactions and the decay Ay, — A(— prn~ )T~ is theoretically cleaner than the



decay B — K*(— Km){T¢~. Due to these reasons A, — A(— pm~)¢T ¢~ baryon decays have been
theoretically well studied in a number of papers [46,60,69-100].

In order to address the B—decays anomalies, several extensions of the SM have been proposed in
literature. Presently, applications of these NP models in A decays become more attractive due to
significantly large data from the LHCb experiment. The decays of the Ay baryons have been studied
in the context of Universal extra dimension (UED) models [90], fourth generation SM [101], top
triangle moose [94], Z" models [102,103], leptoquark models [99], relativistic quark model [104,105],
G(221) model [106], supersymmetric theories [57,69], relativistic three quark model [107], covariant
confined quark model [108,109], covariant oscillator quark model [110], aligned two-Higgs doublet
model [111], Randall-Sundrum model with custodial protection (RS.) [97,112] and in a model
independent way [65, 75, 77,78,113,114]. In this work we have done the detailed analyses of
angular observables of A, — A(— pr~)¢T¢~ decay in a family non-universal Z’ model [103], RS,
model [112] and in a model independent scenario to compare their respective results with the SM
predictions and with the LHCb data where available.

In line with the B — K*(— Km)utu~ decay, we have calculated the combinations of differ-
ent angular observables in A, — A(— pr~)uTp~ decay, namely, forward-backward asymmetries
(A% B ,A% B ,A%XB where the superscripts £ , A and ¢A correspond to lepton-side, hadron-side and
combined lepton-hadron forward-backward asymmetries, respectively), the longitudinal (F7) and
transverse (Fp) fractions of dimuon, the longitudinal asymmetry «p, the transverse asymmetry
ay, asymmetry parameters a; with ¢ = 60y, 04, 05,92 and the observables named as P;’s that are
derived from different foldings in the SM at its first right. Keeping in view that among the dif-
ferent hadrons produced at the LHCb, almost 20% will be the A, baryons, it is expected that in
the future the results of decay distributions and different angular asymmetries will be available
with much better statistics. Therefore, in addition to the SM calculation of the different observ-
ables mentioned above, we have studied the impact of different new physics scenarios on these
observables in different bins of s.

First of all, we have analyzed the A, — A(— pm~)u"p~ decay in the family non-universal Z’
model. It has already been observed that in order to explain the Ry anomaly in the B — K{1{~
decays, the possible candidate is the Z' model [115]. The economy of these Z’' models is that they
can be accommodated to the SM only by extending the electroweak SM group by an additional
U(1) gauge group to which the extra-gauge boson Z’ is associated. Also, in the grand unification
theories (GUTSs) such as SU(5) or string inspired Eg models [116-120], one of the relevant scenarios
is the family non-universal Z’ model [121] and the leptophobic Z' models [122,123]. The direct
signature of an extra Z’ boson is still missing in the analysis of data taken so far at the LHC [124]
experiment, but we already had some indirect constraints on the couplings of Z’' gauge boson
through low energy processes that are crucial and complementary for direct searches Z’ — eTe™
at Tevatron [125]. The additional interesting thing that the family non-universal Z’ models have
in their account is the new CP-violating phase which has large effects on various FCNC processes
[126,127], such as B — Bs mixing [128-132] and rare hadronic and B—meson decays [102,133-135].
As extending the SM group by an extra U(1)" gauge group does not change the operator basis of
the SM, therefore, the Z’ model belongs to a class of Minimal Flavor violating models having its
imprints in the WCs that correspond to the SM operators.

In the next phase, we study the four body Ay — A(— pm~ )™~ decay in the framework of the



Randall-Sundrum (RS) model with custodial protection. The RS model features five-dimensional
(5D) space-time with a non-trivial warped metric [136]. After performing the KK decomposition
and integrating over the fifth dimension the effective 4D theory is obtained which involves new
particles appearing as the KK resonances, either of the SM particles or the ones which do not pos-
sess SM counterparts. Assuming that the weak effective Hamiltonian of the Ay, — A(— pr—)utu~
decay emerges from the well-defined theory of the RS, model, the WCs of the effective Hamilto-
nian get modified with respect to the SM values due to additional contributions from the heavy
KK excitations and are correlated uniquely. Expecting distinct phenomenological consequences
from such a correlation on the angular observables of the Ay, — A(— pr~)utu~ decay, we study
whether the current experimental data on Ay decays can be explained in the RS, model.

It is well known that the model independent analysis is the most general form to introduce NP
in terms of new operators corresponding to vector, axial-vector, scalar, pseudo-scalar, and tensor
currents along with their relevant WCs. Contrary to the Z’ and RS, models, in model independent
approach the NP enters in two ways; due to the modification of SM WCs Cgf 7 and C1o by adding
new vector, axial-vector operators and also through the new WCs that correspond to the operators
which are missing in the SM. The wealth of data from B—meson decays has already put some severe
constraints on the WCs corresponding to these new operators [137] and the goal here is to see their
imprints on several physical observables mentioned above for A, — A(— pr~ )¢~ decays.

The work presented in this dissertation is organized as follows:

In chapter 2, the contents of the SM, its Lagrangian, and the CKM matrix are reviewed. A
brief discussion on the possible limitations of the SM is given in Sect. 2.3. Section 2.4 discusses
the regularization and renormalization procedure, the operator product expansion, and its use in
the effective theories are presented in Sects. 2.5 and 2.6, respectively. After presenting a short
introduction of flavor physics in Sect. 2.8, some of the physical observables which are deduced from
the differential decay distribution of B — K*pu*u~ along with their experimental measurements
are discussed in Sect. 2.9.

Chapter 3 presents a complete derivation of helicity formalism for the four body decay A, —
A(— pr™)¢t¢~ decay. The kinematics of hadronic part are discussed in Sect. 3.3. In Sects. 3.4
and 3.5 we discussed the helicity amplitudes for both the hadron and lepton parts, respectively
whereas, Sect. 3.6 briefly describes the contribution of A — pr~ to the total amplitude. The full
expression of four-fold angular distribution obtained from these helicity amplitudes is discussed in
Sect. 3.7 and a number of observables A%B ,A/}B ,A%AB ,Fr, , Fp o with i = 94,01\,95,92 and
P;’s that are derived from different foldings are outlined in Sect. 3.8.

In chapter 4, the salient features of the family non-universal Z’ model are discussed in Sect.
4.1 along with WCs and other parameters of this model. Sect. 4.2 presents the numerical analysis
of the above mentioned physical observables performed both in the SM and Z’ model and here we
compare the results of certain asymmetries with their measurements from the LHCb experiment.
In addition to the tabular form of the results calculated in different bins, these have also been
plotted versus s to see their full profile.

In chapter 5, we describe the main contents of the RS, model, which are particularly relevant
for the study of the A, decay under consideration, in Sect. 5.1. In Sect. 5.2, we present the
theoretical formalism including the WEH, analytical expressions of the WCs in the RS, model and
the angular observables of interest in the four-body Ay — A(— pm~)u™ ™ decay. After discussing



the current constraints and subsequently scanning the parameter space of the RS, model in Sect.
5.3, we give our numerical results and their discussion in Sect. 5.4.

In chapter 6, Sect. 6.1 discusses the WEH of the SM and its extension to take care of the NP
operators arising in the model independent approach. In Sect. 6.2, after giving the matrix elements
in terms of the FF's, the helicity formalism corresponding to different quark level currents of WEH
is discussed. The four folded angular distribution and the expressions of physical observables for
different NP operators are given in Sect. 6.3. The discussion of the impact of new (axial) vector
(VA), (pseudo) scalar (SP) and tensor (1) couplings on different physical observables has been
done in Sect. 6.4, where the lepton mass effects in Ay, — A(— pm~)u*p~ decay are also shown.
In the same section, we present the simultaneous fit of observables for which experimental data
is available to see if we could find the values of the pairs of NP WCs that could simultaneously
satisfy the experimental data and B—Physics constraints for more than one physical observables
in Ay = A(— pr~)uT . At the end of Sect. 6.4, the impact of non-zero lepton mass on different
observables is briefly explored for Ay, — A(— pr~ )77~ decay.

Finally, the Chapter 7 concludes all the results of Ay, — A(— pr~ )¢~ decay in above discussed
NP scenarios.

The work performed here is supplemented with three Appendices which discuss the method
adopted to calculate the different helicity fractions of leptons and hadrons in model independent

approach along with the full details of their calculation.



Chapter 2

Fundamentals

There were five fundamental forces of nature, electric, magnetic, weak, strong, and gravitational
force. The Scottish physicist James Clerk-Maxwell and the Dutch physicist Lorentz then proposed
the unification of electric and magnetic forces into a single electromagnetic (EM) force thus, making
four fundamental forces in terms of which all natural interactions can be explained. All these forces
have different strengths and effective ranges with strong force being the strongest and gravitational
force being the weakest is almost 6 x 1073 times weaker than the strong force. The range of the
weak force is 107!'® m which is 0.1% of the diameter of a proton. The EM, weak, and strong
forces are mediated by force carrier particles named bosons. For gravity, graviton may be the

corresponding mediator but not yet found.

2.1 The Standard Model

The SM is the gauge theory that governs the interactions of fundamental particles in terms of
quantum fields. It is not only able to explain most of the particle physics phenomenon but also
predicted new particles that were not discovered at the time it was proposed. Below a brief review
of the fundamental constituents of the SM is presented.

All particles are categorized depending upon their spin. Particles with half-integer spin are

fermions (quarks and leptons) and with integer, spin are bosons (e.g. photons).

e Six quarks with their corresponding antiquarks come in three colors (red, green, and blue).
These quarks are classified in three generations: up (u) and down (d) belong to first, charm
(c) and strange (s) are second and top (¢) and bottom (b) make the third generation (masses
increase from first to third generation). They carry a fractional electric charge as well as a
color quantum number. The u, ¢ and t belong to the up-type and each carries an electric
charge +2/3 whereas d, s and b, known as down-type with each having the charge —1/3.
Depending upon their gauge symmetry they can be written in terms of left-handed doublets
(L) and right-handed singlets (R) as:



e Six leptons; i.e., electron, muon, tau, and their respective neutrinos exist along with their
anti-particles. Like quarks, leptons also fall in three generations, electron and electron neu-
trino make the first generation followed by muon and muon neutrino and the heaviest among
leptons, tau with its respective neutrino belong to third generation (mass increase from first
to third generation). The electron, muon and tau are charged particles whereas neutrinos
are changeless and are massless in the SM. Like quarks, their arrangement in the form of

left-handed doublet and right-handed singlet is:
Vr
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e The photon is a mediator of EM force and has spin 1 and is electrically neutral.
e FEight gluons with non-zero color charge and zero EM charge mediate the strong force.

o W+, W~ and Z° bosons are the mediators of the weak force. The W+ bosons were discovered
in January 1983 at CERN with mass 80.379 + 0.012 GeV/c? [138,139]. The Z boson was
discovered a few months later, in May 1983 also at the CERN having mass 91.1876 4+ 0.0021
GeV/c? [140,141].

e The Higgs is the most important particle as it is responsible for giving mass to every fun-
damental particle via the Higgs mechanism. It was the last missing piece of SM and it was
discovered in 2012 at LHC with mass 125.18 4 0.16 GeV/c? [142,143].

The SM proposed by Glashow-Salam-Weinberg [144-146] is based on the SU(3)c x SU(2) 1, x
U(1)y gauge group where C, L and Y stand for color, left-handed chirality, and weak hyper-
charge, respectively. For strong interactions, the gauge group is the non-Abelian SU(3)c which
has eight generators that correspond to the eight gluons which are mediators of the strong force
between color-carrying objects - the subscript C' denotes this fact. Since the gluons themselves are
colored, they can directly interact with each other, which leads to the phenomena of ”asymptotic
freedom” and ”confinement”. The strong interaction coupling constant ag becomes small at the
short distance and this allows us to compute the color interactions using perturbative techniques.
However, at long distances, the coupling gets large, which causes the quarks to confine into the
colorless hadrons that are classified as mesons and baryons. In Quark Model, the mesons consist
of a quark and an anti-quark whereas baryons consist of three quarks or three anti-quarks.

The electroweak interaction is based on the gauge group SU(2) x U(1) which is spontaneously

broken to U(1)grp via non-vanishing vacuum expectation value (VEV) of isospin doublet scalar



Higgs field [147]

N
b= <Z°> 7 (2.1)

which has four scalar degrees of freedom, and three of them give masses to W and Z bosons
whereas the fourth appears as a physical Higgs boson. In SM, the EM and weak interactions are
unified to an electroweak force.

In SM, the fundamental interactions are described in terms of Lagrangian equations which hold
local gauge invariance. Mathematically, it means that the Lagrangian remains invariant under the
multiplication of a field with an arbitrary phase that varies with space and time, and physically
it means that the SM predictions remain the same all over the universe. Below we shall discuss

different terms of the SM Lagrangian.

2.1.1 The SM Lagrangian

All the information contained in any theory is encoded in the Lagrangian density that is function
of fields and their derivatives containing kinetic energy, couplings and interaction terms. It seems
more convenient to discuss the Lagrangian for QCD and electroweak theory separately rather than

assembling them into full Lagrangian of the SM. The Lagrangian for SU(3) group is [148]
1 y .
Locep = —ZGZVGW + ZQfUZ)Qf, (2.2)
f

with
. aTa a a a abc b e
Dy=0u+igGlg,  Gh, = 0,60 — 0,6 — g.f™ClGE, (2.3)

representing the covariant quark derivative and gluon field strength tensor, respectively. In Eq.
(2.2), gs and f in summation stand for strong coupling constant and quark flavors, respectively
and a,b,c = 1,...,8 are the eight-bosons of SU(3). f»¢ are the structure constants defined in
terms of generators of SU(3) group

[T%, T = 4i fabeTe. (2.4)

For SU(2) x U(1) group, the kinetic energy term for gauge bosons reads as

1 14 1 a aur
ﬁgauge = _ZBMVB'M - ZW'LWW K (25)
with
B, = 9,B, — 8,B, Wi, = 0,Wi — 0,W — ge®*Wiwyg (2.6)

where B, and W represent gauge fields of U(1) and SU(2), respectively and a = 1,2, 3 denote

gauge bosons of weak force and g is the corresponding coupling. B, and WS fields ultimately



combine to give the photon and Z boson. The Higgs part of the Lagrangian is
LHiggs = (D*)pDpep — M2¢T¢ - )\(¢T¢)27 (2.7)

where the scalar Higgs field ¢ is defined in Eq. (2.1) with hypercharge +1/2 and the term containing
A leads to quartic self interaction of the scalar fields. The gauge covariant derivative D,, used in
Eq. (2.7) is defined as

zWﬁ g/

5 —l—i;BM

D, =0, +1g (2.8)
where ¢ is the EM gauge coupling and 7¢,s are the Pauli spin matrices. The square of a covariant
derivative in Eq. (2.7) represents three and four-point interactions between gauge bosons and the
Higgs. In order to break the symmetry spontaneously we must have p? < 0.
Fermion interaction term in Lagrangian is
Lfermion =Y (qﬂmbqi + i + Wi, + dpi ) + éj%z‘lp’e{%) (2.9)

J

1Fvs

where j stands for family, L, R = =5

are chiral projections and

D,=0,+1 TZW;L—Fig—/YB D =0 —i—ig—/YB (2 10)
p = OuT1g D) D) J w = Ou D) Iz .

Eq. (2.9) describes the gauge interaction of W and B fields with that of the fermions. The
fact that left and right-handed fields transform in different manner leads to parity violation in the
electroweak interactions. The term in the SM Lagrangian that incorporates the Yukawa interaction
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Here ¢ = it2¢" with ¥V = —% and I'y » denote Yukawa couplings of Higgs doublet with different
fermion flavors.

Finally assembling the different Lagrangian terms given in Eqs. (2.2, 2.5, 2.7, 2.9) and Eq.
(2.11), i.e., the complete SM Lagrangian can be obtained as

ESM = ﬁQCD + ['gauge + »Chz'ggs + Efermions + ['Yukawa‘ (212)

2.2 CKM matrix

In SM, the kinetic energy terms of leptons, quarks, and Higgs doublets conserve the Charge-
Conjugation-Parity (CP) symmetry and CP violation arises due to interaction terms - usually
through the Yukawa couplings. There is no CP violation if the VEV of Higgs doublet vanishes as
all fermions are massless in this case. Below the VEV scale of the Higgs doublet, the SM fields get
masses and the CP phase can be located in the left-handed currents which couple to Wlf bosons. In

this scheme, the charged current couplings are defined using Cabibo-Kabayoshi-Maskawa (CKM)

10



matrix for quarks and Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix for leptons [149].

The CKM matrix is characterized by the three real parameters sinf;; and a complex phase
dx s which is the origin of CP violation in the SM. In 2001, the CP violation was observed in the
B—mesons decays by BaBar [150] and Belle [151] where they have measured the large value of
sin 23 with § corresponding to one of the angles of unitary triangle (c.f. Fig. 2.1). The SM does not
estimate the values of these four free parameters and they are determined from the experiments.
The measured values of these parameters in different decay processes must be comparable to each
other and any mismatch will indicate the existence of the NP. Semileptonic decays are viable to
reduce the uncertainties originating from the strong interactions between final state quarks and
hence provide an opportunity to predict the values of different CKM elements.

The Yukawa interactions which give masses to quarks can be extracted from Eq. (2.11) and

its relevant term can be expressed as
EYuka'wa = —F;lch/qch(st]Ic/R — F?’f/aﬁ'LE(b*Uﬁ/R + h.C., (213)

where € is a 2 x 2 antisymmetric tensor. In weak eigenstate basis, qi and q{% are the left- and
right-handed quark doublets, respectively. When Higgs field acquires VEV (¢) = (0,v/v/2), the
above equation gives mass terms for quarks. The physical states can be achieved by diagonalizing
I with four unitary matrices V;" 4 as M;;i’jg = V2 rwdy iy /\/2) with a consequence that the
charged boson W¥ couple with the physical quark states u fLydyrp, as

dr,
%(ﬂLaéLa%L)'Y“W;VCKM sp | +he (2.14)
br

and Vog s is a 3 X 3 unitary matrix that govern the transition of one quark to another with the

production of a virtual W boson and it can be written as

Vud Vus Vub
Voku = ViV = | Vi Ves V|- (2.15)
Via Vis Vaw

Here the quarks with +2/3 charge; i.e., u, ¢ and t are taken to be pure states and flavor mixing
is expressed in terms of 3 X 3 matrix operating on remaining three quark states d, s and b. The
CKM matrix has many possible conventions, however a standard one is

C12C13 512€13 s1ge” "

_ i i
Vexkm = | —si12c23 — c12523513€"°  C12023 — S12523513€" sa3c13 | > (2.16)

d

] 1)
512823 — C12€23513€"°  —C12523 — S12C23513€"  C23C13

where ¢;; = cost);;, s;; = sinf;; and the phase ¢ is responsible for the CP violation. All #ij lie in

first quadrant and it is experimentally verified that s;3 << so3 << s12 << 1. It is convenient to
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C=(0,0) B=(10)

Figure 2.1: The sketch of a Unitary triangle.

relate the parameters with Wolfenstein parametrization [152],

|Vu5| 2 Vew
S12 = A= y §923 = AN =\ s 2.17
’Vud’2+ ’VusP |VU5| ( )
: AN} (p+im)V1 — A2\
s13¢ = VA= AN (p+in) = (p =+ i) — (2.18)
VI = N[1 = A2X(p + )]

These relation respect (p + i77) = —(V,aVy)/(VeaVy) with 5 = —Re“/}iz“%’ and 77 = —Im“/}zz“%’.

The CKM matrix given in Eq. (2.16) in terms of Wolfenstein parametrization is written as

1— )22 A AX(p —in)
Vokm = ) 1—\2/2 AN? + O\, (2.19)
AN(1—p—in) —AN 1

where the expansion parameter \ is written in terms of Cabbibo angle A = sinf¢c ~ V,,;. This
matrix cannot be forced to be real and its consequence is the CP violation because the couplings
for quarks and anti-quarks get different phases Voxar # Vig,- In the quark sector, Wolfenstein
parameter 7 is responsible for all CP violation. The unitarity of the CKM matrix implies that

ZVUVZ}; = J,; and Z‘/iij’} = 0;5. The unitary triangle which is most commonly used is the
i J

result of relation
VudVap + VedVe, + ViaViy, = 0. (2.20)

By dividing above equation with V4V ; one gets the unitary triangle represented in Fig. 2.1. The
angles «, 8 and vy are directly related to CP asymmetries which can be written in terms of p and

n as

217(1 — p)
(1-p)2+7*

20(7° +p* = p)

sin2a = —5———5—— —3>
* +p* = p)* +77°

sin2f = (2.21)

The precise determination of CKM matrix elements is important in the study of flavor physics.
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2.3 Discrepancies of the SM

Although the SM is successful in explaining most of the experimental outcomes but it lacks to
address some features of the universe. The main shortcomings of the SM are the following;:
Massive neutrinos: As a consequence of only left-handed neutrinos, these are massless in
the SM because no renormalizable mass term can be added for them in the SM Lagrangian. It is
observed that three neutrinos oscillate and transform their flavor as they propagate. Hence present
data leads to massive neutrinos which provide evidence of the NP.
Fermion generations: The SM is unable to shed light on the fact that why there are three
generations of quarks and leptons with the same features but different masses.
Strong CP problem: CP is the symmetry combining charge conjugation C (by conjugating all
internal quantum numbers, particle transforms to its anti-matter partner) and parity P (handed-
ness of space is inverted; i.e., left-handed to right-handed and vice versa). The laws of physics were
the same for matter and anti-matter if CP was an exact symmetry. The CP violation was first
observed in 1964 at Brookhaven National laboratory in the decay of neutral kaons decaying into
pions [153]. The neutral Kaons come in two versions which have different lifetimes, a long-lived
that decays primarily into three pions and a short-lived one that prefers to decay into two pions.
However, rarely the long-lived kaons decay into two pions which require CP symmetry to be bro-
ken [154]. Then similar CP violation was observed in B systems i.e. in BY [155,156], Bt [157-159)]
and BY [160]. The evidence of CP violation in baryonic decay was observed in A; decay which is
found to be at 3.30 level [161]. The very different hierarchies of strong and weak CP violation is
termed as strong CP problem. The present measurements of CP violation put strong bounds on
quark weak couplings and the future measurements in b—hadrons and kaons will put even more
stringent constraints on the flavor parameters of the SM and can probe the NP.
General theory of relativity is not included in the SM. To add the most common force of
our daily life to the framework of SM has proved to be a big challenge. But in particle physics, at
the subatomic level gravitational effects are negligible. The gravitational effects dominate when
the bulk of matter is present.
Hierarchy Problem: The question, why the Plank scale (~ 10!? GeV) is much higher than the
electroweak scale (~ 100 GeV) is not addressed by the SM. Our universe has two scales at two
extremes as masses of W and Z boson are very less compared to the Planck scale. In other words,
this problem relates to the vast discrepancy (order of 10%4) present between the strengths of weak
and gravitational forces.
Muon anomalous magnetic moment: A long standing puzzle of particle physics is the signifi-
cantly larger value of magnetic moment of muon compared to its SM predictions. The muon g — 2

collaboration measured [162]
(an) = (ap)eap — (au)snm = 261(63)(48) x 107, (2.22)

where errors include both from theory and experiment and it shows 3.30 discrepancy between the
measurement and SM prediction. Many attempts were made to explain the phenomenon in dif-
ferent NP frameworks such as extra-dimensional models [163-165], non-commutative space-time
geometry [166], minimal supersymmetric standard model [167] and little Higgs model [168] in

which the observed deviation is addressed by a,, = (a,)sm + (au) NP
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Dark energy and dark matter: Unlike the usual matter, dark matter does not exhibit EM
interaction and hence it does not absorb, emit or reflect light which makes it hard to detect. Its
existence is inferred from its gravitational effects on the visible matter. The SM does not provide
any good dark matter candidate which consists of about 27% of the universe and only explains the
5% content of the universe that make up all stars, planets, and galaxies. Dark matter candidates
can arise in some beyond SM scenarios such as supersymmetric theories and extra-dimensional
models. About 68% of the universe consists of Dark energy which is related to the vacuum in
space. Its effect will not decrease with the expansion of the universe as it is evenly distributed
in the whole universe in space-time. Therefore, dark energy does not put local gravitational ef-
fects but has global effects throughout the universe. This gravitational repulsive force makes the
universe to expand continuously at faster rates. The measurement of the expansion of the uni-
verse and other scientific data confirmed the existence of dark matter and approximate how much
amount of this exotic substance exists.

Matter-antimatter asymmetry (Baryogenesis): Since matter and anti-matter should have
been produced in equal amounts at the time of the big-bang, then why the universe is dominated
by matter with almost no anti-matter around. This asymmetry can be addressed in terms of
the difference in the way how matter and anti-matter interact with the weak force. According
to Sakharov, there are three conditions for this asymmetry: C and CP violation, baryon number
violation, and departure from thermal equilibrium [169]. The LHCb tried to build the experi-
ment to explain this tension and they have measured some parameters associated with the CKM
matrix which measures the CP violation among quarks. The angle v has been measured using
different techniques and its average value is found to be around 74°. The ALPHA team has pro-
duced anti-hydrogen atoms by collecting anti-protons from CERN’s anti-proton decelerator and
combined them with positrons from a Sodium-22 source [170]. If a slight difference is found in
the fundamental symmetry charge-parity-time (CPT) between the hydrogen and anti-hydrogen
atoms, it would rock the basis of the SM. Until now it has been impossible to produce and trap
anti-hydrogen atoms sufficiently long to perform essential optical interrogation technology and to
make serious anti-hydrogen spectroscopy possible. The SM predicts the value of CP violation
which is far less than that required to address the matter-antimatter asymmetry of the universe.
Flavor Physics: A tension exists between the SM predictions and the data for b — su*pu~
branching fraction and B — K*u™p~ angular observables which can be solved by introducing the
NP effect in Cy and Cyg that interfere destructively in the SM. Since the mismatch exists due
to an operator that couple vectorially to leptons involving left-handed quarks which leads to the
fact that it may be due to unpredictably large non-factorizable hadronic effect. More accurate
measurements of s dependent observables make it possible to separate the QCD effect from the
NP contribution. If the NP violates LFU then the measurement of the ratio of observables of
b — sete” to b — spuTpu~ may provide a clean way to predict it. A more detailed discussion
on the deviations observed in a number of physical observables in B—meson decays at the LHCb

experiment is given in section 2.8.
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2.4 Regularization and Renormalization

Feynman rules can be inferred from the QCD Lagrangian density (2.2) which is used to calculate
the amplitude of a process in perturbative QCD. At the loop level, the Feynman diagrams are
encountered with ultraviolet divergences because of self-interactions of particles. Renormalization
is a useful tool to truncate these divergences from physically accessible quantities. For this purpose,
one has to apply the regularization process to modify the theory in such a way that the observables
are well-defined and finite to all orders in perturbation theory. After this, we are able to handle
the quantities which are divergent only once regularization is eliminated. A direct way to make
use of this is the momentum cutoff method that violates Lorentz invariance and Ward identities
[171,172]. But all gauge symmetries are automatically conserved and Ward identities hold to
all orders of perturbation theory in dimensional regularization. To regulate the field theory cut
off is introduced which is an energy scale and by setting it to infinity, original integrals are
recovered. For a finite value of cutoff, divergent integrals become convergent but at the cost of
showing a dependence on the cutoff. However, these terms are canceled with their cutoff dependent
counterparts, and later if the cutoff is made to approach infinity, finite physical results are obtained.
If there are no divergences in loop diagrams in a quantum field theory, even then renormalization of
mass and fields is required. It is due to the fact that a system of a charged particle is surrounded
by a cloud of virtual particles that alter original parameters describing the system such as its
mass and charge. It means that long-distance and short-distance parameters are not alike and the
relationship between them is provided by renormalization.

The method of dimensional regularization is suitable for gauge theories but potential problems
in electroweak theory involve 5 in D # 4 which is defined as v5 = i€ 077" 7y /4! and it is
not clean enough to transform the antisymmetric tensor €,,,3 in D # 4 dimensions. In naive
dimensional regularization (NDR) [171], the metric tensor is generalized in D dimensions and
anti-commutation relations of 4 dimensional v matrices are still valid. If these anti-commutation
relations are not consistent even then NDR scheme can be applied but evaluation of Tr[ysy*~" AP ]
must be evaded [173,174]. Another scheme which is more consistent in the presence of s is
proposed by 't Hooft and Veltman and is known as HV scheme [175]. The additional thing in
this scheme is the presence of —2¢ dimensional metric tensor ¢ along with already present metric
tensors ¢ (in D dimensions) and g (in 4 dimensions). In a similar manner, D dimensional gamma
matrix 7, can be written in terms of 4, (in 4 dimensions) and 4, (in —2e dimensions). When ~;
is introduced in the scheme, it commutes with 4, and anti-commutes with 4, [173].

Once the regularization is achieved, one can proceed with renormalization which connects bare
(unphysical) and normalized (physical) quantities such as mass, charge, and couplings, and then
observables are expressed in terms of these physical quantities. Bare and physical quantities are
related in the following way

m© = Z,.m, ¢ = Z;/Qq, g = Zggu©, A/go) = Z§/2Au. (2.23)

Here the quantities characterized with superscript (0) are bare and m, ¢, g and A,, are renormalized
quark mass, charge, QCD coupling, and photon field, respectively. Z,,, Z,;, Z,; and Z3 are the
renormalization constants in which all divergences are absorbed up to all powers of perturbation.

The SM is renormalizable because the gauge invariance of Lagrangian is preserved even in Higgs
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mechanism where the symmetry is spontaneously broken [176]. A simplified method to apply

renormalization is a counter-term method where QCD bare Lagrangian Eg% p can be written as

‘Cg])CD = EQC’D + Leounter (224)

with Locop written in Eq. (2.2) and the newly added term Leoynter is proportional to (Z — 1) that
acts as a new interaction term contributing to Green’s functions in perturbation theory. Renor-
malization constants Z,, 44,3 are fixed in such a way that this new term cancels the contributions
of divergences in Green’s functions. But a sensible scheme for this cancellation must be defined
otherwise convergent terms are also canceled out along with divergent ones. The two schemes
designed for this purpose are MS [177] and M S [178], where the latter one is of prime interest in

which renormalization scale p reads as

Fars ir

This scheme is used to proceed so that In4m — v terms are no more present and not only the

(2.25)

divergent part of radiative corrections is removed by counter terms but also the universal constant

appeared in Feynman diagram calculations. In this scheme renormalization constants take the

form
O as (11 1
" 30F47T5’ g dme ( 6 ° 3 f) ’
o Qg . Qg 2 5
Zg = 1 CF47T€’ Z3=1 T <3NC 3Nf> , (2.26)

where N, and Ny are colors and flavors of quarks, respectively. Now the parameters of theory
depend on renormalization scale p and it must be assigned a certain value to get renormalized
parameters from experiment; i.e., g = g(u), m = m(p) and ¢ = ¢(p). By varying value of p, one
can get different sets of parameters of theory m(u), q(u), g(p) along with a set of equations which
relates parameter set with different values of p and these are called the renormalization group
equations (RGE). Using Eq. (2.23) one gets

dm(p)
dIn(p)

dg(p)
dIn(p)

= —m(p)ym(9(p)), = Blg(n,¢€)), (2.27)

where the anomalous dimension of the mass operator and § function are defined as

Ym(g(p)) = Ztndcffa), Bg(p,€)) = —eg + B(9), (2.28)
with
Blg) = —Zlgdﬁlz(gu) (2.29)
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Up to two loop accuracy one gets

Ym(as) = 240 4 (%)2%}),

47 47
g9 g9°
_ _ _ 2.
Blg) = —152 (16W2)2B1, (2.30)
where
97 10
’77(7?) = 6Cp, 7,(7"10) = CF(3CF -+ ?NC — ?Nf),
11N, — 2N 34 10
Boy = —L, Bi= NP NNy - 20RNy,
2 2
g- (1) Ng -1
as(p) = 4(7r , Cr= o (2.31)

T (1) O\ 0ol — o
) m(uo)[asw] t [H(%} _mﬁ) (1) s<u0>], (232)

OJS(/J,()) 2,80 Qﬂg 47
4 In (In (p?/A2 )
as(n) = 51+A2 -4 1( 2 A2M5> (2.33)
oI (n?/Af5) Be In(p?/A3r)

The cut-off Ag;g is a characteristic scale both for QCD and the used MS scheme and depends
on the quark flavors present in the By and (1. By and %(7?) are positive for six quark flavors and
three colors which leads to the phenomenon of asymptotic freedom because coupling (also mass)
decrease as p increase. Renormalization group has its advantages when we want to sum large

logarithms such as the one present in a; given in Eq. (2.33) which can be written in the form

as(uo) [, Pras(po) Inv(p)

v(p) Bo Ar  w(u) |’ (234)

as(p) =

2
where v(p) =1 — fpg2 In %

2.5 Operator Product Expansion

In section 2.4 we have seen that in the dimensional regularization we encounter the logarithms of
ratios of any scale with the renormalization scale p and these large logarithms can be summed
systematically using RGE. It becomes problematic when we have an energy scale with O(1 GeV)
i.e., hadron energy scale. Apart from these large logarithms, the strong coupling «; is too large
for perturbation theory to make sense and hence we need to establish a theory that can describe
the weak interactions of quarks. This task can be achieved by using a well established theoretical
tool that is known as the Operator Product Expansion (OPE) [179-181].

The OPE can be explained using an example of a quark level b — csu transition with an

17



Figure 2.2: Feynmann diagram for the decay b — csu which can be replaced by four point
effective vertex.

amplitude

G M2

A(b — csu) = —TQV@VJSﬁ
w

Gr p

2
= EVaViuv-auya+0 <Mv2v> (2.35)

(5u)y—_a(cu)y—a

where W —boson propagates the process and (G;¢2)v—a = ¢17.(1 — 75)g2. As momentum transfer

p is significantly less than My, therefore, one can safely ignore the terms of order p—z and the
w

problem can be tackled by replacing propagator with a four point fermion interaction as shown in
Fig. 2.2.

The OPE in quantum field theory is a convergent expansion obtained from the product of two
fields lying at different points as a sum of local operators. Consider a state ¥ that is characterized

by N point functions

<OA1 ($1)’ "'OAN (xN)>\I’ = ZCA]?L.‘AN (xlv "'7xN)<OB($N)>‘1J
B

where Cfl... A (z1,...,zn) are the OPE coefficients that are independent of ¥ and covariant func-
tionals of metric tensor g,,. For four dimensional free scalar field having action [ |0¢|?, the OPE

reads

A ~ o) (1 — ma)N
an)oan) = gtk o) 4 30 I L (e, (230)

where = CgB and for Oy = O = ¢ then O¢ = 1.

P S
|21 —22|?

2.6 Effective Field theories

The processes which take place at energies below the heavy quark masses, charm (m. = 1.4 GeV),
bottom (my = 4.8 GeV), and top (m; = 175 GeV), it is viable to obtain an effective theory by
integrating out these heavy degrees of freedom from the Lagrangian of the theory. The flavor
changing weak interactions are ruled by the electroweak scale fixed at my = 80 GeV. However,
the strong interactions that control the underlying forces of final hadronic states occur at the

scale Agcp = 0.2 GeV (non-perturbative QCD), whereas b-quark mass describes an intermediate
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state which lies in between the weak and QCD scales. Due to the involvement of multiple scale
dynamics, it is complicated to calculate decay amplitude using the full theory Lagrangian because
of the presence of large logarithms In(mw /Agcp) and hence the perturbation theory collapses.
Effective field theory is a good technique for this type of problems. It involves OPE where weak
interactions are treated as point-like as from the standpoint of hadronic scales Agcp and my,.
The FCNC interactions are then incorporated in dimension-six operators (comprising of gluons,
photons, quarks excluding top quark and leptons) of the theory through the WCs. It is viable
to evaluate QCD corrections to weak processes via a perturbative approach. It is supposed that
new fields added in the theory will be heavier than the mass of b-quark and the NP can enter the
theory by introducing new operators as well as by the modification of the WCs.

The effective theory is obtained by adopting the following steps:

e Select a cutoff scale A and split the field ¢ in high and low energy components ¢y and ¢r,
respectively; i.e., ¢ = ¢ + ¢r. Low energy mode ¢, can be written as [182]

with the generating functional

Zljt) = [ DorDoyel [ #wEEIHT Friiionts (2.38)

e Integrate high energy modes above the scale A
2Uis) = [ Do ([ Douet 2001 ) e rinronto, (2.39)

where [ Degpe' J d*=L(x) i5 called the Wilsonian effective action which is non-local at Az# sin 1 /A
and is dependent on the selection of cutoff A. After integrating on ¢p, Eq. (2.39) is inde-
pendent of fields ¢y for which £ > A.

e Apply OPE on non-local action in low energy regime to expand it in terms of non-local

operators comprising of fields for which £ << A

Sx(on) = [ dtotif (@) (2.40)
where
£l (2) = 3~ Ci0i(61(x). (2.41)

The above procedure allows us to get the Lagrangian corresponding to a specific scale.
The matrix elements do not involve perturbative QCD whereas the WCs are calculated in
perturbation theory at a weak scale g = myy. The WCs are evaluated using Feynman diagrams

of Fig. (2.3) and then matching the computed results onto the effective theory. The matched
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Figure 2.3: The quark level transition Feynman diagrams in full theory.

calculation fixes the initial conditions at high scale ~ uw;. The RGE

d
dlnp

Ci(p) = 751 (L) Cj(p) (2.42)

is solved which defines the mixing of operators and the evolution at a low scale. In Eq. (2.42)

anomalous dimension matrix is defined as

_1 dZy;
vji(p) = Zikldlnif

(2.43)

It can expand in terms of powers of strong coupling as(u). The initial conditions are known at
next-to-leading order (NLO) for electroweak interaction and next-to-next-to-leading order (NNLO)
for the QCD for all the WCs.

To solve Eq. (2.42), one can follow the similar procedure used in Sect. 2.4. It seems straight-
forward to leading order accuracy but quite cumbersome when one goes beyond leading order as

perturbation expansion for v;; gives

0) & 1), &
Vij = %‘(j)ﬁ +f7i(j)(7s

)0, (2.44)

does not commute with 'yQ)

where 'y((.]) png

i
evolution operator such that

Therefore, in order to solve Eq. (2.42) we define an

Ci(p) = Ui (1, p0) C (o) (2.45)

and at the leading order (LO) one can write

LT ()

UO (4, o) = [j((/iio))]_ Py [a(ﬂo)rﬁo y-t (2.46)




) _

where V' diagonalizes the matrix ~(©7 (matrix comprising of eigenvalues of ’y(o)) such that v’ =

V=14OTy  To obtain the solution at the NLO

4T 4
and if J = VHV ! then Eq. (2.47) promises the solution of Eq. (2.43). The elements of matrix

H can be written as

Hij = %‘%;(O)ﬂ — G” (2.48)

260 28, +~ — (0)’

with the property that G = V- 1yMWTy
The WCs C?f;f are generally used instead of C7g that include not only C7g but also the

contribution of C7 to (s and these can be expressed as

Ceff( )+ Zyz i C’eff( )+ Z 2Cy( (2.49)

In the NDR scheme y = (0,0,—1/3,—4/9,—-20/3,—-8/9) and z = (0,0,1,—-1/6,20,—10/3) [43].
At the LO, C;f;f depend on regularization scheme. The effective Hamiltonian in this case will be

expressed in the following form

Hepp(b— s) = 45;( uSZCO“Jr)\CS;CO —Amico +hc> (2.50)
Here A\gs = ViV, and the quark operators are defined as,
O1 = (GeyT*qn)(@*Tbe), O2 = (5c7490)(@r"bL),
Os = (5pvubr) Z(QV”Q% O4 = (507, T°b1) Z(QVMTQQ),
q q
Os = (SLwwiebr) Y @"174). Os = (B9 0T b1) Y (@7 1),
q q

Or = omu(500"br) Fyu, Os = T2 my(5L0" T*bp) G, (2.51)
Oy = 1;;2 (s27"br) Ze:(ﬁ’me% O10 = 1;; (5Ly"br) zg:(ﬁvu%ﬁ)

In Eq. (2.51), O; and Oy are the current-current operators, Oz_g are QCD penguin operators, Oy
is the EM dipole operator, Og is a chromomagnetic dipole operator, Og and Oy are semileptonic
operators and the light quarks are denoted by ¢g. The letters L and R denote left and right-
handed chiralities of the fermions. Some of the above operators get significant contributions from
renormalisation group mixing with Oy generated at tree level and this decrease the NP effects.

Hence it is considered sufficient to modify dipole and semileptonic operators in most of the NP
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scenarios. The chirality flipped counterparts of these SM operators are

I = 76 1 Gs _ vra o
07 - 1671'2 (SRO-M bL) ) OS == 167‘(‘2 (SRO'M T bL)G,u,lH
ez _ 2
Oé - 1672 (5r7"0R)(E7ut), /10 167 Q(SR’y bR)(E’YM’YEJE)

The semileptonic unprimed and primed operators with different lepton flavors are

2 2

€ e
Oé’) 1672 (5.,rRY"brL R)(fwuﬁg) (’)gg = (5L.rY"b1, R)(€17u75€2)

The corresponding WCs of four-quark operators hold some symmetry relations such as Minimal
flavor violation (MFV) of quarks give (C;)q = (Ci)s and C} =~ 0. LFU gives (C})5 = (C})g = (C))7
and lepton flavor conservation gives (C,'C)gl@. The unitarity of CKM matrix leads to Ays+Acs+Ats =
0 which further implies that Acsss ~ A2 > A\ ~ M Its consequence is that current-current
operators O} and Of can be neglected and also Ays ~ —A.s can be predicted which leads to
small CP asymmetries in the SM. Including the electroweak corrections, the generalized effective

Hamiltonian can be written as
Herr = —7= Z VékmCi(p) Oi () (2.52)
V2
where V), are the elements of CKM matrix. Decay amplitude for hadron H is
A(H; = X) = (X|Heps|Hi) = ZVCKMC( NX|Os (1) | H) (2.53)

where X is the possible final state and C;(p) and O;(u1) are the functions of My, coupling constant
as and renormalization scale . One can get the WCs by matching the results of full theory with

an effective theory.

2.7 b—hadrons

The bottom quark is lighter among the third generation of quarks and is a weak doublet partner
of the top quark. The bottom and top quarks were proposed by Kobayashi and Maskawa in
1973 [41] and their existence was confirmed in 1977 by the production of bb state [183]. The
mesons containing a b-quark with light quarks are bu, bd, bs and bc which are called B+, BY, B?
and B, respectively. The last one is the heaviest of all bound states and is hard to produce.
In 1998, the CDF collaboration has produced it for the very first time [184] and from the decay
B} — J/¢rT its mass was determined by the CDF collaboration in 2006 [185]. However, the
most accurate determination of its mass mpy = 6274.28 £1.40 £ 0.32MeV/c? is made by LHCh
through the decay B — J/¢D°K™ [186]. One of the b-quark bound state among baryons is Ay
which consists of udb is of prime importance.

The FCNC decays governed by b — s{T¢~ are studied as a function of dilepton mass squared
s. In measurements, the regions J/1¢ and (2S) are usually not included due to dominance of
b — c transitions. Hence the most reliable measurements are at low and high s regions and in

these regions, one can compare the experimental measurements with the theoretical predictions.
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High energy pp collisions at the LHC and pp collisions at the Tevatron produce all kinds of
b-hadrons. Tevatron produces cross-section of 30 ub for (pp — bX) with pseudorapidity n < 1 at
/s = 1.96 TeV whereas LHCb produce about 72 ub at 7 TeV and about 144 pb at 13 TeV with
pseudorapidity 2 < n < 5. Among the weak decays of b-hadrons, the dominant decay process is
b — cW*T as b — u decay is suppressed by a factor of |Vyp|/|Vus| ~ (0.1) as compared to the
decay b — c¢. Due to color suppression, the decay modes in which the spectator quark combines
with the one quark from virtual W boson to form bound hadronic state are suppressed by a factor
of (1/3)? because color of both quarks has to be the same. Decay mode B — X /v is a good way
to measure the CKM matrix element Vy, and B — X, fv for V,; as final state with two leptons
make the study of strong interactions much easier.

Both inclusive and exclusive analysis can be used for this purpose but both are accompanied by
uncertainties. Inclusive analysis includes uncertainties that belong to extrapolation of restricted
phase-space to full phase-space whereas exclusive decays have uncertainties belonging to hadronic
FFs. For inclusive analysis, differential decay rates of all the B—meson decays governed by the
transition b — ulv give |Vyp| = (4.4140.157015) x 1073 where the uncertainties correspond to both
the experimental measurements and the theoretical calculations [187]. The analysis of exclusive
decays is comparatively simple from experimental point of view in which the branching fraction of
a particular decay is used to calculate the CKM matrix element under consideration by using FFs
calculated in LQCD or QCD sum rules (QCDSR) approach. The world average of this analysis
gives |Vip| = (3.28 +0.29) x 1073 which is the average obtained from semileptonic B decays [188].
An unexpected result was obtained in 2015 when LHCb measured CKM matrix element V; by
the ratio [189]

Vwl? _ Br(Ay = pu=v,)
[Vep|? Br(Ag — Aér,u*ﬁ#)

Rrr,

where Rpp is the ratio of relevant FFs calculated using LQCD approach. Using Rpr = 0.68+0.07
the above ratio comes out to be 0.083+£0.004£0.004 where the first uncertainty is experimental and
the second belongs to LQCD predictions. By using the world average for |Vy| = (39.5+0.8) x 1073
, |Vap| is (3.27 £0.15 £ 0.16 4- 0.06) x 10~3 where third uncertainty belongs to V., normalization.

According to world average presented in [189]
Ves = 0.9746 + 0.0026, Veq = 0.2140 £ 0.0097, (2.54)

which are compatible with unitary of CKM matrix.

2.8 Flavor Physics and B Factories

As we know that in the SM, fermions come in three generations and the study of interactions
that distinguish between their generations is the flavor physics. Fermions interact in two ways:
when two fermions couple with a scalar, Yukawa interaction occurs and when they couple with
the gauge boson, gauge interactions take place. No gauge coupling is present between interaction
eigenstates of dissimilar generations and every type of gauge coupling is defined by a single coupling

constant. Hence gauge interactions are diagonal and universal when considered on an interaction
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basis. But Yukawa couplings include the interaction between different fermion generations and
their interaction eigenstates do not have definite masses. However, in a mass eigenstate basis, the
Yukawa interactions are diagonal but non-universal and then have definite masses.

Flavor physics, in quark and lepton sectors, is important in the sense that it has the potential
to predict the NP before the direct observation through experiments. In the past, some of its

predictions were successful [190], such as
e Small ratio of decay width of K;, — utu~ to K™ — uTv predicted charm quark.
e The third generation was predicted by CP violation in the neutral kaon mixing.

e Masses of charm and top quark were successfully predicted by the size of Amg = my, —mg,

and Amp = mpo — Mmpo, respectively.
B BH BL’ 1% Y.
e Measurement of flavor transition of neutrino leads towards massive neutrinos.

The very well studied and measured process is the rare B, — puTp~, 7777, It is called the
rare process because it is not allowed at the tree level in the SM and is produced by the GIM
mechanism [40] at the loop level. Such processes are further suppressed by CKM matrix elements
whose off-diagonal entries are very small. Further, these leptonic decays with muon and electrons
in the final states are also helicity suppressed as two spin-1/2 leptons emitted from a pseudoscalar

B-meson. Some SM predictions of B decays are

B(Bs — £T07) = (8.34+0.36) x 10714 B(B® = ¢T¢7) = (2.63+£0.32) x 1071,
B(Bs — pTp™) = (3.52+0.15) x 1077, BB® — ptp~) = (1.1240.12) x 1071,
B(Bs —1717) = (7.4640.30) x 1077, B(B® — 7717) = (2.354+0.24) x 1075.

During the Run 1 of LHC, the combined results of CMS and LHCb datasets performed in 2014

comes out to be [191]

B(Bs — utp) = (2.8%0¢) x 107
BB = ytu™) = (3.971%) x 10710

Since weak and Higgs mediated processes are strongly suppressed in the SM, the FCNCs can take
place at higher levels only in electroweak interactions, thus they are good candidates to search for
the NP.

At experimental side, the initiative was taken by the CLEO experiment in 1994 which studied
the rare radiate decay process b — sy [192]. Later, BaBar and Belle collected a dataset of 467M
and 772M BYB0 pairs in 2008 and 2010, respectively and their combined dataset produced an
integrated luminosity of 1lab~! operating at I'(4S). At the most efficient B factory, Large Hadron
Collider (LHC), bb cross-section is about 300ub at center of mass energy /s = 7 TeV [193] and
500ub at /s = 14 TeV. This provides about 10'! hadrons produced in a dataset of 1fb~!. At LHC,
the experiments contributing to rare b—hadron decays are the ATLAS, CMS and the LHCb from
which the last one is dedicated for production and decays of b-hadrons. The CMS and ATLAS
experiments are able to produce dimuon pair in the final state whereas LHCb can generate photon,

dielectron pair and only hadrons as final states. In semileptonic decays, initially B factories used
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to average over neutral and charged B—mesons and also between p*pu~ and £7¢~ final states.

The LHCb, CMS, ATLAS and CDF experiments measure the decays with u*u~ final states

mostly instead of £/~ final states. In last two decades, the processes B — K*(892)%/*¢~ and

BY — K*¢*¢~ have been widely studied. The CDF and LHCb also observed other b—hadron

decays such as AY — ApTp~ [47,50], A) — pK~pTp~ [51] and BY — ¢puTu~ [18,19]. The

measured branching fractions of some commonly studied b— hadron decays are [16,194]:

B(BT — Ktrtem) (5.54+0.7) x 1077,

B(BT — Ktutu™) (4.434£0.24) x 1077,
B(B® — K*(892)%"¢™) (1.03%512) x 1075,

B(B® — K*(892)°uTp™) = (1.03£0.06) x 107°,
B(B? — éuT ™) (8.3+1.2) x 1077,

B(AY = ApTp—) (1.08 4 0.28) x 1076,

Compared to the leptonic and radiative decays of B—meson the semileptonic one are quite rich in
phenomenology. In the next section we will discuss B — K*(— Kn )¢t~ in detail both from the

theoretical and experimental point of view.

2.9 Physical Observables in B — K*(— Km)u*u~

A lot of information can be extracted from observables constructed from the angular distribution
of the hadron decays. Although a renormalization scale pp is used in the calculations but its
dependence cancels between WCs and matrix elements to give the physical observables free from
this scale. For this purpose, not only regularization and renormalization schemes should be the
same for calculation of WCs and matrix elements but also the evanescent operators that are present
at D # 4 but die out at D = 4. Among hadron decays the four body decays are phenomenologically
very rich as there are many physical observables extracted from the transversity amplitude and
angular coefficients. A large number of angular observables have been studied theoretically for the
decay B — K*(— Km)¢{*¢~ and some of them have been measured experimentally too. The goal
of the present dissertation is to work out the analogues observables for A, — A(— pm)¢T ¢~ by
following the same lines as both decays are governed by FCNC b — s¢™¢~ transition. Therefore,
it will be useful to discuss some physical observables for B — K*(— Km)¢{T¢~ and then apply a
similar procedure to obtain some of them for Ay decay in later chapters for the SM and some NP

scenarios.

2.9.1 Decay Rate

The most important observable which is measured at B factories for different decay modes of
b — s quark level transition is the branching ratio. However, it is difficult to handle theoretically
in exclusive analysis due to two reasons; first is the dominance of hadronic uncertainties which
are confronted in calculating the FFs and the second is that every FF is integrated over the full
spectrum of ¢> = s namely 4m? < s < (mp, —mpy,)?, where Hy and H, stands for the parent and

the daughter hadrons, respectively. No single method used to calculate the FF's is best working for
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Figure 2.4: The SM predictions vs experimental measurements of branching ratio for
B — K*utp~ [137].

the full kinematic range and hence partial decay rates integrated over appropriate bins are obtained.
It is also required to prevent our calculations from the effects that arise due to c¢ resonances when
dilepton invariant mass squared s approaches to mass of J/¢ (s = M} ™ 9.6GeV?) and its
radial excitations. Hence the theoretical studies are restricted at low and high s regions to avoid
charmonium resonances. The charmless resonances such as p,w and their radial excitations can
also interrupt but the corresponding effects are very small due to the CKM suppression.

In mesonic decays, the most vastly studied four-body process is B — K*(— Kr)¢{t¢~ with
decay rate [195,196]

d‘T 9 9 o . 9k «
Jsd cos Byd cos 070€ = 3. Issin® 0% + I, cos® 0 + (Igss1n26 + Iy cos? 0 ) cos 26,

+  I3sin® 0* sin® 0 cos 2¢ + I, sin 20" sin 260, cos & + I5 sin 20 sin 0, cos &

(Iss sin? 0* + I, cos® 0*) cos Oy + I sin 20" sin 6, sin §

I sin 20" sin 20, sin € + Iy sin? 6% sin? 0 sin 2¢ | . (2.55)

where I]s are angular coefficients, 6* is the angle of K in the CM system of K and 7 with respect
to direction of flight of (K, ) in B rest frame, 6, is the angle of £* in the CM system of ¢/ and ¢~
with respect to direction of flight of (¢7,¢7) in B rest frame and ¢ is the azimuthal angle between
the decaying planes of K7 and £T¢~. After integrating Eq. (2.55) over the angles, the measured
values and the SM predictions of the branching ratio for this decay are presented in Fig. 2.4. We

can see that in the high s region the measured value of the branching ratio deviates significantly
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from the SM predictions. Angular coefficients of Eq. (2.55) are defined as [196]:

Iis
L.
728
72
I3
1y

I5

where

AL’R
Aﬁﬁ

AL’R

Ay

and

2—|—v

@A >+ A7+ (L—>R)] +4’:§Re<Aﬁ+A + Af + Af >
AL + AR + 4’”6 [\At| + 2Re(Ak +AR*)]
DAP+M\2<L%Rw
—UQ@A£2+«L—+fa}
ot - g+ 2 m)
% [Re(A Al 4 (L~ R)],
V2v [Re(AOLAﬁ* — (L — R))} :
20 [Re(A” Al — (L — R)},

V2v [Im(AOLAﬁL) —(L— R))] ,

v
— [Im(AL AL + LAR],
\@[m< )+ (L R)
[ )+(L—>R)}
VM| [ (5 5 Ory V) 2mCE
Bl 2 + C1o Mg + Mg- 5 1 )
VB M) (€5 O 10t o)
Mp — My~
AT FC) s e AMEIP,Va(s)
+N2MK*\/§ (Mg + 3Mp+ — 8)Ta(s) + (M%_M?(*)Tg(s) :
|P2|MpChy
Ni\/g Ao(S)
G%a? |Py| sv 1/2
W= (G i)
S 1 4m%

(2.56)

|

(2.57)

Vij is CKM matrix element, G is Fermi coupling constant, o is EM coupling constant and P> is
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the momentum of K* meson defined as

VMA + Me + 52 = 2MEME. + M3s + M.5)

P, =
L oMp

We know that a good physical observable is the one which is theoretically clean; i.e., free from the
hadronic uncertainties and hence making it to be a good candidate to hunt for the NP. According
to this definition, the decay rate may not be a good observable therefore, one can search for other
observables which are the ratios of angular coefficients. In this way, the uncertainties arising due
to the hadronic FFs cancel out to a good approximation in these observables, and below we discuss

some of them.

2.9.2 Transverse asymmetries

The transverse asymmetry Fp(s) for B — K*(— Km)u™u~ decay reads as [24]

2 [AL() P + 14 ()

F = 2.
7(s) e (258)
where [A, ()| = [AL  ()]2 + | AT (5)]? with
LR ce V(s) 2mb
AL = NV2\ |:< ff:FCl()) mB+mK* C?efle( ) )
Ai(s) 2m
L,R ef f 1 boeff
Al = NVa(m}, — mk.) [(C FC 0) e s )} . (2.59)
The C'P conserving transverse asymmetry A(T2 )(s) is given as:
A 2 A 2
AP (s) = [4.()” — 14 (o) (2.60)

[AL(s)]> + 14 (s)]>

This asymmetry satisfies the above conditions of a good observable as it does not include Ag s ¢
therefore, easy to handle in the QCD. Ag,{m) (s) is defined as

(Tm) _ I I
Ar ) = AP+ 14,(5)

 2Im(Af () A" () + A () A" (5)
I : (2.61)
2
This observable is important in the context of physics beyond the SM because its value is zero in
the SM and if it acquires a non-zero value in the measurements, it will be a clear signature of NP.
Its plot against s can provide information about the origin of the NP phase. One more quantity

depending on the similar amplitudes is [197]:

A () AT (s) + AL (s) A" (s)

(5)(4) — ||
I VTV Ry (262

This observable is independent of Ag,? )(s) and Agm)(s). From A (s) and Aj(s), only three inde-

pendent observables can be extracted which are Ag? )(5), A(Tlm)(s) and Ag? )(s). It is convenient to
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Figure 2.5: The SM predictions and the measured values of A% g and Fr, by the LHCb for
B — K*utp~ decay [198].

introduce one more physical observable

 2Re[Af(s)4F (5) — A5 A (s)

(Re) s) = .
Ar(s) AL ()P + 4 (5)P (26
such that
(AP () 4+ (4™ ()% + 2(A7 () + (AF (5)° = 1. (2.64)

2.9.3 Longitudinal polarization fraction

The longitudinal polarization fraction of lepton is obtained by integrating Eq. (2.55) over 8* and

& which results

I — (1/3)[20'

=
L dl'/ds

(2.65)

Knowing this, the transverse polarization fraction can be obtained by using the relation Fr+ Fp, =
1. The measured values of Fy, in appropriate bins are presented in Fig. 2.5 for B — K*u™u~
decay.

2.9.4 Forward-Backward Asymmetries
The forward-backward asymmetry with respect to lepton is [199]
1

0
d2F d2F
bdeOS Ot Tsdcosa; — fl d 08 0 gz cosdy

App(s) = (2.66)

dr/ds

The experimental measurements for A% p for B — K*p™p~ is shown in Fig. 2.5.
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2.9.5 The Optimized Observables

It is viable to construct the observables which are ratios of angular coefficient so that the hadronic

uncertainties get reduced [200]. Among them the few important asymmetries are given by

b MIEP AP+ e R g

b JALGP AN+ (Lo R) 2k,

b ReAT(e)AE) - ATARG)

S !AL<)\2+\Aﬁ(s)!2+(LHR) "8I,

b ImATE)ARE) — ARARG)  h gy

S |Aﬁ<s>|2+|AL< P+ (Lo R) 8Ly Al

oo V2 Re(AL*AL ARAﬁ{*) B Iy

LT (AL AL + (LHR))(|A0L|2+(LHR))_\/7—126123’

o VERe(A Al — AR AT v L

T (AP HIALG)P+ (L o R)(AFR+ (Lo R) 2V =hely’
\@Im(AL*Aﬁ ARAﬁ%*) v I

Py = ==L (267)

(AL ()P +[Af ()P + (L« R)(AFP + (L« R) 2Vl

The expressions of Aﬁ’R(s) Aﬁ’R(s), and Ag ' are defined in Eq. (2.57). The experimentally
measured results from LHCb and the SM predictions for above mentioned observables are shown
in Fig. 2.6. A worth noted observable is P} [10] that shows deviation from the SM prediction and
therefore, a sensitive tool towards the NP scenarios.

2.9.6 Asymmetry parameter a)s

From the four-folded angular decay distribution (2.55) the following asymmetry parameters can
be extracted [202]:

W (cos® 6*) = 1 + ag- cos® 6%, (2.68)

which is obtained by integrating decay distribution over 6, € [0, 7] and & € [0,27]. Likewise, by

integrating over 6* € [0, 7] and & € [0, 27], one obtains:
W (cos? 0;) = 1+ g, cos? O + oy, cos 6. (2.69)

Similarly, by integrating over 8* € [0, 7] and 0y € [0, 7], the azimuthal asymmetry parameter 8 can
be defined as:

W) =14 Bcos2€. (2.70)

2.9.7 CP symmetries and asymmetries

For the transition b — s¢*¢~, the relevant CKM matrix element is Vj,V;% which is real under the
Wolfenstein’s parametrization in the SM and therefore, the non-zero CP asymmetries will be a

clear signature of the NP. The CP asymmetries arise due to complex CKM matrix element V,,;, V7
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Figure 2.6: The SM predictions along with the LHCb measured values of optimized observables
for the decay B — K*u™u~ [201].



which is also the origin of direct CP asymmetry in B — X4v. But one can expect that these effects
would be smaller in B — X, /T¢~ than B — X,y because the contributions of the WCs Cy and
Cho are absent in B — X,y. The CP averaged angular coefficients are [196]:

(a) |, F(a)

I I

@ _ L+ L) (2.71)
d(T +T)/ds

and CP asymmetries are:

(a) _ (Ii(a) - Tz(a)) (2.72)

! d(T +T)/ds’ '
where I; with ¢ = 1, ..., 9 represent angular coefficients and their explicit expressions can be found
in [196]. In this way one can separate the CP conserving and CP violating NP effects. Since I1 2347
are even under CP therefore, Sy 2347 can be obtained directly from angular coefficients and I5 ¢ 8 9
being odd under CP the CP violating observables As659 can be calculated directly from them.
The observables which depend on real part of transversity amplitude are {ng , 534, As6}. Among
them some of the measured observables are presented in Fig. 2.7 for B — K*u™p~ decay.
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Chapter 3

Helicity Formalism of decay
Ay — A(— Nm)fT¢~ in the SM

The Aj baryon is an isospin singlet ground state of b—baryon family which consists of the bottom
quark and two light quarks up and down. Its decays are phenomenologically rich as they allow
the measurements of many masses, lifetimes, and branching fractions, that can test the underlying
QCD physics and provide input for model building. The study of its production and decays provide
an opportunity to get analogous information that is obtained from the study of B—mesons. In
the past two decades, a wealth of experimental data was obtained for B—meson decays but the
first measurement of b—baryon decay A, — ApTp~ was made in 2011 by CDF Collaboration [47].
Then, at the Tevatron, characteristics (mass and lifetime) of A, baryon have been measured by
two body decay modes such as A, — AJ/v and A, — AF7~ [203-205]. Since December 2009,
LHCb is dedicated to the production of b-hadrons with the ratio B° : A(b) : BY =4:2:1. The high
production rate of b-hadrons at LHCD results in Cabibbo-suppressed decay modes of A baryons,
such as Ay — DpK—, Ay, — AT K~ [206], Ay — AF D™, Ay — AT D [207] and Ay — J/¢pr— [208].
Later, multi-body decays of A, were measured by LHCb e.g., Ay = AK 7, Ay = AKTK™ [209],
Ay = pK 7tn, Ay —» pK~ KTK~ [210], Ay — ¢(28)pK~ and Ay — J/Yntn pK~ [211]. The
most precise measurement of A, mass was made by LHCb with value 5620.15 4+ 0.31 4= 0.47 where
the first uncertainty is statistical and the second is systematic [205]. This chapter is dedicated to

study the helicity formalism of the semileptonic four body A, — A(— pr)¢te~ decay.

3.1 Effective Hamiltonian

It is well established that a low energy effective theory can be constructed from a full theory by
integrating out the heavy degrees of freedom such as W, Z bosons and top quark at an electroweak
scale in the SM (see Sect. 2.6). The weak effective Lagrangian consists of dimension-six local
operators of light SM fields (fermions, photons, and gluons) suppressed by inverse powers of myy.

The quark level transition governing the

Ap(pa,, sa,) = Apa, sa)(— p(pn, sn)m (=)0t (q1)0 (g2),

decay is b — s¢T¢~. In this cascade decay the final state A produced in A, decay further decays into
pr and the corresponding topology of decay is described in Fig. (3.1). In effective Hamiltonian,

34



Figure 3.1: Ay, — A(— pr~ )T~ decay topology, where 6, 0 are the helicity angles and £ is
the azimuthal angle.

the short-distance effects are encoded in the WCs, whereas the long-distance contributions are
incorporated through the four quark operators. After integrating out the heavy degrees of freedoms,
the effective Hamiltonian for this decay is [62,109,202]

4G F o,

HY S — TR Zey C; (1) O; + Cl () O, 3.1
I5Y; 2 an ts”%:m[ (1) (1) Of (3.1)

where G is the Fermi coupling constant, Vi, V% are the CKM matrix elements, a is the fine struc-
ture constant, C; (1) (C! (p)) with i =7, 9, 10 are the WCs corresponding to the electromagnetic
operator O7 (O7) and semileptonic operators Og 10 (O 1) that are defined as:

e

Or = @mb(gLaUWbRa)Fum
0/7 = #mb(gRaUuybLa)Fum
e? _
09 = 1672 (gLa’Y#bLa)E’Y;L&
e? _
Oslg = @(ERQVMbRa)EVugv
62 —
O = @@La’yﬂbm)ﬂ’m%&
/ e 7,
0 = @(SRa’Y“bRa)f’m%f, (3.2)

where e is the electromagnetic coupling constant and my is the b quark running mass in the MS
scheme.
Since QCD factorization at low s is not fully developed for the b—baryon decays, therefore, we

have ignored the non-factorizable contributions here.! The factorizable non-local matrix elements

'In case of B — K*ut ™ decay, it is evident that the non-factorizable charm-loop effects (i.e., corrections that
are not described using hadronic FFs) play a sizeable role in the low-s region [38] and the same is expected in case
of the decay under consideration. However, in the present study, we shall neglect their contributions because there
is no systematic framework available in which these non-factorizable charm-loop effects can be calculated in the
baryonic decays [46]. Therefore, our results at low s are affected by the uncertainties due to these contributions. In
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of the four quark operators O1_¢ and Of are encoded into effective WCs C’?f f (s) and Cgf f (s),
where s is dilepton squared mass s (¢" = ply, — ply).
In high s region, the WCs C’;ff(s) and Cgff(s) can be written as follows [29]

cllfs)y = cr—= <03 +=Cy +20C5 + 06> [(01 —6Co)F7) (s )+c8F8(7>(s)} ,

An

e 16 16 3

Cgff(s) = Cg+3(C3+ SC5+ 906>—h ( Cs + C4+8C5+ 306)
s) +

7 2 32
— (203 + §C4 + 38C5 + 306> h(my, ( C1+ Cs +6C5 + 6OC5> h(me, s)

— [ (s) + GFS) + G (s)] (33)

47 ©

where h(mg,s) with ¢ = b, c correspond to the fermionic loop functions. These h(mgy,s) along

with the functions F(7 % and F((1 2)) are calculated in refs. [86,212].

3.2 Helicity amplitudes and Form Factors for A, — A transitions

The matrix elements for the Ay, — A transition for different possible currents, can be straightfor-
wardly parameterized in terms of the FFs. The helicity formalism provides a convenient way to
describe these transformations. The helicity amplitudes H(s1,s2) with i corresponding to vector

(V), axial-vector (A), tensor (T') and axial-tensor (T5) currents can be written as [67]:

HY (sp,50) = €n(m) (A(pa,sa) [$7"D|As (g sa,))
where m = t,0,+ corresponds to time-like, longitudinal and transverse polarizations of daughter
baryon A. In component form, vector hadronic part reads as

mp, —m

HY (sp,,50) = fO(S)TA[ﬂ(pApsA)u(pAbaSA)],

ma, + ma

HY (snrs0) = 2f4(s) o a0 [ sa)upag,sn)ly

HX (SAIN sn) = fi(s)[u(pa,sa) ¢* () u (pAb7 SAb)] . (3.4)
The axial-vector part of Hamiltonian is
H* (sp,,s0) = €;(m) (A(pa, sa) 57950 Ay (pa,» sa,))

and its helicity components are

H7 (s 50) = =0 (5) "R [, 34) 350 (a0, (35)

the whole s range, the effective WCs are given in Eq. (3.3). According to ref. [44], we use Eq. (3.3) in low and
high s region by increasing 5% uncertainty. Thus having control over the non-factorizable contributions in baryonic
decays will help us to hunt the deviations from the SM predictions.
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ma, — M

Hg' (sa,,80) = —294(s) (pa - €(0)) [@ (pa, sa) v5u (A, s SA,)] s

Hi (sp,50) = g0 (s)[@(pa,sa) ¢ (£) 51 (P, sa,)] - (3.6)

Part of Hamiltonian corresponding to dipole operator is:

H” (spy50) = €i(m) (A (pa,sa) [5i0" qubl Ay (pa, sa,))

H' (sp,. 51) €,(m) (A (pa, sa) |50 50| Ap (P, SA,)) -

By examining their polarization states, we can see that the non-zero components read as:

Hy (sa,,50) = *2h+(8)i(m-6*(0)) [ (pas sa) w (pAys $a,)]

HY (sa,,50) = —hoi(s) (ma, +ma)[@(pa,sa) ¢* (£) u(pa,, sa,)]

H® (sn,,80) = —2hy(s) Si_ (pr - € (0)) [@ (pas sA) Y5u (DA 54,)] 5

HY5 (sp,,80) = ho (s) (ma, —ma) [a(pa,sa) £ (£) V50 (pay, 54,)] (3.7)

where py, (sa,) and pa(sp) are the momentum (spin) of A, and A, respectively. In Eqs. (3.4, 3.5,
3.6) and (3.7), the functions f;(s), gi(s), hi(s) and h;(s) with i =0 ,+ , L are the transition FFs.
The FFs, being the non-perturbative quantities need to be calculated in some model. A, — A
FFs have developed in the framework of QCD light cone sum rule (LCSR) approach [89,213], soft
collinear effective theory (SCET) [71], heavy quark effective theory (HQET) [214], large energy
effective theory (LEET) [214] and lattice QCD [44,215]. In the heavy quark spin symmetry, the
symmetry where the spin of spectator-diquark remains same in initial and final state, the number
of FFs are reduced. The tensor FFs can be written in terms of vector and axial-vector FFs and
with this symmetry we can also equate the longitudinal and transverse FFs. Thus it reduces the
number of independent FFs to two i.e., the Isuger-wise relations &£ and &. In the decay under
consideration here, we will use the FF's that are calculated in LQCD with much better control over

the various uncertainties. In full dilepton mass square range these can be expressed as [44]:

fof f 2
o = @+ a12(s) + a3 (2(s)) 3.8
fle) L—s/(mly)? Y

where, the inputs ag, a{ and a% are summarized in Tables 3.1 and 3.2. The parameter z is defined

as [44]

o(s) = Vie —s =ty —to
Vi — s+ — 1o

with tg = (ma, — ma)? and ty = (mp + mk)>.

(3.9)

3.3 Kinematics of Hadronic part

In the rest frame of the decaying A, baryon, the momentum of daughter baryon A is defined as

PA = (mAb _p070707 |p|)77
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Table 3.1: The values of FFs along with uncertainties calculated in the framework of lattice QCD

with (2 + 1) flavor dynamics for Ay, — A transition [44].

Parameter Input Parameter Input Parameter Input
al)’ 0.4229 + 0.0274 alt —1.3728 + 0.3068 alt 107972 + 1.1506
al® 0.3604 = 0.0277 alo —0.9284 & 0.3453 al 0.9861 =+ 1.1988
al* 0.5748 + 0.0353 al* —1.4781 =+ 0.4030 al* 1.2496 + 1.6396
agt 0.3522 +0.5 aj* —1.2968 £ 0.2732 ag* 2.7106 £ 1.0665
al 0.4059 =+ 0.0267 al —1.1622 = 0.2929 a¥ 1.1490 + 1.0327
ad* 0.3522 £ 0.0205 ad* —1.3607 £ 0.2949 ag* 2.4621 £+ 1.3711
apt 0.4753 £ 0.0423 alt —0.8840 = 0.3997 alt —0.8190 + 1.6760
apt 0.3745 + 0.0313 alt —0.9439 + 0.2766 aht 1.1606 + 1.0757
apt 0.3256 & 0.0248 alt —0.9603 + 0.2303 alt 2.9780 & 1.0041
apt 0.3256 =+ 0.0248 al+ —0.9634 + 0.2268 aht 2.4782 + 0.9549

Table 3.2: Pole masses for different FFs [44].

f JP myj_:ole
fo 0" 5.711
f+7fJ_ah+7hJ_ 1~ 5.416
% 0~ 5.367
g+agl7h+’hL 1t 5.750

where my, is the mass of the A, baryon. In the same frame, momenta of dilepton pair is

(3.10)

b= (p(]v 05 07 _’p|>

2 2
m?\b —m32+s /\(mAb,mA,s)

where pg = —5— and |p| = GTIY . Polarization vectors of effective current are written
b b
as
" 1
€ (t) = g(p070707|p|)7
1
() = —(0,F1,—i,0),
(+) 7 O, F )
1
¢(0) = < (Ipl0,0,p0). (3.11)
In N7 rest frame, the momenta of N and 7 are defined as
P = (En,—|k|sinfx cos&, —|k|sinfasiné, [k|cosby),
pt = (Eg,|k|sinfp cos, |k|sinfy sing, —|k|cosby), (3.12)
/) 2
where |k| = (k mN’ , En = \/mN A2, ZLJZV M) and B, = \/m?r + W. In N7 rest

frame k? = m3, HA is the angle between direction of flight of N with respect to z-axis in N rest
frame and ¢ is the azimuthal angle between two decaying planes i.e. N7 and 7/~ decaying planes.

A Dirac spinor u(p, s) having momentum

pH = (po, Ip|sinf cos&, |p|sindsin&, |p|cosf), (3.13)
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in its rest frame is defined as

" +m — [p|) cos(6/2)
B 1 (p° +m — |p|) sin(6/2)e’
W) = A | 0t m e pcose2) | (314

(° + m + |p|) sin(6/2)e*
—(P° +m + |p|) sin(0/2)e*
DV (5° + m + Ipl) cos(8/2)
u(p,—1/2) = ) — (" + m — [p|) sin(6/2)e % , (3.15)

(p° +m — [p]) cos(6/2)

Non-zero components of vector and axial-vector currents are

a(p’, £1/2)7"u(p, £1/2) = (/5+,0,0,/5°), (3.16)
a(p, F1/27 u(p, ¥1/2) = /25 e (%), (3.17)
a(p', £1/2)y"ysulp, £1/2) = £(/5-,0,0,/55), (3.18)
a(p', £1/2 ysulp, F1/2) = F/2546"(F), (3.19)

3.4 Hadron helicity amplitudes

Using Egs. (3.16)-(3.19) in Eqgs. (3.4)-(3.7), we get the following helicity amplitudes in terms of
Ay — A transition FFs [67]:

— A

Hi 1o = Hiapo 1= = fo(s) T T2 \/g Vst

map, + ma
HS/(+1/2,+1/2) - HS/(fl/zq/z) = f1 (s) b\/g LR

HK(*1/27+1/2) = HV(+1/2—1/2 =—f1(s)v/2s_,

ma, + ma
H{?+1/2,+1/2) = _Hf?—l/2,—1/2) = go (8) b\/g V-
ma, — MA
H(ﬁ+1/2,+1/2) = _H(I)A(—l/Q —1/2) = 9+ (8) ——F—— \/g VAR
Hﬁ(—1/2,+1/2) = _HA(+1/2 —1/2) = —91L (s) V2
HOT(+1/2,+1/2) = o( 1/2,-1/2) = +(s) \/5\/5 )
HI( 1/2,41/2) = HT(+1/2 —1/2) = = hy (s) (ma, +ma) /25—,
Hylajoqasy = —Holaja 1) = = hy (5) V555,
H+( 1/2,41/2) = HT(+1/2 -1/2) = hi (s) (ma, —ma) /254, (3.20)

where fo(g0), f+(9+) and fi(g1) denotes time-like, longitudinal, and transverse components of
vector (axial-vector) currents. The kinematic functions used in the above equation are defined as

st = (mp, £mp)? —s.
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The transversity amplitude can be written in terms of helicity amplitudes as [67]

Il

L(R mec

A = +\@N<(C+¢C 0) Hi(Cappnym — = Hi 1/2+1/2))
L(R _ _ meC

4,7 = \/iN<(09 F Cro) Hi(C1jo i+ = H{1p +1/2>>

L(R 2mbC
ALE) b= +VaNv <(Cg F Cfy) Hy 0(+1/2,41/2) T T4 —r HT(+1/2 +1/2)>
L(R 2mbC
AHO( b= Vv (( o FC) H (+1/2 +1/2) T —r HT(+1/2 +1/2)> (3.21)
sA/2(m2 m2, s
where N = GFV}th";ae\/ 3.;1/\”3 - ) and
mAb7r
Cy = Cy+Ci, Cy = Cy — C§, Cy = Cro + Cig
Cro = Cio—CYy, Ct =Cr+ Y, C; =Cr—Cj.
In case of the SM, all the primed WCs are zero.
3.5 Lepton Helicity Amplitude
The lepton polarization vectors in the dilepton rest frame are given as
Ei = %(07 1, ’L,O), = T( i70)7
et =(1,0,0,0), = (0,0,0, ) (3.22)
and the corresponding Lepton momentum vectors in dilepton rest frame are [67]
Qf = (Eg’*’q|SiH9£,0,*|q|COSGZ)7
@ = (Eglalsing,0,|q| cosby),
with B, = ¥ and |q| = \/EZ — m2.
Helicity amplitudes for leptons are defined as
Ly = @ (r) (L (m)L2(n) |7, (1 F 75)£2]0)
= EM(T‘)ﬂgl (?,m)’yu(l :F"YS)U%(_plvn)v (323)

where /1 = ¢+ and ¢5 = ¢~. The dilepton polarization vector is written as eZ(m) withm =1¢,0,+
and their explicit definitions are given in Eq. (3.22) [67]. In dilepton rest frame, spinors are written

as:

up-(s) = ( Ee F mexuls) >, (3.24)

25/ By — m@Xu(s)
B VE;— mZXU(S)
vt (s) = ( s Er T mgxels) ) ; (3.25)
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where

_ [costy/2 B [ —sin6,/2
Yu(+1/2) = (SM@ /2) : Yu(—1/2) = ( cos /2 ) , (3.26)
_ [sinf;/2 B [ —cosb,/2
Xwl(+1/2) = ( ) /2> S 2= ( o ) . (3:27)
Using above spinors in Eq. (3.23), we get
LE(+1/2,41/2) = LE(+1/2,41/2) = LE(~1/2,-1/2) = LE(~1/2,-1/2) = V2mysiné,,

LE(-1/2,-1/2) = LI*(-1/2,-1/2) = LE(+1/2,+1/2) = LE(+1/2,+1/2) = —V2mysin b,

LE(+1/2,-1/2) = —LE(-1/2,+1/2) = —\/5(1 —v)(1 — cosby),
LE(-1/2,-1/2) = —LE(+1/2,-1/2) = \/5(1 + v)(1 + cos by),

LR(41/2,-1/2) = —LE(-1/2,4+1/2) = — g(l—i—v)(l—cosw),

LR(=1/2,41/2) = —LE(+1/2,-1/2) = g(l—v)(lnLcong),

LE(+1/2,41/2) = —L§(-1/2,-1/2) = L¥(+1/2,+1/2) = ~L{(-1/2,-1/2) = —2my cos by,
LE(+1/2,-1/2) = L¥(-1/2,+1/2) = —/5(1 — v)sin6,,

LE(-1/2,+1/2) = L¥(+1/2,-1/2) = V/5(1 +v)sinby,

LE(+1/2,+1/2) = —LE(+1/2,+1/2) = LE(-1/2,-1/2) = —LE(-1/2,-1/2) = 2m,.  (3.28)

3.6 Cascade Decay A —» N«

The daughter baryon A produced in decay A, — A¢T¢~ subsequently decays to pm~— and governed
by the effective Hamiltonian [67]

4GF
NG

Matrix element for this decay is given as

H/‘iff = ——= Vs V.5 (dy* Ppu) (ay" Pps). (3.29)

Ha(sn, sn) = (N(pn, sn)m(pr)|(dy" Pow) (ay” Prs)|[A(pa, sa)) = [w(kn, sn) (s + w)u(pa, sa)] -

It involves two independent parameters, £ and w, extracted from A — Nm decay width and polar-
ization measurements. Using the kinematics defined in Sect. 3.3, one can write the contribution

of secondary decay to total decay width as:

I(sp,sh) = NV 2 ' T+T ZH’ (sa,sn)H™ (s, sn) (3.30)
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with 74 = (my £ my)? —m2 and

H'(£1/2,%1/2) = (\rrw +/1=¢) cos(04/2),
H'(+1/2,-1/2) = (7w + 7€) sin(6a/2)e",
H'(-1/2,+1/2) (—/Trw + /T—€) sin(fp /2)e . (3.31)

By using these relations, Eq. (3.30) gives

I'(+1/2,41/2) = (1+acosfp)Ty T(+1/2,—1/2) = —asin 04Ty,
I'(=1/2,-1/2) = (1 —acosfp)Ty I'(~1/2,+1/2) = —asinfpe €Ty,  (3.32)

with

,/7’4_7’_ 2 2
Ty = |N? (r— €17 + r4fwl), (3.33)
167rm§’\

and parity violating decay parameter

o 2R[w*¢] .
Vel el

3.7 Angular Decay Distribution

(3.34)

Now we are in a position to combine hadron and lepton helicity amplitudes to get the four-fold
angular decay distribution. We can assemble the hadronic and leptonic parts given in Egs. (3.20

and (3.28) in the following way

1 % ’ r*
’M‘Q - Z Z Z Hm(*SAb’SA)Hn (SAvaZ\)gm,m'gn,n’Lm (5517352)1’” (3517332)F/(5A73;\)a

!
SAb’SE\) Seq+50y

where sum over polarization indices m(),n(") is understood. Differential decay distribution is

written in terms of amplitude square as

sAL/2 (m?\b, m?\, s)

911,33 5
32mAb7r

dT
ds dcos@p dcosb, dE

= G|V Vis[Pexe |M%, (3.35)

which results

d‘T 3 , .
ds dcos Oy dcos Oy d = & Kiss sin? 0 + Kice cos? 0y + Kq.cosfp + (KQSS sin? 0p + Koce cos? 0,

+  Kyccosbp)cosOp + (Kssesinfycos by + K3 sin ) sin Oy sin &

+  (Kysesinbycos by + Kygsinby) sinfy cos|. (3.36)
For angular variable Kj,,, the [ and m denote the relative angular momentum and its third

component for pr and £/~ systems, respectively. In Eq. (3.36), 8, and 6, are the helicity angles,

¢ is the azimuthal angle and s is the dilepton mass square. The different angular coefficients
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correspond to the particular values of the (I ,m), e.g., the coefficients of cos? @y, sin?#, and cos 6,
correspond to Ko o whereas coefficients of cos? 0, cos Oy, sin? 0y cos O, and cos by cos O correspond
to K1, o and the last four terms correspond to Ki 1. These angular parameters K; ;, where i =
1,---,4 and j = ss,cc,c,sc,s are functions of the square of momentum transfer s. Angular

coefficients that are introduced in Eq. (3.36) can be written in terms of transversity amplitudes

as:
Kiss (s) = i_\A I JF‘AHl +2]4% |? +2‘A ( + ( R(—)L)]
—mf [14F |2+|A‘|0|2+(R<—>L)}+ﬂRe[A AL 4 AR A (Lo )],
Kice (s) = % |AT \+‘A ] +RHL)}+[|A 2 — AT P+ AP = AP + (R<—>L)}
+2ﬂR [AT A+ AR A+ (L )],
Kie(s) = —vRe{A AR (R<—>L)}

2
20mLZ

llo llo llo

Kass (s) = %Re{A AH +2A% Arl 4 (R<—>L)}— Re [A At AL A*L}

s
2am?
_l’_

Re [AR ATE + AR A5 + AR AGE 4 Af ATE],

2am£

Ko (s) = aRe{A AH (R(—)L)}—i— Re [A A” — AR AR (RHL)}

20(7’)2? *L *L
av 2
Kals) = =% [|Aﬁ\ + ‘A{ﬁ —(R& L)] ,
2v/2am? .
@ R * R *R
«Q *
2v/2am? N
Kise(s) = %Re {AﬁA — AR AR (R e L)}
o *R *R
« *
Kigs) = 5FRe {AflA AﬁAH —(R& L)} . (3.37)

3.8 Observables

From the four-fold angular decay distribution, a number of physical observables can be obtained

after integrating on different parameters among 60y, 04, & and s.

3.8.1 Differential decay rate and different asymmetry parameters

One of the most important observables from the theoretical and experimental point of view, is the

differential decay distribution. By integrating over 6, € [0, 7], 65 € [0, 7] and & € [0, 27], the
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expression for the differential decay rate becomes

dr’
E = Kice + 2K 5. (338)

In addition to the decay rate, we can extract several asymmetry parameters that correspond to
different angles and can be separated by doing different integrations one by one. For example, by
integrating on 0y € [0, 7] and £ € [0, 27|, the expression for the differential decay rate takes the

form

ar
dsd cos 0,
where oy, is the asymmetry parameter for the longitudinal polarization of the A baryon. It can
be noticed that if we integrate Eq. (3.39) on 0 € [0, 7], we get back the Eq. (3.38). In terms of

the helicity parameters Kj; j, the asymmetry parameter ag, can be expressed as follows:

= (Kice + 2K55)[1 + g, cosbp], (3.39)

Koee + 2K
ag, = 2cc 2557 (340)
chc + 2K155
with I?” = % Here ap is the asymmetry parameter corresponding to the parity violating

A — pr~ decay and its experimental value is apy = 0.642 4 0.013 [216].
Similarly, by performing an integration on 65 € [0, ] and & € [0, 27| and leaving the angle
8¢, we will have asymmetries corresponding to angle ¢,. In terms of ap, and a’eé, the differential

decay rate can be formulated as

dar

dsdcosd, = Kiss[1 + ay, cos® 0, + 0/9[ cos 0], (3.41)
with
Kice — Kiss / Ky
R ap, = 7o 3.42
g Kiss O Kiss ( )

On the same lines, if we perform integration on the helicity angles 6, € [0, 7] and 0, € [0, 7], Eq.

(3.36) can be written in terms of asymmetries corresponding to the angle & as

dl’ )
= (Kice +2K154)[1 + ¢ cosf—l—o/E sin &], (3.43)
dsd§
where
37’[‘2j€45 ’ 371'2[}33
Qe = , Qe = . 3.44
¢ 16(chc + 2Klss) ¢ 16(chc + 2Klss) ( )

From Eq. (3.36), the s dependence of the transverse (o) and longitudinal (o) asymmetry

parameters are written in the following form [218]:

o Koee ar — Koss
- ) L — .
chc Klss

ay (3.45)

Even though one of the important observables is the decay rate, but it is prone to the uncertain-

ties arising from different input parameters where the major contributors are the FFs. It is a well-
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Table 3.3: Experimentally measured observables for the decay A, — Ap™p~ [217].

S Br Fr, A%B A%B
[0.1,2] 0.3670121002 £ 0.07  0.5679:23 +0.08 0377037 +0.03  —0.12%93L +0.15
[15,16] 112700191005 £ 0.23 0497030 £0.05  —0.107018+£0.03  —0.197515 £0.03
16, 18] 1.22701410:08 4 .25 0.681035 £0.05  —0.077015+£0.04  —0.447082 +0.03
(18, 20] 1.2410-1915-06 1 0.26 0.6270:21 + 0.04 0.01701%4+0.04  —0.13%9Y +0.03
(15, 20] 1.2010-5015-02 4 0.25 0.617011+0.03  —0.057089 £0.03  —0.297097 +0.03

established fact that the zero position of the forward-backward asymmetry in the different semilep-
tonic decays of B—meson has minimal dependence on the FFs [219]. Based on these observations
the different forward-backward asymmetries are exploited in the Ay decays [62,67-70]. The forward-
backward asymmetries corresponding to the lepton angle 0, is defined as A%z = (F — B)/(F + B).
Similarly, the hadron-side forward-backward asymmetry, i.e., the asymmetry corresponding to the
hadronic angle 0 is A% = (F—B)/(F+B). In both cases, F' and B are the forward and backward

hemispheres, respectively. From Eq. (3.36), these forward-backward asymmetries become

_ 3K A
4Klss + QI(lcc7

2K253 + Kch

A%B FB~— 77 | o010
4Klss + 2chc

(3.46)
We take this opportunity to mention that in case of the Ay, — A(— pm)utu~ decay, the sequential
decay A — pm is parity-violating. Therefore, the helicity components with the polarizations of the
proton to be :l:% are not the same and hence the hadron-side forward-backward asymmetry is non-
zero in these b—baryon decays. This is contrary to what we have seen in the B — K*(— Km)utu~
decay. In addition to this, the combined lepton-hadron forward-backward asymmetry can be

expressed as
3K,

B 8Klss + 4chc.

According to experimental point of view, the other interesting observables are the fractions

A (3.47)

of longitudinal (F7) and transverse (Fr) polarized dimuons in A, — Au™p~ decay and Ff, has
already been measured in different bins by the LHCb Collaboration [217]. In order to achieve the
mathematical formula of these helicity fractions we have to integrate the four-folded differential
decay rate given in Eq. (3.36) on 0y € [0, 7] and £ € [0, 27]. Their explicit expressions in terms

of K; ; are
_ 2 28355 — Kiee
2Klss + chc7 2Klss + chc‘

Experimentally measured values of observables are given in Table 3.3.

Fr FL=1-Fp= (3.48)

3.8.2 Decay foldings and angular coefficients

The four-fold decay distribution defined in Eq. (3.36) gives us a chance to single out the different

physical observables by studying different foldings. In semileptonic B—meson decays, such foldings
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have been studied in detail especially the penguin asymmetries P, where P5(/) is the most important

[201]. On the same lines, by using the foldings defined in Table 3.4, corresponding to different
variations of azimuthal angle { while taking 6, € [0,5] and 5 € [0
expressed in terms of different angular coefficients as:

, 5], these foldings can be

dl’ K ce
?1 = SE ].i + Py sin 6, + Pg cosOp + Pasin® O, cos O, + 738 cos 0y + P3 cos By cos HA]
T

dil:2 = % :4 Kice + 2P sin Gg + Pg sin Oy sin O cos & + 2P, sin 6y cos B, sin O sin ‘f}

d?)’ = 8% :4 Kice + 2P, sin? 6, + Pg sin 0, sin O cos & + 2P5sin By cos 0, sin O cos & + Pg cos 94
C? = 8% Klicc + 2P sin? 0 + Pg sin O sin 5 cos & + Py sin O sin O sm{]

dl£5 = % :4 Klicc + 2Py sin? 0 + Pg sin by sin O cos & + 2P cos by cos GA]

d;‘G = 8% _4 Krl‘cc + 2P sin? 0, + Py cos O + 2P, sin? 0, cos 0 + Pg sin O sin 05 cos f} (3.49)

Following things can be noticed from Eq. (3.49):

e The coefficients of sin? §, and sin? 6, cos @, correspond to the angular coefficients named as

P1 and Pa, respectively.

e The coeflicient of cos 8y cos 6 corresponds to the angular coefficient P3 and that of sin 8, cos 8, sin 6 sin &
is 734.

e P5 is the coefficient of sin 8, cos 0y sin 0 cos £, where as Py is the coefficient of sin 6, sin 85 cos &.
e P7 Ps and Py are the coefficients of sin 8, sin 8, sin &, cos 8y and cos 0, respectively.

In terms of the different helicity components, the angular coefficients P;, ¢ = 1,...,9 are

2 2 2K.
Pl = = (Klss - chc) 5 732 = = (K238 - KQCC) 5 7)3 = AQC’
T T T
2K 2K 4K,
,P4 _ ,\386, 7)5 _ ,\4567 PG _ /\43
T r r
4K 4K 4K
P? _ A35’ ,PS _ Alc, ,Pg _ ~2cc (350)
r r T

where [ = ?TI;' It is worth mentioning that while obtaining the different P;’s, we have used the

first six foldings defined in Table 3.4, because the last two foldings do not add any new observable.

In order to compare the results with some of the experimentally measured observables and to

propose possible candidates that might be useful to establish new physics, the interesting quantities

are the normalized fractions calculated in different bins of square of dimuon momentum i.e., s = ¢>.

The normalized branching ratio, various asymmetry observables, and different angular coefficients
can be calculated as .

| X ds
(X) = Smn (3.51)

Smax

J (%)ds

Smin
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Table 3.4: Foldings required for P;’s for which 65 € [0, 5], 6, € [0, §] and £ vary in different range

corresponding to different observables [201].

Folding ¢ Range
1- 1 dl' (&, 01,00) +dl (§ — 7, 0;,04) [0, 7]
2- | dl'(§,01,0A) +dU (£, 01, ™ — 0p) +dT (=&, m — 01,04) +dl' (=€, 7 — 0, ™ — 04) [0, 7]
3- | dU(&,01,05) +dL (§,0;, 7 — Op) +dL (=€,01,04) 4 dT (=€, 01, ™ — 07) [0, 7]
4- | dU'(§,0,00) +dL (&,0;, ™ — 0p) +dT (&, — 0,04) +dL (§,m — 0y, ™ — 0p) [0, 7]
5- | dl'(§,01,0A) +dU (=€,0,05) +dU (§, 7 — 01,7 — Op) +dI' (=€, 7 — 01, ™ — 04) [0, 7]
6- | dl'(§,01,0n) +dI' (=€, 0,,05) +dT (§,m — 0;,04) +dI' (=&, ™ — 0;,04) [0, 7]
7- ar (6,0[,9/\)—‘1-(11—‘ (71-_57‘9%91\) +dr(€’ﬂ—_9l’9/\)+dr(7r_£’7r_01701\) [_7"-/2’71—/2}
8- | dU(§,01,04) +dl (m —&,01,07) +dU (§,m — 0, m — 0p) +dl (m =&, m — O, m —0p) | [-7/2,7/2]

In the next chapters 4 and 5 we perform the numerical analysis of these observables in the SM,
7', and RSc models. In chapter 6 we re-derive some of these observables by using the most general

model independent Hamiltonian and then discuss them numerically.
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Chapter 4

Analysis of Angular Observables of
Ap = A(— pm)puTp~ Decay in
Standard and Z’ Models

The Z' models are among the minimal extensions of the SM, where an additional U(1)" gauge boson
is introduced. In grand unified theories, extra-dimensional models, and superstring theories, this
coupling is incorporated naturally. In this chapter, after summarizing the main features of family
non-universal Z’' model, we analyze A, — A(— pr~ )¢t~ decay in the framework of this model
and compare the numerical results of different physical observables with that of the SM predictions

and experimental measurements where available.

4.1 Family non-universal Z' model

If Z' gauge couplings are assumed to be family universal, they appear diagonal in mass eigenstate
basis even if fermion flavor mixing occurs due to the GIM mechanism. However, it is possible
to have a non-diagonal chiral coupling matrix leading to family non-universal Z’ model where
the coupling of Z’ boson to different fermion families is different. These couplings favor FCNC
processes at the tree level which are stringently forbidden according to the SM. When quark and
lepton mixing occur, flavor changing and CP-violating Z’ vertices are generated due to these non-
universal Z’ couplings. Z — Z' mixing is also a cause of flavor violating Z couplings. Flavor
changing and CP-violating processes can constrain Z’ couplings, the mass of Z’ boson, and Z — 7’

mixing angle. The Lagrangian of neutral current in gauge eigenstate basis [220]
Lne = —eJ"AF — g1 IV 28 — g, P ZE, (4.1)

where Z1 and Zs are gauge bosons of SU(2) x U(1) and additional U (1)’ gauge groups, respectively
and g1 and g9 are their corresponding gauge couplings. The current corresponding to U(1)" gauge

symmetry reads as:

_ ) )
Ti=2_biwm [EfpzijPL + Efp])zijPR vy, (4.2)

0,
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(2)

where €yL,R;; is a chiral coupling between U (1)’ gauge boson and fermions and indices 7, j denote
quark or lepton flavors. Flavor changing currents can arise either from non-diagonal couplings ¢(?)
or non-universal diagonal couplings with fermion mixing. Current in gauge eigenstate basis can
be transformed into fermion mass eigenstate basis by diagonalizing ¢ by unitary matrices ng R

and can be rewritten as

2 = ZEW {ijLPL + BijRPR} X;>» (4.3)

where
BYLR (VLR Sy ) " (4.4)
These off-diagonal elements BZ-?L’R are generally complex and corresponding phases are inde-

pendent for different fermion flavors but hermiticity of Lagrangian implies that diagonal elements
must be real. For b — s process, the corresponding coupling includes b — s — Z’ vertex which are
BSLb’R = ]Bi’R]ei‘z’sL’R where gbg’R are weak phases. In the presence of lepton and quark mixing, Z’
vertices corresponding to flavor changing and CP-violating currents are induced. Z — Z’ mixing
also leads to flavor violating Z couplings. There are stringent bounds on the mass of extra Z’
boson and Z — Z' mixing angle from collider search experiments at Tevatron and precision data
respectively.

Long ago Langacker and Pliimacher included a family non-universal Z’ boson through addi-
tional U(1)" gauge symmetry [126]. In contrast to the SM, having a non-diagonal chiral coupling
matrix; in a family non-universal Z’ model, the FCNC transitions b — s¢™¢~ could be induced at
tree level. Ignoring Z — Z’ mixing, along with the assumption that the couplings of right handed
quark flavors with Z’ boson are diagonal, the effective Hamiltonian for the b — s/~ transition

corresponding to the Z’ boson becomes [221-223]:

2GF sngg
— Vi Vi
V2 T (Vv

In Eq. (4.5), SZLE and Sﬁ represent the couplings of Z’ boson with the left- and right-handed

BaSjy
VinVis

HZ (b — stT07) = (5b)y—a(20)y_a + (30)y—a(l0)y4a|. (4.5)

leptons, respectively. The corresponding off-diagonal left-handed coupling of quarks with the new
Z' boson is taken care of by By, = |Bsb]e*i¢’sb, with ¢4, a new weak phase. In a more sophisticated

form, Eq. (4.5) can be written as

_4Gr

HZ (b — stT07) = N

P Vi [ApCZ Og + Ay CZ 010] , (4.6)

where "
4re "Psb ,
Ag=— CZ' = |Bgy|SLL : ' = |By|D 4.7
b Vv 5 = [Bsb|SLL Cly = Ba| DL (4.7)
and
Srr = ShL+ Sk Drr = Sk — sk (4.8)

By comparing Eq. (3.1) and Eq. (4.6) it can be noticed that except C;ff, which is absent in the

Z' model, the operator basis of the family non-universal Z’ model is the same as that of the SM
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Table 4.1: Numerical values of the different input parameters corresponding to the SM [44,216].
The WCs are given at the scale p, = 4.2 GeV to NNLL accuracy in the SM [111].

Gr 1.16638 x 1075 | as(my) 0.1182 mbere 4.78
1 4.2 my 91.1876 e 5%
My 0.135 mg 0.494 ma, 5.619
mp 5.279 Vi Vi 0.04152 ma 1.116
TA, 1.466ps Qap 0.64 4 —0.294
Cy 1.017 Cs —0.0059 Cy -0.087
Cs 0.0004 Cs 0.001 Cy —0.324
C —0.176 Cy 4.114 C1o —4.193

for Og 19. Hence the contribution arising due to the extra Z' boson is absorbed in the WCs C’gef 4
and Cqg leaving the operator basis to be the same as that of the SM.
The total amplitude for the decay A, — A¢T¢~ is the sum of the SM and Z’ contributions, and

it can be formulated in terms of A, — A matrix elements as

—_ G (e} * — ot [y, ot (g,
MRy = M) = =TV Vi [(A () [57(1 = 956140 (pa)){C™ (0270) + CI5 (8570
2my . . » _

== M) [Siywg” (14 77)blA (o, ) 1), (4.9)

where C{ = Cgff + ApC¢ and CIF = CSM + Ay, CFy, with Cgff defined in Eq. (3.3). Therefore,
this leaves the helicity formalism to obtain decay distribution, similar to that mentioned in chapter
3, except the difference that Cgf 7 and Cho are replaced with C§" and C%% as given in Eq. (4.9).

4.2 Numerical Analysis

In this section, we discuss the numerical results obtained for the different observables defined in
Sect. 2.9 in both the Standard and Z’ models for the Ay, — A(— pr~)utp~ decay. In Ay — A
decays, the final state A — pm~ is a parity-violating decay and the corresponding asymmetry
parameter (ay) has been measured experimentally [216]. This is really helpful in disentangling
the direct Ay — pr—ptu~ from the one that occurs through the intermediate A decay that
subsequently decays to pr~. This is contrary to B — K*(— Km)utpu~ decay, where the final
state K* meson decays to K7 via the strong interaction. Therefore, the angular analysis of
Ay — A(— pr™)uTp~ decay is quite interesting from both theoretical and experimental point of
view [62,67]. In addition to the input parameters given in Table 4.1, the other important ingredient
in the numerical calculations of Ay decays is the FFs. In the numerical calculation, we will use
one of the most accurately calculated FFs at the QCD lattice [44] with 241 flavor dynamics (c.f.
Table 3.1) along with the next-to-next-to-leading logarithmic (NNLL) corrections to the FFs for
the SM that are given in [224].

In addition to the FF's, the numerical values of the other input parameters that correspond to
the Z' model are given in Table 4.2. Using these values a quantitative analysis of above calculated
observables in various bins of s is presented in Tables 4.3, 4.4, 4.5 and 4.6. In the whole analysis,
we have observed that the results are not sensitive to the different scenarios of the Z’ model;

therefore, we have used only the scenario S1 to generate the results in various bins of s.
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Table 4.2: Numerical values of the parameters corresponding to the different scenarios of Z’

model [102].
|Bgp| x 1073 ¢sp (in degrees) Srr x 1072 Dy x 1072
S 1.09 +0.22 == —2.8+3.9 —6.7+2.6
So 2.20£0.15 —82+4 —-12+14 —25+0.9
Ss 40+1.5 150 £+ 10 0.8 —2.6

4.2.1 Decay rate

The first observable that is of prime interest from both theoretical and experimental points of view
is the branching ratio in different bins of s that can be set up by the experimentalists. From Eq.
(3.38), in a bin s € [1.1,6] (large-recoil) the average value of branching ratio in the SM and Z’

model reads:

(Brisn = (0.4667550%) x 1077,
(Bryz = (0.70915-4%) x 1077, (4.10)

whereas the measured value at the LHCDb experiment in this particular bin is [217]
(Br)ezp = (0.0915:58) x 1077, (4.11)

By looking at Egs. (4.10) and (4.11), we can say that the deviations from the measured value in
this bin are quite large in the SM and ever larger in the Z’ model. One possible reason for such a
large deviation is that the FFs are not very precisely calculated in this region. Contrary to this,
the calculation of FFs is more precise in s € [15,20] (low-recoil). In this bin the average value of

the branching ratio in the SM and Z’ model becomes:

(Brism = (0.7311519%) x 1077
(Bryg = (11797527 x 1077, (4.12)

The experimentally measured value in this bin is [217]
(Br)ezp = (1.20 £ 0.25) x 107", (4.13)

This can be reconciled because, in this region, the deviations from the measured values are small
compared to that of the large-recoil bin: the deviations are 3.20 and 0.1c in the SM and Z’ model,
respectively. Hence, the results of the branching ratio in the Z’ model for the low-recoil bin look
more promising when compared with the corresponding experimental value. In the future, when
we shall have more data from the LHCb experiment and Belle II, on one hand, it will give us a
chance to see possible hints of the extra neutral Z’ boson and on the other hand, it will help us to

test the SM predictions with better accuracy.

4.2.2 Forward-backward asymmetries

It is a well-known fact that the branching ratio is prone to uncertainties arising due to the FFs. In

order to cope with some of the uncertainties, there are observables such as the A baryon forward-
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backward asymmetry (A% ) and lepton forward-backward asymmetry (A% ;) that are measured
with respect to the baryon angle 8, and lepton angle 6, respectively. The asymmetry A% p can be
expressed in terms of the ratio of a linear combination of the angular coefficients Kogs and Ko.. to
a linear combination of the angular coefficients K55 and K., as given in Eq. (3.46). Owing to
change in the value of Wilson coefficient Cy in the Z’ model, Koss and K. get more contribution
as compared to Kz and Ki... Hence, this will result in significantly different values of A/} p in
the SM and Z’ model. In the first large-recoil bin s € [0.1,2] GeV?, our results for A% in the SM

and Z’' model are
(App)sm = —0.31170007 (App)z = —0.06710003 ,

whereas the experimental result in this bin is [217]

(AFp)eap = —0.127535

It can be noticed that in comparison with the central values of the experimental measurements
in s € [0.1,2] GeV?, the value of Z’' model is 1.8 times smaller, whereas the one in the SM is 2.5
times higher. In the low-recoil region (s € [15,20] GeV?) the calculated values of A%, are

(Afpsn = —0.27373583 (Abp)z = —0.13713 00
and the experimental value in this particular bin is [217]
(APp)erp = —0.297007 .

It can be seen easily that at low-recoil, the SM prediction is close to the experimentally measured
value and the deviation is 0.20. The Z’ value of A% p exceeds the experimental result by 2.20.
From the above discussion, it is clear that in the first large-recoil bin both the values of the SM
and Z' model deviate significantly from the experimental result for this bin, whereas at low-recoil
the SM prediction is much closer to the experimental result compared with the Z’ model. We
hope that in the future when more data comes from the LHCb, the results of measurements will
become more concrete to compare with the SM and to see if the deviations can be accommodated
with the Z’ model.

Another observable which is clean from the QCD uncertainties and that has been experimen-
tally measured is A% 5, which is an asymmetry with respect to the lepton scattering angle (6;); its
mathematical expression is given in Eq. (3.46). Here, it can be noticed that A% g depends on the
angular coefficient K7, and its denominator is the same as that of A% 5. The angular coefficient
K. is higher for the SM than the Z’ model for s < 4 GeV?, whereas its behavior reverses when
s >4 GeV2 For s <4 GeV?, K. is dominated by CQZ' whereas for s > 4 GeV?, the terms
containing CZ " dominate over the one that contains c? ". Therefore, A% p increases with s at the
start of the large-recoil and then it starts decreasing and crosses the zero point at around 4 GeV?2.
Our results for <A§7 p) in the SM and Z’ model calculated in the experimentally set-up bin [0.1, 2]
GeV? are

(Afp)sm = 00837555 (Afp)zr = 004070057 .
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The experimental value of A% in the corresponding bin is [217]:
<A%B>oxp = 0371—82; (4.14)

In Eq. (4.14), one can see that the errors are significant, and it is likely to improve with future
data from LHCb. However, the current central values are significantly away from the SM and Z’

values. In low-recoil region (s € [15,20] GeV?) the results for this asymmetry are:
‘ 0.007 ¢ 0.003
<AFB>SM = *0-180:),005 ’ <AFB>Z’ = *0'135t0.002
and for comparison the corresponding experimental value in this bin is
¢ 0.09
(AFB)exp = —0'05t0.09‘

It can be deduced that in this particular bin the average value of A% p in Z' is comparable to the
lower limit of the experimentally measured value, i.e., —0.14.

The last in the category of the forward-backward asymmetry is A%AB which mainly depends on
the angular coefficient Ko, (c.f. Eq. (3.47)). Compared to the SM, the value of Ky, is higher in

the Z' model. At large-recoil our results in the SM and Z’' model are
(A¥g)sm = —0.0117750¢ (AFp) 7z = —0.00975:053 |
whereas at the low-recoil, the combined lepton-hadron forward-backward asymmetry is
(AF)s)sm = 0.06976:003 . (A¥) 2 = 0087750, -

It can be seen that at large-recoil the deviations between the SM and Z’ model are small, and it

grows significantly in the low-recoil region.

4.2.3 Longitudinal and Transverse polarization fractions

The next observable to be discussed here is the fraction of longitudinal polarization (F7) of the
dilepton system. Due to linear combinations of the same angular coefficients (K55 and Ki..) in
both numerator and denominator of Fy, the Z’ model is not much different from the SM. The

values in one of the large-recoil bins, [0.1,2], for the SM and Z’ model are:
(Fr)sm = 057670031 , (Fp)z = 04632053
and the corresponding experimental result is:
(FL)exp = 0.56 7755 -

It can be observed that it is in good agreement with the SM value and somewhat differs from the
corresponding value in Z’ model for this bin.

At low-recoil, the values for SM and Z’ are:
(Frysm = 071355505 , (FL)z = 05900907
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and the corresponding experimental result for this bin is:
(FL)exp = 0.6107; -

In contrast to the large-recoil, at low-recoil, the results of F, in the Z’ model are closer to the
experimentally measured results. Therefore, to uncover the imprints of the neutral boson in the
longitudinal helicity fraction of the dimuon system in A, — A(— pr)u*p~ decay, the low-recoil
bin might provide fertile ground.

Having compared the SM and Z’ model with the experimentally measured values of the different
observables as discussed above, we will now exploit some other observables that may be of interest in
the future at the LHCb and different B-factories. In connection with Fp, the fraction of transverse

polarization Fr depends on Kj.. and Kigs and its value at the large-recoil is:
(Pr)su = 0.136+002) | (Fr)z = 013470952

where it can be seen that the value in the Z’ is very close to the SM result. However, at low-recoil,
(Prism = 0.28770005 (Fr)z = 0.4100007

the results for the Z’ model significantly differ from those of the SM. Hence, measurement of
the fraction of transverse polarization in the low-recoil region will help us to see the possible

contribution of the neutral Z’ boson in these b— baryon decays.

4.2.4 Asymmetry parameters o's

It is well known that in the case of the A, — AJ/v¢ the different asymmetries have been experi-
mentally measured. Motivated by this fact, let us explore the asymmetries corresponding to the
hadronic angle 0 and 6y one by one. The asymmetry arising due to the angle 0, is defined as g,
and its explicit expression is given in Eq. (3.40); the corresponding numerical values at low- and

large-recoil bins are tabulated in Table 4.3. In the large-recoil bin s € [1 ,6] GeV? the value reads:
(g, )sm = 09845507 (g, )z = —0.39075055 -

Similarly, in the low-recoil bin s € [15 ,20] GeV?, our calculated results for this observable are:
(g, )sm = —0.8515007 , (g, )z = —0.427750] -

Here we can see that ag, differs in the Z’ model from the SM results significantly in both low-
and large-recoil bins.

Likewise, the asymmetry age that corresponds to angle 6, given in Eq. (3.42) depends on the
angular coefficient K., and therefore its behavior is similar to A% - The results in the large-recoil
bin s € [1,6] GeV? for the SM and Z’ model are:

(crp,ysm = 0.047H5032 (atg, )z = 0.02775003

where the value of ag, in the SM is 1.7 times that of the Z’ model. Similarly in the low-recoil bin
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(s € [15,20] GeV?) the results are:

{a,)sm = —0.2805015 () zr = ~0.22575507 -
It can be noticed that the results in the low-recoil bin are an order of magnitude large than the
corresponding values in the large-recoil bin both in the SM and in the Z’ model. These values are
quite large to be measured at the LCHb experiment to test the predictions of the SM.

We now discuss ay,, which depends upon the angular coefficients Kis, and Kie.. This is not
significantly affected by the couplings of the Z’ model and hence shows little deviations from the
SM, especially in the large-recoil region. In this region, the numerical values are:

(s, )sm = —0.8547550 (o) 2 = —0.857"5 01,

where it is clear that the values in both the models are almost the same. Similarly in low-recoil
region, the results in the SM and Z’ model are:

(g, )sm = —0.66575,015 (ag,) 2 = —0.48575 11

In comparison to the low-s region, here the values of 0/02 in the SM and Z’ model differ significantly.
Therefore, to establish the possible new physics arising in the Z’ model, an analysis of ag, in the
high-s region will serve as a useful probe.

Looking at g discloses that it depends upon Kys. At very low-s, C7 term dominates in the
SM which results in negative K4, but for s > 2 GeV?, the Wilson Coefficient Cy term dominates,
giving positive results. For the Z’ model CQZ " gets affected much more than C’7Z " for the entire range
of s and hence ag is expected to change significantly with s in the Z’ model from the corresponding
SM result. The values of ag in the bin s € [1,6] GeV? for the SM and Z’ model are:

{ag)sm = 0.0407507g (ag) 7z = 0.130 7050
and for the low-recoil region s € [15,20] GeV?, the values of the observable are:
{ag)sm = 0.0475007 . (ag) 2 = 0448750 -

Hence, it can be revealed that in the SM the value of oy is almost the same in the low- and large-
recoil bins, which is not the case for the Z’ model where a large deviation is observed in both bins.
Also, in both these bins, the results of the Z’ model are quite large compared to the SM results,
and experimental observation of a¢ will act as a useful observable.

The longitudinal (transverse) asymmetry parameter o, (ag) is the ratio of the helicity com-
binations Koss (Kace) to Kiss as depicted in Eq. (3.45). Their values in the large-recoil region

are:
(ar(ar))sm = —0.98977:000 (—0.9165:507) (ar(a))z = —0.386 0 503(—0.445040)
where we can see that in this bin the values of both the longitudinal and the transverse asymmetry

parameters in the Z’ model differ significantly from their respective values in the SM. This is due
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to the fact that the contribution of the extra neutral boson Z’ affects the value of K lesser than

Koss(Kaee). Now, in the low-recoil region
(ar(av))sm = —0.85270 055 (—0.8447503) (ar(av))z = 0458770 (—0.30725:063).

It can be deduced that the value of ar (o) in the Z’ is half that of the SM model in this bin.
With the current luminosity of the LHCb experiment, the values of these observables are in the
measurable range. Hence the experimental observation of these observables will give us a chance
to test the predictions of the SM and the possibility of exploring the imprints of the Z’ boson in
Ay — ApTp~ decays.

4.2.5 Angular observables from foldings

It is a well-established fact that certain asymmetries, such as P(/), that correspond to different
foldings in B — K*u* ™ have shown significant deviations from the SM predictions. It makes them
a fertile hunting ground to dig for the various beyond-SM scenarios that give possible explanations
and Z' is one of them [225]. Motivated by this fact, we have calculated such foldings in the decay
under consideration; their expressions in terms of the helicity combinations are given in Eq. (3.50).
Among them, the first one is the P; which behaves very similar to Fp. The average values of Py

at large-recoil in the SM and Z’ model are

(P1)sm = 0.796 0057 (P1)z = 079970008
and at low-recoil, the values are

(P1)sm = 0.56970 004 {P1) 2 = 038670008 -

Here, we can see that in the large-recoil region, the values in the SM and Z’ model are very close,
which is not the situation in the low-recoil region where the value of the SM is 1.5 times that of
the Z' model.

P, is the ratio of a linear combination of Koss and Ko, to the total decay rate. In most of the
bins, the SM results are more than twice the Z’ model values, and this can be seen in the results

at large-recoil, which are:
(Pa)sm = 0.51275195 {P2) 20 = 0.193%0:05 -
The situation persists similarly at the low-recoil:
{P2)sm = 0.316250; , (P2) 7 = 0.153%5:505 -
The behavior of P53 is similar to A% - The average values of P3 at large-recoil are:

(Ps)sm = —0.0301001% , (Ps)z = —0.02570:005 ,
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whereas the results at low-recoil become:
(Ps)sm = 0.18470007 (Ps)z = 0.23270 007

It can be observed that just like Py, for the asymmetry defined by Ps the average values in the
SM and Z’ model, are comparable at large-recoil but differ significantly at low-recoil. We have
observed that with 3fb~! of data, the LHCb collaboration has measured the A}}, p Which is of the
same order as P3. Therefore, it is expected that in the future P3 will be measured.

Average values of P5 at large-recoil read as:
(Ps)sm = 0.03010015 (Ps)z = 0.0347000%
and results at low-recoil are
(Ps)sm = 0.163%5:50 (Ps) 2 = 0.09135:00¢

This case is similar to P; and Ps as the values in both models are very close at large-recoil and
deviations started to appear in the low-recoil region of s.
Now we come to Pg, which depends on the angular coefficient Ky, and hence behaves as a.

The values of the observable in the SM and Z’ at large-recoil become
(Pe)sm = 005613097 , (Pe)z = 0.1801002% .
and the results at low-recoil are
(Po)snr = 0.066* 507 . (Ps)z = 0.6217555 -

From the above results, it can be easily deduced that the value of Pg in the Z’ model differs
significantly from the SM results both at large- and low-recoil, which is also the case for a¢. In
particular, in the low-recoil region, the value of this asymmetry is an order of magnitude larger
than in the large-recoil bin and it is in the experimentally measurable range with the current
luminosity of the LHCb experiment.

The next observable to be discussed is Pg which mainly depends on the angular coefficient K,

and therefore its behavior is exactly the same as A% p- Its results in large-recoil bin are:
(Ps)sm = 0.088+3970 (Ps)z = 0.05170003 ,
and at low-recoil:
(Ps)sm = —0.48010 0% | (Ps)z = —0.359T0-00r.

We can see that there is an order of magnitude difference between the results in the large- and
low-recoil region. Therefore, the number of events required to see the deviations in the low-recoil
region is much smaller compared to the large-recoil region.

The last observable in this list is P9, which depends upon the angular coefficient Ko... Its
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values at large-recoil are:

(Po)sm = —0.16010095 , (Po)z = —0.07610:057 ,

and at low-recoil the results become:

(Po)snt = —0.308%5003 (Po) 7z = —0.161¥7507.
We can see that the value of the SM is almost twice of the Z’ model in both regions.

In the case of Ay — A(— pm)uTu~ decay, the LHCb experiment has measured the value of
the branching ratio, forward-backward asymmetries, and longitudinal dimuon helicity fraction in
small bins of s. Therefore, we have tabulated the values of the above-mentioned observables in
large- and low-recoil regions in Table 4.3, and various small bins in Tables 4.4, 4.5 and 4.6. In
addition, to see the profile of these asymmetries we have plotted them graphically in Figs. 4.1, 4.2
and Fig. 4.3 with the square of the dimuon momentum s. We hope that in the future when more
precise results for various asymmetries come from the LHCDb, it will give us a chance to compare
the profile of various asymmetries calculated here with the experiments both for the SM and the
Z' model.

Table 4.3: Average values of different observables for Ay — A(— pm)utu~
regions.

in low and large-recoil

(as, ) (o) () (ac)
1.6 SM —0.984 10507 0.0470032 —0.85415057 0.04070 070
Uz | comely  owril  costyyl o,
Rz —0.427+000L g 9o5+0.000 —0.485j8.8§)§ 0.448f8_88é
o (o) (o) (dB/ds) x 1077
1.6 SM 0.00075-50¢ —0.9167005  —0.9897 0508 0.466 75750
oz —0.002£§.§§§) —0.445%?1)%5 —0.386%@@? 0.709(?&1;9%85
115.20] SM —0.05670000 —0.8447050%  —0.8527000% 0.7319-1%%
7 —0.049700%2  —0.3071050s  —0.458T0001 1.1799:311
<FTJ>rO 021 <FLiO 002 < iggOB <P1>+0 002
L6 SM 0.136 70027 0.86470097 —0.01170063 0.796 5007
A 0.134£§;§é§ 0.866}:@:(8)?% _0'009$§:08§§ 0.799}%%
115.20] SM 0.287 70008 0.71370 008 0.06975 00 0.569"0 00
A 0.41070057 0.59075-00F 0.0870:055 0.38610 052
<P23—0 00T <,P3>—i-0 009 <7D53—0 048 <P6> 0.097
.6 SM 0.51270007 —0.030700%% 0.030790%% 0.05670-0¢
7 0.19370:002 —0.025* 0005 0.03470007 0.1807 003
115, 20] SM 0.31670 05 0.18470007 0.16370 050 0.066 10007
A 0. 153+8 e 0. 232+3 oo 0.091005% 0. 621+8 e
(Ps) (Po)
1.6 SM 0.0887 0055 —0.16070 053
oz 0.0517000s  —0.076700%2
15.20] SM —0.4807507  —0.30870 052
’ 0.007 0.004
z' —0.3597 0 006 —0.16115003
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Figure 4.1: Branching ratio and various asymmetry parameters are plotted as a function of s.
The green curve correspond the SM results and red to the Z’ model. In both cases, the bands
corresponds to the uncertainties in the FFs and other input parameters.
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Figure 4.2: Different forward-backward asymmetries, F7,, Fpr and P; are plotted as function of s.
The color coding is same as in Fig. 4.1.
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Figure 4.3: The folded distributions P ... g, except P4 are plotted as function of s. The color
coding is same as in Fig. 4.1.
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Table 4.4: Numerical results of observables for the decay Ay — A(— pm)utp~ for the SM and Z’

model in appropriate bins.

(g, ) <agl> (ag,) (ove)
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Table 4.5: Average values of observables in the SM and Z’ model for A, — A(— pm)ptp™ in

appropriate bins.
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Table 4.6: Numerical results of Pg

and Py for the decay Ay — A(— pm)utpu~ for the SM and Z’
model in appropriate bins.
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Chapter 5

The Ay, — A (= pr~)uTp~ decay in
the RS: model

Although B—meson decays have been investigated extensively in different variants of the Randall-
Sundrum (RS) model [97,112,226-239], not many studies are devoted to the Aj decay in the RS
model [97]. Additionally, the present chapter includes new considerations and results which were
not available in the previous studies of the A decays entertaining the RS model. Firstly, we sum-
marize the main features of the RS model with custodial symmetry (RS.). Secondly, we consider
the current constraints on the parameter space of the RS, model coming from the direct searches
of the lightest Kaluza-Klein (KK) gluon, electroweak precision tests, and the measurements of
the Higgs signal strengths at the LHC, which yield much stricter constraints on the mass scale
of the lowest KK gluon M, 4> which in turn, prevent sizable deviations of the WCs from the SM
predictions. At a third step, we have not adopted the simplification of treating the elements of the
5D Yukawa coupling matrices to be real numbers as considered in [97,235], rather we take these
entries to be complex numbers as taken in [230,237] leading to the complex WCs instead of real
ones. Last but not the least, we use the helicity parametrization of the A, — A hadronic matrix
elements and for the involved FFs, the most recent lattice QCD calculations, both in the low and
high s regions, which yield much smaller uncertainties in most of the kinematic range [44] will be

used.

5.1 RS Model with Custodial Symmetry

In this section, we will describe some of the salient features of the RS model [136]. The RS model,
also known as a warped extra dimension, offers a geometrical solution of the gauge hierarchy
problem along with naturally explaining the observed hierarchies in the SM fermion masses and
mixing angles. In RS model, five-dimensional space-time is assumed with warped geometry in such
a way that when it is lowered to four dimensions new particles appear which may be excitations of
the SM particles or new particles beyond the SM. Five dimensional non-factorisable metric with

coordinates (z,y) is given as [97,232]

ds® = e_%ynw,dm“dm” — dy?, (5.1)
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where k ~ O(Mp)) ~ 10! GeV is the curvature scale, 7, = diag(+1,—1,—1,—1) is the 4D
Minkowski metric and y is the extra-dimensional (fifth) coordinate which varies in the finite interval
0 <y < L; the end points of the interval y = 0 and y = L represent the boundaries of the extra
dimension and are known as ultraviolet (UV) and Infrared (IR) brane, respectively. The region in
between the UV and IR brane is denoted as the bulk of the warped extra dimension. In order to

solve the gauge hierarchy problem, let’s take kL = 36 and define
Mgy = ke ™ ' ~ O(TeV), (5.2)

as the only free parameter coming from space-time geometry representing the effective NP scale.
In the present study, we consider a specific setup of the RS model in which the SM gauge group
is enlarged to the bulk gauge group

SU(B)C X SU(Q)L X U(l)X X SU(Q)R X PLR- (53)

This gauge group along with metric (5.1) describes the model. Ppp is discrete left-right symmetry
that implies mirror action of two symmetry groups SU(2)7, and SU(2)r and protects Zbyby, vertex
to avoid large Z couplings to left-handed fermions (which are not allowed experimentally). In the
chosen setup, all the SM fields are allowed to propagate in the 5D bulk, except the Higgs field,
which is localized near or on the IR brane. In the present study, we consider the case in which
the Higgs boson is completely localized on the IR brane at y = L. The RS, model features two
symmetry breakings. First, the enlarged gauge group of the model is broken down to the SM gauge
group after imposing suitable boundary conditions (BCs) on the UV brane.

SU(3)CXO(4)XU(1)X ~ SU(?))CXSU(Q)LXU(l)XXSU<2)RXPLR
— SU(@3)e x SU((2)r x U(1)y. (5.4)

Later on, the spontaneous symmetry breaking occurs through Higgs mechanism on the IR brane.
As a natural consequence in all the extra-dimensional models, we have an infinite tower of KK
excitations in this model. For this, each 5D field F'(z*,y) is KK decomposed to generic form

1 oo

F(at,y) = NG F (k) f (y), (5.5)
n=0

where F((z") represent the effective four-dimensional fields and f((y) are called as the 5D
profiles or the shape functions. n = 0 case, called as zero mode in the KK mode expansion of
a given field, corresponds to the SM particle. Appropriate choices for BCs help to distinguish
between fields with and without a zero mode. Fields with the Neumann BCs on both branes,
denoted as (++), have a zero-mode that can be identified with an SM particle while fields with
the Dirichlet BC on the UV brane and Neumann BC on the IR brane, denoted as (—+), do not
have the SM partners. Profiles for different fields are obtained by solving the corresponding 5D
bulk equations of motion (EOM). In a perturbative approach as described in [97,232], EOMs can
be solved before the electroweak symmetry breaking (EWSB) and after the Higgs field develops
a vacuum expectation value (VEV), the ratio v/M, , of the Higgs VEV v and the mass of the
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lowest KK excitation mode of gauge bosons M s can be taken as perturbation.! Starting with
the action of 5D theory, we integrate over the fifth dimension y to obtain the 4D effective field
theory, and the Feynman rules of the model are obtained by neglecting terms of O(v? /Mgz(l)) or
higher. On similar grounds, the mixing that occurs between the SM fermions and the higher KK
fermion modes can be neglected as it leads to O(v? /M;(l)) modifications of the relevant couplings.

Next, we discuss the particle content of the gauge sector of the RS, model and the mixing
between SM gauge bosons and the first higher KK modes after the EWSB. For gauge bosons,
following the analyses performed in [230,235], we have neglected the n > 1 KK modes as it is
observed that the model becomes non-perturbative already for scales corresponding to the first
few KK modes. Corresponding to the enlarged gauge group of the model, we have a large number
of gauge bosons. For SU(3)., we have Gﬁ (A =1,...,8) corresponding to the SM gluons with
5D coupling gs. The gauge bosons corresponding to SU(2); and SU(2)g are denoted as Wi,
and Wg, (a = 1,2,3), respectively, with 5D gauge coupling g where the equality of the SU(2)p,
and SU(2)gr couplings is imposed by Prr symmetry. The gauge field corresponding to U(1)x is
denoted as X, with 5D coupling gx. All 5D gauge couplings are dimensionful and the relation
between 5D and its 4D counterpart is given by g2P = g,/ VL, with similar expressions also existing

for ¢*P and gé}D . Charged gauge bosons are defined as

Wi T Wir

=+ _
WL(R)N = 7 (5.6)
Mixing between the bosons Wgu and X, results in fields Zx, and By,
Zx, = cos¢ Wgu —sing X,
B, = sing Wj, +cos¢ Xy, (5.7)
where
cos¢p = L, sin ¢ = S0 S (5.8)
VI + 9k V9 + 9%
Further, mixing between WE’IN and B,, yields the fields Z, and A, in analogy to the SM,
Z, = cosy Wgu —siny By,
A, = siny qu + cosv) By, (5.9)
with
1 .
cos ) = siny = sin ¢ (5.10)

V1+sin2¢ V1+sinZ¢

Along with eight gluons Gﬁ(—H—), after the mixing pattern, we have four charged bosons which are
specified as Wi (+4) and W}%(—jt) while three neutral gauge bosons are given as A(++), Z(++)

and Zx (—+). Moreover, we mention the following remarks about the masses and profiles of various

'Here we mention that we have employed a different notation for the mass of the first KK gauge bosons than
in [97,232] such that our Mkk corresponds to their f.

67



gauge boson fields that are obtained after solving the corresponding EOMs. Before EWSB, gauge
bosons with (+4) BCs have massless zero modes, which correspond to the SM gauge fields, with
flat profiles along the extra dimension. On the other hand gauge bosons with (—+) BCs do not
have a zero-mode and the lightest mode in the KK tower starts at n = 1. The profiles of the first
KK mode of gauge bosons having a zero-mode are denoted by g(y) and the mass of such modes is
denoted as M, while the first mode profiles of the gauge bosons without a zero-mode are given
by g(y) and the mass of such modes is denoted as M_, before EWSB. The expressions are given
by [240],

ky

€ M) M )
g(y) = E |:J1 <Z€ky) + bl(Mg(l))Yl <Z€ky>:| s (5.11)

~ eky M (1) -~ M (1)
g(y) — Fl [Jl <IZ€]€Z/ + bl(Mg(l))Yl %eky , (512)

where J; and Y; are the Bessel functions of first and second kinds, respectively. The coefficients
bl(Mg(l)) 751(Mg(1)) and N1 are

i (Mg(l) /k) + My /k T, (Mg(l) /k:)
b1 (M) = — / : (5.13)
i (Mg(1)/k> + Mg(1)/kY1 (Mgu)/k)
o Ji (Mgu)/k)
(V) = ——— ) (5.14)
Y <Mg<1)/k)
okL/2
N o= S (5.15)

VLM o)

The masses of the lowest KK gauge excitations are numerically given to be M a) >~ 2.45Mkk =
My and M q) >~ 2.40Mkk = M_. Notice that the presented KK masses for the gauge bosons are
universal for all gauge bosons with the same BCs. After EWSB, the zero-mode gauge bosons with
(++) BCs, other than gluons, and photon, acquire masses while the massive KK gauge excitations
of all the gauge bosons, except KK gluons and KK photons receive mass corrections. Due to the
unbroken gauge invariance of SU(3) and U(1)g, gluons and photon do not obtain masses such
that their zero modes remain massless while their higher KK excitations that are massive do not
get a mass correction as a result of EWSB and hence remain mass eigenstates. Furthermore, we
have mixing among zero modes and the higher KK modes. Considering only the first KK modes,

the charged and neutral mass eigenstates are related to their corresponding gauge KK eigenstates

via
Wi W;(O) VA Z(O)
wE | =gw | Wi |, Zy | =6z z0 |. (5.16)
W Wit z' A%

The expressions of the orthogonal mixing matrices Gy and Gz and the masses of the mass eigen-
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states are given explicitly in [97,232].

Next, the SM fermions are embedded in three possible representations of SU(2);, x SU(2)r,
that are (2,2),(1,1) and (3,1) ®(1,3). Which field belong to which multiplet is chosen according
to the guidelines provided by phenomenology. For the realization of the SM quark and lepton
sector in the RS, model, we refer the reader to ref. [97,232]. Moreover, other than SM fields,
several additional vector-like fermion fields with electric charge 2/3,—1/3, and 5/3 are required to
fill in the three representations of the SU(2);, x SU(2)r gauge group. Since we only consider the
fermion fields with (++) BCs, we do not discuss the new fermions which are introduced with (—+)
or (+—) choices of the BCs. Furthermore, we will restrict ourselves only to the zero modes in the
KK mode expansion of the fermionic fields with (++) BCs, which are massless before EWSB and
up to small mixing effects with other massive modes after the EWSB, due to the transformation
to mass eigenstates, are identified as the SM quarks and leptons. We have neglected the higher
KK fermion modes because their impact is sub-leading as pointed out previously. The solution of
the EOMs of the left and right-handed fermionic zero modes leads to their bulk profiles, which we

denote as f]gog%(y, cy) and their expressions are given by

0 1-— 20\11 k?L —c 0
[(/)(yvc‘l/) = 6((1_2&1’%2_16 \pkyv f]({)(yvc‘ll) = féo)(y,—c\y)- (5.17)

The bulk mass parameter cg controls the localization of the fermionic zero modes such as for
cy > 1/2, the left-handed fermionic zero mode is localized towards the UV brane, while for
cy < 1/2, it is localized towards the IR brane. Similarly, from the expression of the fg))(y, cy), the
localization of the right-handed fermion zero mode depends on whether cy < —1/2 or ¢y > —1/2.
For the SM quarks we will denote the bulk mass parameters Cé? for the three left-handed zero mode
embedded into bi-doublets of SU(2) 1, x SU(2) g, while for the right-handed zero mode up and down-
type quarks which belong to (1,1) and (3,1) @ (1, 3) representations, respectively [97,232,241],
we assign bulk mass parameters CZ’ 4 Tespectively.

The effective 4D Yukawa couplings, relevant for the SM fermion masses and mixings, for the

Higgs sector residing on the IR brane, are given by [230]

kL kL
d d)€ 0 ] 0 i/ g d)€ d
Vi = NI = L) (= Lacl(eh) = N T I, (5.18)
where X% are the fundamental 5D Yukawa coupling matrices. Since the fermion profiles depend
exponentially on the bulk mass parameters, one can recognize from the above relation that the
strong hierarchies of quark masses and mixings originate from the O(1) bulk mass parameters and
anarchic 5D Yukawa couplings )\Z(d)

mass eigenbasis is performed by means of unitary mixing matrices, which are presented by U (g)

. The transformation from the quark flavor eigenbasis to the

and Dy gy for the up-type left (right) and down-type left (right) quarks, respectively. Moreover,
the CKM matrix is given by Voxym = Z/lzDL and the FCNCs are induced already at tree level in
this model. This happens because the couplings of the fermions with the gauge bosons involve
overlap integrals which contain the profiles of the corresponding fermions and gauge boson leading
to non-universal flavor diagonal couplings. These non-universal flavor diagonal couplings induce
off-diagonal entries in the interaction matrix after going to the fermion mass basis, resulting in

tree level FCNCs. These are mediated by the three neutral electroweak gauge bosons Z, Z' and
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Zp as well as by the first KK excitations of the photon and the gluons, although the last one does
not contribute to the processes with leptons in the final state. The expressions of the masses of
the SM quarks and the flavor mixing matrices Ur(g), Drr) are given explicitly in terms of the
quark profiles and the five-dimensional Yukawa couplings )\;‘j(d) in [230].

Moreover, for this particular scenario, it has been shown that all existing AF = 2 and elec-
troweak (EW) precision constraints can be satisfied, without requiring too much fine-tuning, for
the masses of the lightest KK excitations of the order of a few TeV [230], in the reach of the LHC.
However, after the ATLAS and the CMS measurements of the Higgs signal strengths, the bounds
on the masses of the lightest KK modes arising from Higgs physics have grown much stronger than
those stemming from EW precision measurements [242]. In view of this, we have performed a scan
for the allowed parameter space of the model by considering all existing constraints, which will be

discussed later on.

5.2 Theoretical Formalism

The effective weak Hamiltonian for b — su*u~ transition in the RS, model can be written as

_4Gr
V2

HEPe = VisVis | C15 07 + CF5e0f + CF5e 09 + C§¥ 0

+ CR0y9 + OBS01 1, (5.19)

where G is the Fermi coupling constant and Vy,, V% are the elements of the CKM mixing matrix.
In the RS, model the WCs in the above effective Hamiltonian can be written as

S = oM LAY, (5.20)
where ¢ = 7,9,10. In the SM case, ignoring tiny contribution, when present, the primed coefficients
are zero while the unprimed WCs C; incorporating short-distance physics are evaluated through
perturbative approach. The factorizable contributions from operators O;_g g have been absorbed
in the effective WCs CS and C§T (c.f. Eq. (3.3) [29]. The expressions of these effective coefficients
involve the functions h(my, s), 8(7’9)(3) defined in [86], and the functions Fl(l’g)(q2), Fl(fc’g) (¢?)
given in [224] for low s and in [212] for high s. The quark masses appearing in these functions are
defined in the pole scheme. The long-distance non-factorizable contributions of charm loop effects
can alter the value of C’?H to some extent particularly in the region of charmonium resonances.
Modifications ACg(i)m, in the RS, model, evaluated at the scale O(M ) are given by [231]

ACy = AQYS —4AZ,,
sin® Oy
AY!
ACy = Sin29w—4AZ§,
ACyy = -— AY,
0= sin® Oy’
AY!
ACy, = g (5.21)
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where

1 AP (X)) — AR (X) <
AYs = - *Z L 2 2R A%(X)7
1 AP (X)) — AR (X) <
AYZ = = *Z L 2 zR A%(X),
VinVis % AMZ g5
1 A(X)
AZ, = [ Ab(X),
thV{;zX:8M)2(g%M sin® Oy LX)
1 A%M(X) bs

AZ =

AF(X). 5.22
VinVis & 8M% g2, sin Oy #(X) (5.22)

The sums run over the neutral gauge bosons X = Z, Z', Zz and A®Y) with g?gM = %m
ACS/) and AC{Q evaluated at the scale M ) do not need to be evolved to i, scale. In the case of
AC’%I), detailed calculation with the set of assumptions consistent with the calculations of AC’éf)lo
is given in Appendix C of ref. [235], where AC7 and AC/ are evaluated at the M, s scale. The

evolution at the scale py is given by the following master formula [234]
ACY (1) = 0.429ACY (M) + 0.128ACY (M), (5.23)

The decay amplitude for Ay, — Au™p~ can be obtained by sandwiching the effective Hamiltonian
displayed in Eq. (5.19) within the baryonic states
_ Gra N _ _
Mes. (Ap = Apt ™) = =V Vit (A (pa)[59,(C3 Pr, + C3¥ Pr)bl Aw(pa, ) (7" 1)

V27
A (Pa) 157 (C16 Pr + C1> Pr)b| Ay (pa, ) (07 1)

2m . » i _
_Tb<A(pA)|8wuuq (CF5ePr + CFe PL)b|Ab(pa, ) i 1| - (5.24)

The matrix elements involved in the expression of decay amplitude are given in [67] written in
helicity basis in terms of FFs. The detailed calculation of FFs in lattice QCD is carried out in [44],

which will be used in our numerical analysis.

5.3 Constraints and generation of the parameter space of the RS,

model

In this section, we consider the relevant constraints on the parameter space of the RS, model
coming from the direct searches at the LHC [243,244], EW precision tests [242,245], the latest
measurements of the Higgs signal strengths at the LHC [242] and from AF = 2 flavor observables.

Starting with the direct searches, current measurements at the LHC for resonances decaying
to tt pair constrain the lightest KK gluon mass M g > 3.3 TeV at 95% confidence level [244].
Further, in the RS, model, EW precision measurements permit to have masses of the lowest KK
gauge bosons in the few TeV range. For example, a tree-level analysis of the S and T parameters
leads to M ) > 4.8 TeV for the lightest KK gluon and KK photon masses [245]. Furthermore, a
comparison of the predictions of all relevant Higgs decays in the RS, model with the latest data

from the LHC shows that the signal rates for pp — h — ZZ* WW?™ provide the most stringent
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bounds, such that KK gluon masses lighter than 22.7 TeV x (y,/3) in the brane-Higgs case and
13.2 TeV X (yx/3) in the narrow bulk-Higgs scenario are excluded at 95% probability [242], where
Y = O(1) free parameter is defined as the upper bound on the anarchic 5D Yukawa couplings such
that |)\Zj(d)] < y4. This implies that y, = 3 value, coming from the perturbativity bound of the
RS model, will lead to much stronger bounds from Higgs physics than those emerging from the
EW precision tests. In general, one can lower these bounds by considering smaller values of ys.
However one should keep in mind that lowering the bounds up to KK gauge bosons masses implied
by EW precision constraints, M ) = 4.8 TeV, will require too-small Yukawa couplings, y, < 0.3
for the brane-Higgs scenario [242], which will reinforce the RS flavor problem because of enhanced
corrections to ex. Therefore, moderate bounds on the value of the g, should be considered by
relatively increasing the KK scale, in order to avoid constraints from both flavor observables and
Higgs physics.

Next, in analogy to our previous analysis [237], we explore the parameter space of the RS, model
by generating two sets of anarchic 5D Yukawa matrices, whose entries satisfy |/\yj(d)| < y, with
y» = 1.5 and 3. Further, we choose the nine quark bulk-mass parameters cg , 4, which together
with the 5D Yukawa matrices reproduce the correct values of the quark masses evaluated at the
scale 4 = 3 TeV, CKM mixing angles and the Jarlskog determinant, all within their respective
20 ranges. For muon, we take ¢, = 0.7 as lepton flavor-conserving couplings are found to be
almost independent of the chosen value as far as ¢; > 0.5 [231]. Additionally, from the AF = 2
flavor observables,we apply the constraints from ey, AMg and AMp, observables, where we can
set the required input parameters, as given in Table 2 of [237], to their central values and allow
the resulting observables to deviate by +30%, +£50% and £+30%, respectively in analogy to the

analysis [230]. For further details on the parameter scan, we refer the reader to [230,237].

5.4 Numerical Analysis

5.4.1 Wilson coefficients

The generated 5D parameter points consisting of Yukawa coupling matrices and bulk mass param-
eters, fulfilling all the relevant constraints, are used to evaluate the WCs in the RS, model. In Fig.
5.1, we show the dependence of |[AC}y| Wilson coefficient on the mass of lowest KK gluon M e
taken in the range 2.45 to 20 TeV. The red and blue scatter points represent the cases of y, = 1.5
and 3, respectively. The gray region is excluded by the analysis of EW precision observables. It is
clear that the smaller values of M ) give larger deviations. Moreover, for a fixed value of M u) a
range of predictions for possible deviations are present for both cases of ¥, such that the maximum
allowed deviation for |[ACY| in the case of y, = 1.5 are generally greater than the case of y, = 3.
This is due to the fact that in the case of y, = 3, the SM fermions are more elementary as their
profiles are localized towards the UV brane to a greater extent compared to the y, = 1.5 case
leading to more suppressed FCNC and subsequently smaller deviations in comparison to the case
of y, = 1.5. Observing the fact that the deviations for all ]ACi(/)| for M) > 10 TeV are so small,
as clear from Fig. 5.1 in the case of |ACYy|, that the observables will almost remain unaffected,
we limit the range for M ) from 4.8 TeV to 10 TeV, where the lower value is implied by the EW
precision constraints. As we are interested in the largest possible deviations of |AC’Z-(/)\, for a given

allowed value of M u), so we will take the y, = 1.5 case and by considering five different values
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Figure 5.1: The RS, contribution to |ACig| as a function of the KK gluon mass My for two
different values of y,. The gray region is excluded by the analysis of electroweak precision
measurements.

of M s € [4.8,10], we obtain the maximum possible deviation of each Wilson coefficient. The
resultant values will be used for evaluating the effects on the angular observables of interest for
each considered value of M o0 in the next section i.e., Sect. 5.4.2.

In Fig. 5.2, we show the correlation plots between \AC%)& 10| obtained for the fixed value of

M) = 4.8 TeV. The maximum possible deviations from the SM values in this case are

|AC|
|ACT|

=0.011,  |ACy|
=0.004, |ACq|

=0.006, |ACiol,,,, = 0.085,
=0.047, |AC}y|  =0.621.

max

max max

max max

It is found that |[ACy| and |ACqg| are linearly correlated, as shown in Fig. 5.2(f), and same is true
for each pair \ACZ.(/)] with ¢ = 9, 10.

5.4.2 Angular observables

In this section, we discuss the numerical results computed for different angular observables both
in the SM and for the RS, model. The input parameters used in the calculations are included
in Table 4.1. The presented results include the uncertainty in the hadronic FFs, which are non-
perturbative quantities. For this, we utilize the lattice QCD calculations [44], both in the low- and
high-s ranges, which till to date are considered as most accurate in the literature. To improve the
accuracy, we have used the numerical values for the short-distance WCs, with NNLL accuracy, at
the low energy scale up = 4.2 GeV, shown in Table 4.1.

The numerical results for the angular observables in appropriate bins are shown in Tables
5.1, 5.2, 5.3 and 5.4, where a comparison is presented between the predictions obtained for five
different values of M ) in the RS, model (for y, = 1.5 ) to that of the SM estimates and with
the experimental measurements, where available. The whole spectrum of dimuon mass squared
(s € {Smin = 4mi,smax = (ma, — ma)?}) has not been discussed as the region s € [8,15]
GeV? is expected to receive sizable corrections from charmonium loops that violate quark-hadron
duality. Hence the regions s € [0.1,8] GeV? and s € [15,20] GeV? have been considered in order

to avoid the long-distance effects of charmonium resonances arising when lepton pair momenta
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Figure 5.2: Correlations plots between the WCs |AC’§C)9’ 10| of the RS, model for a fixed value of

M) = 4.8 TeV. The coefficients ACél) are calculated at the u; scale. The red and blue points
correspond to y, = 1.5 and 3, respectively.

approaches the masses of J/1 family. It can be seen that the results in the RS, model for most of
the observables show little deviation from the SM predictions. Maximum deviation from the SM
results has been observed for M, g = 4.8 TeV and the difference gradually decreases as one moves
from M ) = 4.8 TeV to M ) = 10 TeV.

Next, we compare our results of observables in the SM and the RS, model with the measure-
ments from the LHCb experiment [217]. For most of the observables, results in the RS, model are
close to that obtained for the SM in all bins of s and this can be seen in Tables 5.1, 5.2, 5.3 and 5.4.
The branching ratio for the four body decay process A, — A(— pm)utp~ in the RS, model (for
Mya) = 4.8 TeV) shows a slight deviation at low-recoil and almost no deviation at large-recoil.
For the bin [1.1,6], the branching ratio in the SM and the RS, are 0.199f8:i% and 0.190f8:ﬁg
respectively, which are 1.8¢ and 1.90 away from the measured value 0.09f8:82%. The situation is
quite similar for all other bins for large-recoil where values of observables do not change much even
for Mq) = 4.8 TeV. For low-recoil bin [15,20], the SM and the RS, model results O.753f8:823 and

0.807109%9 deviate from the measured value by 4.70 and 4.10. Tt is noted that the differential
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branching ratio in the RS, model is lower than the SM at large-recoil and higher than the SM at
low-recoil.
In case of Fy, maximum deviation has been observed for the first bin [0.1,2] GeV? where pre-
dictions in the SM and the RS. model are (Fp)g,, = 0.5357005 and (FL)ps, = 0.55210057,
respectively which vary from the measured value 0.56f8:§éé by 0.1¢ and 0.020, respectively. For
most of the bins, deviation of Ff, in the RS, model from the SM is negligible. For low-recoil bin
[15,20] GeV?, the values in both models (Ff)¢,, = 0.40970033 (FL)gs, = 0.40370-03% deviate from
the experimental result 0.61f8:%}é in the same bin by 1.60. At lower values of s up to 4 GeV?, the
RS; model results deviate from the SM values to a greater extent, whereas almost similar values
of the RS, model are obtained for the rest of the spectrum.

For A% p» small deviation in the RS, model exists from the SM both at low- and high-recoil.
In the first bin [0.1,2] GeV2our calculated results in both models differ from the measured value
by 0.60. For large s bin [15,20] GeV?, the values in both models <A%B>SM = —O.358f8:8(1)§ and
<A%B>RSC = —O.332f8:88§ are very close to each other and are 3.20 and 3.0c away from the
measured value —0.05f8:88§ in the same bin.
For A% in the bin [15,20] GeV? results of the SM and the RS, model are <A%B>SM =—0.2717001
and <A%B>RSC = —0.24773911 and deviate from the measured value of LHCb —0.29739% by 0.20
and 0.50. For A%AB, no sizable deviation from the SM has been observed in any s bin for the RS,

model.
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Table 5.1: Numerical results of %, Fr, and A% (low s region) in the Ay, — A(— pm)utp~ decay,
obtained for the SM and the RS, model with y, = 1.5 case, in different bins of s. Experimentally
measured values are taken from [217].

dB l
[ o x1077) (F1) (AFp)
SM 0.23870-250 0.53570-003 0.097F 5000
RSclar ) =48 0.219+0218 0.552-+0-009 0.093 0005
RSclnm (o) = 6.1 0.22510:219 0.545+0:067 0.095+0-005
[0.1,2]  RSclar ) =74 0.22910-22 0. 542+0 82{ 0. 095+0 08?
RSelm (,, =10 0.2337 595 0 539—0.080 0-096—0f007
LHOL 0367517 05654 0377541
SM +0.123 +0.008 +0.037
RS,y . = 48 0180705 0.855,8,8(1% 0054*8'8%8
My 0.17170 115 0.86070 008 0.04070 050
RSelar, ) = 6.1 0.17370113 085970008 0.045700%
2,4 RSelm ) =74 0.17570:11% 0.8587 0000 0.0487 003
0.119
Ry, =87 | 0aroR sl oo
RSc|n () =10 0. 1710(12130 0.857 29011 0.051 %5 030
g 0.11 - -
LHCbH —0.091
SM +0.110 40.018 +0.038
S 0.224% 0 0.806 0 01 —0.078%0105)
RSe|n ) = 6.1 0'227?8%5 0.807f§:(8é§ —0.072t§;§§§
[4,6]  RSelm ) =74 0'228182%88 0.807t8;9ﬁ§1 —0. 069+000g§17
RSl =87 et s B eit T - B
RS¢|nm ) =10 0. 2320%91110 0.807Zg 013 —0.067 025
e 0.02 - —
LHCb —0.010
SM 0.094 0.025 .
RS, o 0.31210:057 0.72470-0% —0.16219-022
Mgy =™ 0. 306+° 0093 0.72070-026 —0.17413521
RSe|ar ) = 6.1 0. 307+§ §§% 0.721t§;§§§ —0.170t§;§§§
[6,8] RSclm ) =74 0. 308;8‘882 0.722}8;8%g —0.16818:8%2
RSelar, ) =8.7 0 gt > 723+8 o 166+8 o5
RSc|ar ,, =10 0.31029 994 0.72329 014 —0.16575 016
o 0.25%5111
LHCb
SM 0.120
S I
elm, ) =4 0.19075-125 0.824+0-010 —0.00510:02
RSC‘M =0.1 0 193+0 120 0. 821+0 8(1]8 0. 001+(g]821é
g 000119 9.008 9.015
[1.1,6]  RSclar ) =74 0'195183%%8 0.820%_5%% 0.003$§,§%§
RSclar,y =87 | 019504, o 111 ppoves 111
RSelat ) = 10 0.1916%;61120 0.8197091 0.00615-02%
g 0.097: ~ —
LHCb —0.051
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Table 5.2: Numerical results of A/} g and AZFAB

(low s region) in the Ay — A(— pm)utu~ decay,
obtained for the SM and the RS, model with y, = 1.5 case, in different bins of s. Experimentally

measured values are taken from [217].

) 7N
[ (A¥p) (AFB)
SM 0.015 0.003
RS 48 —0.310 0003 ~0.031 9005
C‘M n —0. 313+0 013 —0. 030+0 .003
RS.| ’ 6.1 +8 0% 0:003
elMyqy = —0.313%3 006 —0.030 ) 000
[0.1,2]  RSelm ) =74 —0.312750 —0.030" 0005
RSe[n o, = 8.7 —0.31210002 —0.03110-005
RS —10 | —ostiiE _posiifB
LHCD —0.127 550 -
;1\84 s ~0.30670:07 ~0.01610-008
C|M a — * —0. 311+0 .016 _0. 013+0 ‘009
RS 61 —0.005 0.010
clu ) = 6. —0.31110008 —0.01415:50
[2, 4] RSC|M a = 7.4 —0. 310+0 038 0. 015+0 088
RSc|nr ) =87 —0. 310+8 o —0. 015+8 ous
0.021 0.008
RSc|n () =10 —0.30920 07 —0.016 509
LHCb o -
SM 0.014 0.007
RS =4.8 _0'311J—r0.008 0'0211—0.009
C|M vy — 7 -0 314+0-008 0 024+0.008
RS — 6.1 ' —0.002 . —0.009
oty — 5 0314540 002371
[4,6] RSclar () =74 —0.314 75002 0.023F5:007
RScln o) = 8.7 —0.31410 058 0.0225-000
3:0%3 3:007
RSe[m ) =10 —0.31374 006 0.022% 509
LHCb - -
SM 0.007 0.005
RS =48 —0.3172 004 0.052% 00>
C|M [ -0 314+0 .002 0 054+0.005
RSy, = 6.1 “a17+0.004 e 0002
Moy — —0.317" 0.054
RS - ) m 10005 +0:002
(6, 8] clm ) =74 0.31770 005 0.054 g7
0.006 1006
RSclm ) =10 —0.3170 503 0. 053+8 007
LHCb N
;1;;4 s —0.30970 01 —0.0020008
C‘Mg(l) 0. 312+0 0(1)421 0. 001+0 882
RSC‘M O = 6.1 —0. 312+0 .014 0. 000+0 .005
g 0.006 0.006
[1.1,6] RSclar ) =74 —0.312F5:55¢ —0.001+9005
RSely ) = 8.7 —0.31170 00 ~0.001%0 00z
g 0.017 0.004
RSc|lm ), =10 —0.31170 05 —0.0015 503
g
LHCDb o o
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Table 5.3: Numerical results of %, Fr, and A% (high s region) in the Ay — A(— pm)utu~
decay, obtained for the SM and the RS, model with y, = 1.5 case, in different bins of s.

Experimentally measured values are taken from [217].

| (& x1077) (FL) (Afp)

SM 0.073 0.032 0.017
RS, | s 0.798" 0 0% 0.45470 037 —0.3827 008
ey 0.83270:0% 0.4470033 —0.365"0 008
RSelnr ) = 6.1 0.81610073 0.450+0-033 —0.3727001
[15,16]  RScla ) = 7.4 0. 810+0 0;3 0. 451+8 o4z —0. 375+0 05?
T T
RSelm ,, =10 0 804+ —0.074 O-452—0.017 _0‘378—0:008

g 1. 12+0 30 0 49-1-0.304 -0 10+0.18§’>

LHCbH ~0.30 —0.304 ~0.163
SM +0.075 +0.033 +0.013
RS =48 | oaod® o B e
RSC s 0 0.877 s 0.41170:033 —0.356%) g0y
clm o) = 6. 0.85510:07 0.414+0:033 —0.3660.011
[16,18]  RSclar ) =74 0.84410-015 0.41510.932 —0.37110-532
RSl o, = 8.7 0. 83813 g% 0.416$§.§§§ —0. 37413 §§)§
RSc|m ), =10 0.835_0 075 0.416 29017 —0.3764 00

g 1. 22+0 .29 0. 68+0 158 —0. O7+0 136

LHCb —0.29 0.216 0.127
SM 0.066 0.034 0.010
RS,| s 0.65870 oee 0.37170 059 —0.31715010
SC My =™ 0.726 0000 03670050 ~0.28670010
RSe|a ) = 6.1 0.6980-066 0.36810-031 —0.297+0010
[18,20]  RSclar ) = 7.4 0.68570-05 0.369100% —0.3030-010
RSc|lm 4, =10 0.6727 466 0.370% o1 —0.309Z5019

LHCD 1.247050 0.6270573 0.0175: 13
18%1\84 s 0.7530:069 0.409+0-033 ~0.35870:012
el ) =4 0,807+ o 0.4037001a —0.332°0 000
RSelnr ) = 6.1 0.7850.008 0.40510031 _0.343+ 0010
[15,20]  RSclm ) = 74 0.7740:060 0.406 007 —0. 348+8 007
RSclar, ;) = 10 0707 5400 T

LHCbg 1207057 0.61%0 7143 —0.05Z 095
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Table 5.4: Numerical results of A%, and A%, (high s region) in the A, — A(— pm)utp~ decay,
obtained for the SM and the RS, model with y, = 1.5 case, in different bins of s. Experimentally
measured values are taken from [217].

X (2
[ ) (AFp)
SM +0.002 +0.004
—0.307" 0.131°
2810 005 1320008
RSely ) = 6.1 —0.296+0008 0.132+0004
[15,16] RSclar ) =74 ~0.300%:004 0132004
0.002 1004
RSc|amr o =10 —0.304" 0o 0'132i8.888
LHCb ~0.1973 163 -
SM 40.005 +0.004
—0.289" 0.1417°
RSe|nr (., = 6.1 o 0:009 L 1+0:002
RSCM W = > —0.27628;88g 0'14118:882
16,18 My =T —0.280*0: 0.141*0
108 et 1 081
RSclv o, = 8.7 0.28310-005 0.141+0:004
RSelar ) = 10 —0.2847 0003 0.141%5:00¢
1 0.104
LHCbH _0'44:).058 -
SM —0.2277001 0.153700%
RSclm ), = 4.8 $0.010 +0:005
RS, o —0.20179010 0.15179005
elM ) =0 —0.21140-0:0 0.1527 500
[18,20] RSelam ) =74 —0.216f§:§ﬁ) 0.152t§3§(8)§
o . +0.011 +0:005
Aelar, =87 013300
RSelm (,, =10 _022}5%5)511 0.153 5,009
LHCb —0.13Z97124 -
SM +0.011 +0.005
—0.2717 0.143~°
RSc|ar ,, = 4.8 _ 1001 +0:008
RSeclu ) = 6.1 —0.25770011 0.143+0-000
15,20 RScln ,, =74 —0.2621 0011 0.143+0-005
o e Z o ot O
WMy 7 earooit 40008
RSelum () = 10 _0-26%%?611 0.143Z9 608
LHCb —0.29%5 081 -
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Chapter 6

Probing new physics effects in
Ay — A(— pmt™)€T4~ decay via

model independent approach

In order to test the SM to better accuracy and to explain the possible mismatch with its predictions
in different B—meson decays, the theoretical physicists are trying to construct other successful
models than the SM and experimentalists are trying to build more powerful machines for this
purpose. The wealth of data from LHC compel the theoretical community to adopt a fundamental
approach that is not along a defined path but has open ends. This leads to model independent
approach which is most general, exploratory, and sensitive to data-driven methods. It is designed
in such a way that the possible NP effects can be captured and any discrepancies between the data
and the SM predictions can be accommodated. In this situation, it becomes easy to predict a set
of models that favors the data and also helps us to see which class of models is excluded with a
high confidence level.

This chapter is devoted to the study of Ay — A(— pr~)¢T¢~ decay in a model independent
approach where new VA, SP and (T') operators are introduced. The V A operators modify the
existing WCs, in case they have the same form as the SM V A operators, whereas the SP and
T operators are absent in the SM. These modifications lead to interesting results for branching
fraction (dB/ds), forward-backward asymmetries (A% 5, AR5, A%:), longitudinal and transverse
polarization fractions (Fp, Fr), asymmetry parameters s and some other foldings (P;). Most
of the WCs corresponding to these new operators have already been constrained from experimen-
tal measurements of different physical observables in B—mesons decays. The measured results of
different observables in Ay decays further constrain these new WCs and hence make their para-
metric space even narrower than B— meson decays. Therefore, this approach will prove fruitful
to check which type of NP contributions should be added to the SM to match with experimental
measurements in B and Ay sector.

This chapter is organized as follows: after presenting the effective Hamiltonian for model inde-
pendent approach in Sect. 6.1 we discuss the helicity formalism for the decay under consideration
in Sect. 6.2. In terms of these helicity fractions, the expressions of decay rate and other physical

observables are obtained in Sect. 6.3 and their numerical analysis is performed in Sect. 6.4.
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6.1 Effective Hamiltonian for model independent approach

The exclusive Ap(Py,) — A(Pp)0T(q1)0™ (q2) decay is governed by the quark level b — sft¢~
transition. In order to incorporate the NP, the effective Hamiltonian of the SM is modified in
such a way that not only new operators and their corresponding WCs are introduced but in some
cases the SM WCs are modified provided the form of the new operators matches to that of the SM
operators. Just to emphasis, here the additional terms are of two types: the first one corresponds
to add the scalar (Og = §b), pseudo-scalar (Op = 5y5b) and tensor (Op = s0#b) operators along
with their respective WCs (Cg), C’J(D/), Cr and Crs) and the other is related to the addition of new
vector and axial-vector operators to the already existing SM V A operators, hence modifying the
respective SM WCs by adding (C"(//), C’X)). The most general Hamiltonian in this case will take

the form

Hepp = _EWI:V;S [ (C Hytprb — 706”81%0” Prb + Cysy"Prb + CVS’VMPRb> Oyl

+ (C1o8v" Prb + Casy* Prb + Cy 57" Prb) ly,vsl + (Cs5PLb + CsPrb) €4

(C’PSPLb + C'psPRb) lyst + Cr (301"b) EUWE + Cr, (501b) EO‘HV’Y5£:| (6.1)

where G is Fermi-constant, a. is fine structure constant, V;;V,i are the corresponding elements
of CKM matrix and s is dilepton mass squared. The new WCs C"(//), Cg), C’g), C](jl), Cr and
Cr

+ represent the vector, axial-vector, scalar, pseudo-scalar, tensor and pseudo-tensor currents,

respectively. The part of Hamiltonian (6.1) representing V' A current is

G e e 2 (&
Hoa = ~SESevi| (ot nt - ms) - 2O + ) + U} — 1) + i + )
il + (CHf (B — ) + Ottt — HE) + Chlrat + ) e, (62)

where HY, =  (57"b) and HZ‘ = %(E’y“%b). Writing Cff = C';ff—i-Cv—i—C" ,Cy = Cgff—i-Cv—C'{,,
6{6 = C’eff +Cs+ C'y and C’ 0= C F 4o, — C'y, Eq. (6.2) takes the form

Grae

Hya = ——¢
VA \/§

2my,

ViV | (HUCH — 15y — 220! ot + ) ) Bt (HECH = HACT) Pyt

(6.3)
The SP part of effective Hamiltonian is

Groe _ _
Hsp = \; thV;S |: (Cfg(Hs — Hp)+ Cs(Hs + Hp)) €€+(C§3(HS — Hp)+ Cp(Hg + Hp)) 575f:| ,
(6.4)
with Hg = sb and Hp = $v5b. In a more compact form it becomes
Hsp = [CdHg + Cg Hplll + [Cf Hs + Cp Hpllyst, (6.5)
where C§P = Cs,p + Cg p. Likewise, we can write the tensor (7”) part from Eq. (6.1) as
GFae S UV 0
Hp = — Jon ——VaVii | (50HVb) Lo (Cr+Cryys) L. (6.6)
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6.2 Helicity Formalism in model independent approach

As an exclusive process, the matrix elements for A, — A transition for different possible currents
can be parameterized in terms of FFs, ftVO 1 ffo I fg | and fOT 5 [71]. It is well known fact that
the helicity formalism provides a convenient way to describe these parameterizations therefore, we

will adopt it to express the different matrix elements. In case of vector current it becomes
H€/(8Ab? SA) = 51/31*<A(PA7 SA)|§'7Mb|A(PAb7 8Ab)>v (67)

where €/ denotes the time-like polarization of the virtual gauge boson and sj, and sp are the
spin-projections on the z—axis in the respective rest frames of initial and final state baryons,

respectively. In terms of the FFs, the matrix elements for Ay, — A appearing in Eq. (6.7) become

(A (Pa, 50) [57"B Ao (Pa, sn,)) = @ (Pa,, sn,) [ftv (5) (ma, —ma) &+ g (5) T

q/“L
(B, 2L =T (i, - ) )

PK) }u (P, sp), (6.8)

S+

() (w A p
+

with s4 = (ma, +ma)? — s and ¢ = Py, — Py. Using the kinematical relations defined in [62,113]
and taking polarization vector from Eq. (3.11), the non-zero helicity components for time-like

polarization from Eq. (6.8) read as

HL(+1/2,+1/2) = HL (—1/2,—1/2) = ﬂv(s)mAbf\/—gmA 1. (6.9)

In case of longitudinal polarization (c.f. Eq. (3.11)), the corresponding helicity amplitude becomes
Hg(SAw SA) = Eg* (A(Py, SA)‘E'YMMA(PAM SAb)> (6.10)

and using Eq. (6.8), the non-zero longitudinal components for vector current become

ma, + ma

HY (+1/2,+1/2) = H)(—1/2,-1/2) = f{}(s)T\/si, (6.11)
with s_ = (ma, — ma)? — s. Likewise, for the transverse polarization
HE(sp,, sa) = € (A(Pa, s0)|57"b|A(Pa,, $4,))s (6.12)
the corresponding non-zero helicity components are
H(—1/2,41/2) = Hy; (+1/2,-1/2) = — fir (s)\/25_. (6.13)
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Similarly the matrix elements for the axial-vector currents are

1 mA

<A (PAa 3/\) ‘5’7%75(7‘ Ap (PAlﬂ 8Ab)> = —u (PAb7 SAb) |:ftA (S) (mAb + m/\) % + fOA (S)

qﬂ
<P+ L= T (2, - ) )

2m 2m
+ff (s) < + TAPKb — SAZ7PK> :|u (Pp, sp). (6.14)

p — A

The corresponding non-zero components for time-like polarization of virtual boson are

HZ(SAb? SA) = Ef*<A(PA7 3A)|§7u75b|A(PAba 8Ab)> (6'15)
HY(41/2,41/2) = —HY(~1/2,-1/2) = fi(s )mAb\;mA,ﬁs (6.16)
The corresponding longitudinally polarized components are
HBX(SAM SA) = 55*<A(PA7 SA)|§7M75b|A(PAba 5Ab)>a (6'17)
ma, — MA
Hj(+1/2,4+1/2) = —Hy(-1/2,-1/2) = fﬁ(S)”T\/8+ (6.18)

and the results for the transverse polarization are

H1:4t<sAb’ 81\) - €i*<A(PAv 3A)|§7M75b‘A(PAb’ SAb)>’ (6'19)
H(-1/2,41/2) = —Hj;(+1/2,-1/2) = —f1(s)\/255. (6.20)

For the dipole operators i5¢q,0""b and i5q,0""v5b, the respective transition matrix elements are

(6.21)

)

,u
(A(Py, 52)[5i0™ | Ay (Payy 5a,)) = —(Pyy, sn,) [fo< )= (P“ P (i, - mi>)
2m 2m
+17(5) (ma, +mn) (w =2t = 2 ) Lu (P, )
S4 S4
and
. _ 3 S H
(A(Pa; sa) |5ic" quysb| Ay (Pays sa,)) = —u(Pa,, sa,)7s [foT“’(S)S (P/’fb + Py - % (mi, —m3}
2mp 2mp,

+I1°(5) (ma, = ma) (’y“ A il

In this case, the corresponding non-zero helicity components for different polarizations of virtual

boson are

) = ey (A(Pa, s0)|5i0" qublA(Py,, 51, ), ) (
HY, (sn,, sa) = b (A(Pa,sa)|5i0" qy5b|A(Pa,, sa,),) (6.24
Hp(+1/2,+1/2) = Hp(=1/2,-1/2) = —f3(s) /55—, (
Hp (+1/2,41/2) = Hyp(=1/2,-1/2) = f3(s)\/55+. (

0
Hrp(sp,, sa
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The helicity amplitude for the tensor current; i.e., S6#b becomes
Hirz’n(sl\b,s/\) = Eum*ﬁg* <A(PAa SA)|§iUMVb’A(PAb7 8Ab)>7 (6'27)

where m,n = t,0,£. Using the expression of (A (Pa, sa)|5ic"b| Ay (Pa,, Sa,)) from [113] (c.f.
Eq. (C.7)), the non-zero components for virtual bosons’s time-like, longitudinal, transverse and

the possible combinations of these polarizations become

HY(41/2,+1/2) = HY(-1/2,-1/2) = — fA(s)/5-, (6.28)
HF(~1/2,41/2) = Hzl(+1/2,-1/2) = fﬁ(s)w\/i, (6.29)
HiO(=1/2,41/2) = Hpl(+1/2,—1/2) = fﬁ@)%@, (6.30)
Hi7(+1/2,+1/2) = —Hf 7 (—1/2,-1/2) = — 1. (s)y/5+- (6.31)

The remaining components can be obtained by using the relation Hyy" (s, s4) = —Hpi" (5A,, SA)-

In order to obtain the matrix elements for the scalar and pseudo-scalar currents, we have to
contract Eq. (6.8) and Eq. (6.14) with ¢,. Using the Dirac equation and ignoring the mass of

strange quark we have

m —m
<A (PAv SA) |§b| Ay (PAb’ SAb)> = ftV (5) AbTbAﬂ (PAb7 SAb) u (PA’ SA) ) (6'32)
+
(M(Pa, 52) 15950 A (P, sn)) = St () T8 8 (P, sy ) g (P sa) - (6.33)

Here, we can see that the matrix elements for these currents do not add any new FF. The corre-

sponding helicity amplitudes along with their non-zero components are

H(sn,,80) = ef"(A(Pa,s4)|50|A(Pa,, 54,)), (6.34)
HECH/2,41/2) = HE(=1/2,-1/2) = fi(s) 70 8 57 (6.35)
Hp(sn,, ) = " (A(Pa, s2)|575b[A(Pa,, sa,)), (6.36)
Hp(+1/2,41/2) = —Hp(=1/2,-1/2) = —fh(s) "2 2 /5 (6.37)

In the theoretical study of the exclusive decays the FFs being the non-perturbative quantities
are the major source of uncertainties and hence having a good control on their precise calculations
is always a need of time. To address this, several approaches have been opted to compute them,
e.g., the quark models [63,110,246], the Lattice QCD [44], LCSR [89,247] and the perturbative
QCD approach [248]. In order to reduce the number of independent FFs, some effective theories
are used, e.g., the HQET [249, 250] helps to reduce the number of independent FFs from ten to
two; i.e., the Isuger-wise relations & and &. Similarly, in SCET the evaluation of the FFs [71]
reduces this number to one. In our analysis, we use the FFs calculated by using Lattice QCD for
full dilepton mass square range and the expression is given in Eq. (3.8) in Sect. 3.2. The values

of parameters used in Eq. (3.8) are listed in Table 3.1 with the replacement f{} = fo, f8 —

f+’ f& _>fL) f}i}_>g[)a fg — g+, fj — g1, f%ﬁtha f% _>hLa fé)“5 _>h+7 fj{fs _>hL-
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6.3 Four Fold Angular Distribution and Physical Observables

The four fold differential decay width for the four-body decay process Ay, — A(— pm)fTe¢~ is

d‘r
=dI' drl’ dlpr + dly A dlvya_7r +dlgp_7v 6.38
ds dcos 0d cos OdE vatdlsp+dlr +dlva-sp+dlyvar +dlsp-r (6.38)
denoting
d*T;
dl'; = '
dsd cos 0d cos O dé (6.39)

withi =V A, SP, 7', VA—SP, VA—T and SP —T'. Eq. (6.38) can be written in the form of
different matrix elements as
d‘r

= My al? + |Msp|? + | Mg > + (My aM%p + My aM:E, + Mgp M, + h.c.
dsd cos 0d cos Oy d§ N [IMv al? + [Mspl® + | Mg/ |* + (My aMgp + My aMzs + MspM7s + h.c.)]

and the normalization constant A is given by

(GpathbV;*)Q)\v
= S A4
N 3 x 211mibw5 ’ (6.40)

where v = /1 — @ and \ = (m?\b —m3% — s)? + 4sm%. The non-zero helicity components of
leptonic current are given in Appendix A. Here, we would like to mention that our expressions
of the lepton helicities corresponding to different currents include the lepton mass term and by
setting it equal to zero, it can be easily verified that they are reduced to the form given in [113].

We know that in the SM the currents corresponding to Ay, — A¢*¢~ are vector and axial-vector
therefore, the contribution of V' A operators only modify some of the angular coefficients appearing
in the SM. However, the contributions from the scalar and pseudo-scalar operators, being missing
in the SM, may introduce new angular coefficients. In the case of the SM like currents, the four-fold
angular decay distribution for the decay under consideration is given in Eq. (3.36). However, the
contributions from the model independent NP scalar and tensor type operators in Eq. (6.38) are
given in Appendix B. The expressions of observables of interest are given in Eqs. (3.38, 3.40, 3.42,
3.44, 3.45, 3.46, 3.47) and Eq. (3.50) [103] along with Y; which are obtained to be [111]

3(Kace — Kass) Kjse Kyse

Y, = _—, YESsc == Yise = = (641)
8T 2r 2

where f(” = I;ZAJ and T = %. The detailed expressions of K; ; for NP in terms of helicity ampli-
tudes are given in the Appendix C. In Eq. (6.41), ay is the asymmetry parameter corresponding

to the parity violating A — pm~ decay and its experimentally measured value is 0.642+0.013 [216].

6.4 Impact of New Couplings on Physical Observables

In this section, we will discuss the impact of the NP couplings corresponding to VA, SP and T
operators on the different physical observables discussed above. First we start with dB/ds, Fp,

Aﬁ, B> and A/} g for which the experimental data is available. By using the most recent constraints
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on NP couplings from [137], the idea behind this approach is to see whether these NP couplings
accommodate the currently available data [217] or not. To accomplish this task, first of all, we
discuss the impact of individual NP couplings on the above mentioned observables and later we
analyze their simultaneous impact. In doing so, we will explore all the available range of new
couplings constrained by B—meson decays in different bins of s. After this, we will discuss the
)

observables Y2 3sc, 4s¢, P3, 8,9 and o * where, 1 = 0y, 05, §, L, U which show minimum dependence
on the FFs and hence are the potential candidates to search for NP in some ongoing and future
experiments. In order to present our results of different physical observables, we plot them against
the square of the momentum transfer s in the SM as well as in the presence of NP couplings.
In these plots, we have presented our results both for the zero and non-zero lepton (u) mass.
Therefore, our formalism is more general from the previous study of the same decay presented
in ref. [113]. Just to distinguish the lepton mass effect [251], we have also discussed the different
physical observables for Ay, — A(— pm)7T7~ decay where the mass of final state 7's is significantly
large as compared to the ;s case. Here, we would like to emphasis that all the plots are drawn
for the central values of the FF's however, to quantify the uncertainties arising due to the FFs and
other input parameters we have calculated these observables in different bins of s and tabulated
them in Tables 6.5, 6.6, and 6.7. Furthermore, to see whether the NP couplings, VA, SP, and
T could simultaneously accommodate all available data for the observables dB/ds, Fp,, A% p and

A%B of Ay — A(— pr~)uTp~ decay, we have plotted them against the new WCs.

6.4.1 Vector and Axial-Vector Part (VVA)

It is a well-established fact that in order to accommodate the discrepancies between the SM
predictions and the experimental measurements in different B—meson decays, some models with
new VA couplings have been proposed [252,253]. As these couplings are already present in the
SM therefore, they will only modify the SM WCs and leave the operator bases to be the same.
Hence, no new angular coefficient arises in this particular case. In case of the massless lepton and
varying the V'A couplings in the range Cy = [-1.61,—1], C{, =0, C4 = 1 and C’y = —0.4 which
take care of the global fit sign, the observables dB/ds, A%B and Fp, have already been discussed
in [113]. We have taken three scenarios of new VA couplings following [113]. As a first step, we
have repeated their analysis for the massless lepton case (dashed lines in all plots) in our formalism
and found the same results. Later, the same analysis has been done by setting the non-zero mass
for our final state leptons that is muons (solid lines of all colors). Fig. 6.1(a) shows that by using
available range of C‘(//,) 4 couplings mentioned above, the available data of the branching ratio could
be accommodated only in three low s bins (s € [0.1,2] GeV?, s € [2,4] GeV? and s € [6,8] GeV?)
for which SM also satisfies the LHCb results. In case of high s region, no combination of new
VA couplings satisfy experimental results as LHCb values in this region are greater than the SM
results but due to the negative value of Cy,, the value of the branching ratio in the presence of
these couplings is smaller than the corresponding SM value in the whole s region. This can also
be noticed quantitatively from Table 6.5 (c.f. column 1) where we can see that in the high s
bins the results are suppressed significantly from the SM predictions and even further from the
experimental measurements. In addition, the py-mass does not add any visible deviation for this

observable.
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Figure 6.1: Observables for the SM and in the presence of new V A couplings which are compared
with LHCb results given in [217]. In all plots the black curves denote the SM results. The orange
curve is obtained with Cy = —1.61 and C{, = C4 = C’; = 0. The blue line is for
Cy = —C4 = —1 and Cf, = C’; = 0 and green color is for Cy = —1.34, C’y = —0.4 and
C{, = Ca = 0. The solid and dashed lines are for the massive and massless u— cases respectively.
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Figure 6.2: Observables in the SM and in the presence of new V A couplings. The description of

different curves is similar to the Fig. 6.1 .

In Table 6.5 we can observe that the uncertainties due to FFs are quite significant in the

calculation of the branching ratio in the SM as well as in any of the NP scenarios. Hence, we can

look for the observables which show minimal dependence on the FFs, and A% p is one of them. In

88



0.5F

0.4 : "

(a) (b)
0.3} / N
oot 0.0

0.1F / ]
-0.5
0.0

P3

7

8% I ——

s(GeV?) s(GeV?)

0 5 10 15 20
s(GeV?)

Figure 6.3: P3, Ps and Py in the SM and in the presence of new V' A couplings. The description
of different curves is similar to the Fig. 6.1.

the case of Afp g though, the NP couplings enhanced its average value but still, it is small enough to
accommodate the data (c.f. second column in Table 6.6). As the zero position of this asymmetry
is proportional to the vector-current coefficients C?H/ C’Sﬂ therefore, the shift in the zero-position is
expected after the addition of any new vector type couplings and it can be seen in Fig. 6.1(c). We
hope that the future data of the zero-position of Afp g in Ay = ApTp~ decay will further improve
the constraints on V' A couplings. Like the branching ratio, the u-mass effects are also invisible in
this case too.

The situation is slightly different for Fy, (Fig. 6.1(b)) and A%, (Fig. 6.1(d)) where the above
constraints on V' A couplings satisfy the data within errors in the measurements especially for Fp,
in the s € [1,3] GeV? and s € [15,16] GeV? bins. Again, going from massless to massive y—case
did not lead to any significant change. It is also worth mentioning that just like Aep p the hadronic
uncertainties due to FFs in F, and A% g are negligible for all low-recoil bins both for the SM and
when the new VA couplings are considered (c.f. Table 6.5). This can provide a clean way to test
the SM and NP models with additional V' A couplings.

Besides the above mentioned observables we show that there are some other interesting physical
observables; e.g., the combined lepton-baryon forward-backward asymmetry AEF%, the fractions of
transverse (Fr) polarized dimuons, the asymmetry parameters aé;), ag,, ag, ar, ay and angular
coefficients Y5 3¢ 45c and P3 g 9 which are influenced by these new couplings. These observables
are also interesting from the experimental point of view as they have minimum dependence on the
FFs and hence these are not significantly prone by the uncertainties. Therefore, these observables

will provide an optimal ground to test the SM as well as to explore the possible NP. The values of
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these observables are plotted against s in Figs. 6.1, 6.2 and 6.3 for the SM and in the presence of
C‘(;)A couplings. Quantitatively, by considering different V A scenarios their values are compared
with the SM predictions which are collected in Tables 6.5, 6.6 and 6.7. The main effects of C‘(,/) A

on these observables can be summarized as:

e Fig. 6.1(e) depicts that the value of A%AB is an order of magnitude smaller than the experi-
mentally measured A% g and A% p- After including the new V' A operators, we can see that its
value decreases compared to its SM predictions in almost all the s range. Just like AKF g its
zero position also shifts to the right and it increases when Cy becomes more negative. The
value of this observable is changed throughout the s region due to the change in the value
of VA couplings however, this value is insensitive to the mass of the final state . It can be

seen from Table 6.6 that in the low-recoil bin its value is almost free from the uncertainties.

e In case of Fp which is plotted in Fig. 6.1(f), the impact of new VA couplings along with
the final state y—mass effects are visible only in the low s region. Like Fp,, this observable
has minimal dependence on the FFs especially in the bin [15,20] GeV? and this can be seen
clearly from Table 6.6. As we know that Fr, + Fp = 1 therefore, the behavior of Fr and FTp,
are expected to be opposite to each other in the presence of V' A couplings and it can be seen
in Fig. 6.1.

e The observables ag, and ap, are plotted in Figs. 6.1(g) and 6.1(h), respectively. From
these plots, one can see that the pu-mass effects are visible in low s region for oy, but not
for the 0/9[ However, both observables are sensitive to the VA couplings and to extract
the imprints of NP both are significant to be measured precisely at LHCb and Belle-II
experiments. Furthermore, the behavior of 0/91 is similar to the A% p and it also passes from
the zero-position at a specific value of s in the SM. Also this zero-position is shifted towards
the higher value of s when C'y is set to higher negative value. In order to quantify the impact
of new V' A couplings their numerical values along with the SM predictions are given in Table
6.6.

e For the observables ag,, a¢. af, and ay the maximum deviations from the SM predictions
come only when we set Cy = —1.34, C)y = —0.4 and C{, = C4 = 0 as shown by the
green curves in Fig. 6.2(a,b,c,d). However, in Y5 this is the case for Cyy = —1.61 and
Ci, = Ca = C’y = 0 which is drawn as an orange curve in Fig. 6.2(e). It can also be
noticed from Table 6.6 that Ys has negligible uncertainties due to FFs. While the value of
Yysc is suppressed in the SM and even after adding the new V A couplings it is still not in a
reasonable range to be measured experimentally. The p-mass effect is also insignificant for

all these observables at large-recoil.

e The four-folded decay distribution defined in Eq. (3.36) gives us a chance to single out
the different physical observables by studying different foldings. In semileptonic B—meson
decays, such foldings have been studied in detail, especially the penguin asymmetries (F;).
Among them the Pé/) is the most important as highlighted in the Section 2.9.5 and these
foldings have been discussed in detail in ref. [103]. However, in the current study of the
Ay baryon, we consider only P3, Pg and Py which are the coefficients of cos#,cos 8y, cosby

and cos 0y, respectively. We can see from Eq. (6.41), together with the expressions given in
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Appendix C, that these observables depend heavily on the V A couplings. We find that the
values of P35 and Pg change maximally from their SM predictions when we set Cyy = —1.61
and Cf, = C4 = "y = 0 in almost all the s region and it is shown by the orange curve in
Fig. 6.3 and numerically it can be seen in Table 6.7. Similar to the case of A%B and O/Hz’
the zero-positions of P3 and Pg also move to the right from their SM zero-positions. But the
effects of VA couplings on Py are prominent only for low values of s and for this particular
observable, the y—mass term contribution is also quite visible in this region. In addition,
from Table 6.7, it is clear that the uncertainties in P3, Ps and Py are comparatively large in

the large-recoil region.

6.4.2 Scalar and Pseudo-scalar Part

In order to constraint the SP couplings, the golden channel is the By — ptu~. In this decay
we do not have any contributions from Cj, and the one proportional to C’; is helicity suppressed
(O(m2/m%)). Therefore, by using the available experimental data of By — utp~ and B —
Xsput ™ decay channels, the constraints on SP couplings are already obtained in [113] and these
are C’g}P = [— 4.0,4.0]. In the present study, we use these constraints to see the dependence of
different physical observables on SP couplings.

As the SP couplings are absent in the SM, therefore, in contrast to the new VA couplings
mentioned in the previous section, a new angular coefficient arises which corresponds to cos6y.
In addition to this coefficient, all the SM angular coefficients are modified except K3 and Kygc
and hence we expect that most of the physical observables show strong dependence on these SP
couplings. Hence, by taking Cg?P = [-3.1,3] with the condition |Cs p — Cg p| < 0.1 [113] due to
having a large pull in global fits to B—Physics data and the corresponding results are plotted in
Figs. 6.4, 6.5 and Fig. 6.6. We have considered two scenarios of SP couplings and their results for
all observables are presented in Tables 6.5, 6.6 and 6.7 along with uncertainties. The important

observations can be summarized as:

e In the massless u— limit, we can see that our results of the dB/ds, A% g and Fp, for the SP
couplings are in agreement with the trend shown in [113] and the values of these observables
mainly change in the high s region. It is clear from Fig. 6.4(a) that the results of dB/ds
are SM like in the low s region but get closer to LHCb data for the bins s € [15,16] GeV?
and s € [16, 18] GeV? when SP couplings are introduced. This can also be noticed from the
numerical values of dB/ds appended in the first column of Table 6.5. From Fig. 6.4(c), it
can be seen that for A% p» @ good agreement to the data is achieved when we set Cs = 3.0
and Cy = 2.9 and it is displayed by the green curve. Just to mention, in contrast to the SP
couplings, the V' A couplings do not accommodate the data of A% p in high s bins. However,
the zero-position is not affected because the contributions from the SP couplings do not
contain any odd power term in cosf;. On the other hand, after inclusion of SP couplings,
Fy, agrees with the data only in s € [0.1,2] GeV? bin (c.f. Fig. 6.4(b)) and for this particular
observable the SM predictions show better trend with the data as can be read from Table
6.5. However, more data of these observable will reveal the future status of SP couplings.
For the A% g in contrast to the VA coupling, this observable is sensitive to the SP couplings
and it can be observed from Fig. 6.4(d). It is important to emphasize that the changed
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Figure 6.4: Observables in the presence of new SP couplings which are compared with LHCb

results given in [217]. The SM curves are plotted in black color. The orange curve is obtained

with Cs = Cp = —3 and Cy = C, = —3.1 (for dB/ds orange color is for Cs = Cp = —1 and
Cy = Cp = —1.1) and the green line is drawn when Cg = 3 and C% = 2.9 (for dB/ds green color

is for Cg =1 and C4 = 0.9). The solid and dashed lines are for the massive and massless p—
cases, respectively.
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Figure 6.5: Observables in the SM along with SP couplings. The description of different curves is

similar to the Fig. 6.4.

values are still within the errors in the measurements except in one high s bin; i.e., [16, 18]
GeV?2. Similar to the FJ, in the high s bins, the SM A% p curve has shown better agreement
with the data than the curves with SP couplings. It is found that these observables are also

insensitive to the mass of the final state pu.

e Compared to V A couplings, the profile of AZFAB is quite sensitive to the SP couplings and it

can be observed in Fig. 6.4(e). Particularly, in the high s region, we can notice from Table 6.6
that its value is approximately decreased by an order of magnitude from the corresponding
SM prediction. However, similar to the A%B, its zero-position is not changed because it is
also proportional to the VA and not to the SP couplings. Also, the massless or massive p

considerations do not lead to any visible change in this particular observable.

e In the presence of SP couplings, the behavior of Frr is opposite to that of Ff, as it is expected

due to Fr, + Fr = 1 for every value of s. This can be noticed in Fig. 6.4(f) and from the

second column of Tables 6.5 and 6.6.
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Figure 6.6: P3, Pg and Py in the SM and in the presence of SP couplings. The description of

different curves is similar to the Fig. 6.4.

e In contrast to the VA couplings, one can see from Fig. 6.4(g) and the Fig. 6.5(a, ¢, d) that

ag,, o, , o, and ag are quite sensitive to the SP couplings. These plots show that due to
the SP couplings, the values of these observables are significantly suppressed from that of
the SM predictions in almost all the s region. For agz, similar to the A% g and AZFAB, the
zero-position depends only on V' A couplings and hence is not expected to be changed due
to consideration of the SP couplings and it can be seen in Fig. 6.4(h). However, agl is
looking more sensitive to the SP coupling as compared to the VA couplings. Particularly,
in s € [15,20] GeV? bin the value of 0/94 is almost 80% suppressed from its SM predictions
and it can also be read from Table 6.6. In line with this, Fig. 6.5(b) shows that in the high s
region, ay is also quite sensitive to the SP couplings. From Table 6.7, one can notice that for
the SP couplings the uncertainties in the value of a¢ are even larger than the actual value

at the large-recoil. Just like other observables, these are also insensitive to the 1 mass.

e For the angular observables Y’s only the value of Y5 is significant to be measured at the LHCb

and the future experiments therefore, we have only plotted it in Fig. 6.5(e). From Table 6.6,
one can notice that similar to the a’s the value of Y5 is significantly reduced from its numbers
calculated using the SM operators. Here, we can also see that inspite Yy, is sensitive to SP

couplings at low-recoil its value is still too small to be measured experimentally.

e Similar to a’s, P3, g ¢ are also very sensitive to the SP couplings as compared to that of the

V A couplings and it can be noticed from Fig. (6.6). We can see that the values of P’s are
changed from their SM predictions by a factor of 4 — 6 (c.f. Table 6.7). Again, the position
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of the zero-crossing in Ps and Py are unchanged after the inclusion of S P couplings, and the
numerical results presented in Table 6.7 stay the same even if we take the non-zero mass for

the final state p.

Thus, together with the B—meson decays, we hope that it will be interesting to look for the angular
asymmetries of Ay baryon decay at the LHCb which help us to get better constraints on the SP
couplings. In short, when experimental data of these angular observables will be available for Ay
baryon, we would be in a better position to draw a conclusion about the future status of these

couplings.

6.4.3 Tensor Part

Just like SP couplings, the one corresponding to the tensor currents are also absent in the SM,
hence they also modify the SM angular coefficients except K3z and Kys.. In [113], it has been
discussed in detail that B, — X,utpu~ along with B — X fv, are the most important channels
to obtain the constraints on these NP couplings and by using these channels the equation of
constraints is obtained to be C% + 025 = 0.55 [113]. As the constraints on these couplings are
quite stringent, therefore, to see their impact on physical observables we vary the values Cpr and
Cry such that the above equation of constraints is satisfied. Doing this we find that the maximum

impact on the different observables is achieved when we select Cr = 0.72 and Crs = 0.2 [113].
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Figure 6.7: These plots are constructed by taking Cr = 0.72 and Cps = 0.2 and the black color
curve indicates SM result. Experimental results are taken from [217]

We have also explored that in contrast to the VA and SP couplings, very few observables are

affected by the tensor couplings only in the low s region. The values of most of the observables do
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not show any dependence on the tensor couplings and remain close to their SM predictions. For
example, in case dB/ds, Fp, Afw g and A/} p on which the experimental data is available, the imprints
of tensor couplings are shown in Fig. 6.7 and the numerical results in different experimental bins
are provided in Table 6.5. Here, we can observe that our analysis coincides with [113] for dB/ds
and Fr. One can also see that these four observables are sensitive to tensor couplings only in
the low s region. However, the effects on dB/ds and A% p are mild as compared to Fy, and A% B
particularly in s € [0.1,3] GeV? bin where the effects in the A% are very prominent. In this region,
after the inclusion of tensor coupling, the value of A% g looks slightly better in agreement with the
experimental observations as compared to that of the SM predictions. In short, our analysis shows
that the effects of the tensor couplings are not prominent for the angular observables except FT,

and A/}}‘B in the low s region.

6.4.4 Combined effects of VA-SP couplings on angular observables

As the uncertainties in the experimental data of dB/ds, A% 5, ', and A% p are significantly large
and based on the analysis performed above, we can say that any individual set of new couplings
can not accommodate all the available data. This situation is somewhat more problematic in high
s bins. In this case, from Figs. 6.1, 6.4 and 6.7 one can quantify the situation for these observables
in Table 6.1 that lead to the following findings:

e The V A coupling accommodate dB/ds data only in three bins of s at large-recoil. The data
of F, and A/}B can be accommodated in low and high s bins except s € [16, 18] GeV? bin.
The data of A%B can be taken care of only in s € [0.1,2] GeV? bin. It means that the VA
couplings only satisfy LHCb data in those bins where the SM can also accommodate the
data to the same extent. Hence, the addition of new V' A couplings to the SM is not sufficient

alone.

e Just like the SM, the SP couplings satisfy the dB/ds data in three low s bins. In addition,
these SP couplings accommodate the data in s € [15,16] GeV? where the SM predictions do
not match with experimental measurements. The data of Fj, can be taken care of in only
low s bin s € [0.1,2] GeV2. The LHCb data of Af; g could be fully accommodated but in
case of A% it is possible in all bins except for s € [16, 18] GeV? region.

e Similar to the results of the SM, the T' coupling only accommodate dB/ds data in three low
s bins. The data of A%y is satisfied in s € [0.1,2] GeV? bin only however, for that of Fj, and
AL 5 it can be accommodated in all bins except s € [16, 18] GeV?.

Based on these observations, we can see that taking new couplings separately is not a favor-
able option in the presence of available data of the different physical observables in Ay — A(—
pr~)utp~ decay. Therefore, it is useful to see if two new couplings are turned on together, does
this situation improve or not? In order to do so, the constraints on new WCs corresponding to vec-
tor, axial-vector, scalar, and pseudo-scalar operators are once again chosen from the one adopted
by [113] and by using the global fit presented in [137]; i.e.,

Cv = [-1.61, —1] Oy = [-4,4] V) =[-4,4) (6.42)
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Table 6.1: Data accommodated by new couplings in different bins based on central values of

observables.
9] dB/ds Fr AL g Al o

bins (GeV?) | SM | VA | SP [ T | SM | VA | SP | T | SM | VA T |[SM | VA | 8P | T
[0.1,2] Vv |V |V [V ]|V |V |V [V |V |V |V Vv |V ]|V |V |V

2, 4] vV | vV | vV |V — [ - =1 - - — =1 = 1 = |-

4,6 X | X | X X] - — - =1 = — -1 -1 - — N

6,8 v | v | v [v ] - | - [ =1 -1T- — | - | -1 =1 =1-=1-=

[15, 16] X T X v Xl v v ivI iv ]| X X]v I | X]|v]v]v]v
[16, 18] X | X T v [ X X X[ XX X X[v | X] X]|X]| XX
[18, 20] X | X1 XXl v |v | X|v ]| X | X]|v | X|v]|v]|]v]| v

with |Cs p — C[S‘,P‘ < 0.1. We have not included CY,, Cy4, C’;, Cr and Crs in the forthcoming
numerical analysis as the severe constraints from B—physics on these WCs do not allow us to vary

them significantly. Thus, from Eq. (6.42) the following ten combinations are possible:

(i): (Cs,Cv), (ii):(C%, Cy), (iii):(Cp,Cv), (iv):(Cp,Cv), (v):(Cs,Cs) (6.43)
(vi) : (CS,C},), (vii) : (Cg,Cp), (viii) : (Cs,Cp), (ix):(Cg,Cpr), (x): (CP,C},).

Among these combinations, we are interested in looking for the combination(s) which maximally
accommodate the currently available data of all the four observables mentioned above. With this
condition, by exploring the various combinations given in Eq. (6.43), it is found that there is not
a single choice which could explain the full data of all four observables simultaneously. However,
we found from Eq. (6.44) there are six combinations of new WCs that could accommodate the
data of the four observables;, i.e., dB/ds, Fp, Afm p and A% p simultaneously in the bins s € [0.1, 2]
GeV? and s € [15,16] GeV? and three observables (excluding d3/ds) in s € [18,20] GeV? bin. In
this case, for the bin s € [16, 18] GeV? only F;, and A%B can be taken care of. On the other hand,
if we would like to accommodate the data of dB/ds as well, we have to choose one from the other
three observables. Therefore, based on these observations the six possible combinations of new
couplings which accommodate almost all the data of above mentioned three or four observables

simultaneously are

(1> : (CS7CV)a (11) : (CA/SWCV)? (111) : (0;370\/)7
(V)£ (C5,C4), (v): (Cs, ), (vi): (C,Cp) (6.44)

The impact of these combinations of new couplings on the experimentally measured and other
physical observables in low (high-recoil region) and high (low-recoil region) s bins will be discussed
from here onwards. The whole analysis is performed by taking the central values of the FFs and
that of the experimental data of d3/ds, Fr, A%B and A%B.

High-recoil region

In this region, we focus only on the bin s € [0.1,2] GeV? because the LHCb data in this particular
region is available for all the four observables mentioned above. First, we have examined all the
six combinations given in Eq. (6.44) by tweaking them in their current allowed ranges (c.f. Eq.
(6.42)), to see if they could simultaneously accommodate the available data of these observables

or not. At the next step, we have calculated the values of these observables for these combinations
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accordingly and their results are presented in Fig. 6.8. From these plots, we have made the
following observations:

{a).

Figure 6.8: (a) The parametric space of (Cx,Cy) allowed from B—physics constraints on new
WCs and that satisfy the data of dB/ds, Fy, A% 5 and A%y simultaneously in the bin s € [0.1, 2]
GeV?2. Different colors in the plots represent different combinations of new WCs: Red, blue,
green, cyan, brown and black dots represent the (Cx, Cy) = (Cs, Cv), (Cs, Cp), (C, Cv),
(Cp, Cv), (Cy, Cp) and (Cg, Cg), respectively. The plots (b)-(e) present the predictions of
dB/ds, Fr, A% 5 and A% in the bin s € [0.1,2] GeV? against the WCs collected in (a) where the
pink flat curves reflect the measured values of dBB/ds, Fr, A/I} g and A% 5, along with the
uncertainties at the LHCb.

e Fig. 6.8(a) reflects the complete range of each combination of new WCs given in Eq. (6.44)
which is allowed by B—physics data (c.f. Eq. (6.42)) with the condition |Cs — Cg| < 0.1.

The range of C'x, Cy and the corresponding color schemes are given in the caption of the
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figure. We found that the full allowed ranges of WCs from B—meson decays simultaneously
satisfy the the data of dB/ds, Fy, A% and A%, in s € [0.1,2] GeV? bin.

e By using these allowed values for each combination of new WCs, we predict the values of
dB/ds, Fr, A%p and A% by plotting them against the Cy and Cy in Fig. 6.8(b)-(e). The
pink plane in each plot corresponds to the measured experimental range of the observable.
The central SM values of dB/ds, Fr, A%B and A%B are 0.24 x 1077, 0.54, 0.10 and —0.31,
respectively in s € [0.1,2] GeV? as shown in Table 6.5.

e Fig. 6.8(b) shows that the value of dB/ds varies from 0.27 x 10~7 to 0.50 x 107 inside the
experimentally allowed region when C'y and Cy are varied in their range constrained by the
analysis of different B— meson decays. Hence it can be inferred that the experimentally
allowed region 0.22 x 1077 < dB/ds < 0.27 x 1077 is excluded by the present analysis.

e Fig. 6.8(c) represents the variation in the values of F7, against each combination of C'x and
Cy. It can be noticed that the value of I} approximately varies from 0.39 — 0.77 when
we vary the values of C'x and Cy in their allowed ranges. It means current constraints on
the new WCs suggest that the value of Fp is 0.39 < F, < 0.77 therefore, it excludes the

experimentally measured ranges that are above and below this range of FT.

e Fig. 6.8(d) depicts that the value of A%y is not very sensitive to the combinations of NP
couplings and its value remains close to its SM prediction which is 0.097 (central value).
Therefore, the larger experimental values of this observable cannot be accommodated in

light of the current constraints on new WCs.

e In case of A%y, the combinations (Cp, Cy) and (Cg, C%) (cyan and black dots) change the
value of this observable from its SM predictions to some extent while for other combinations
of new WCs this value remains close to the SM predictions and it can be seen in Fig. 6.8(e).
In this high-recoil bin, the maximum and the minimum values of A% g are found to be —0.25
and —0.4, respectively. Therefore, the positive value of this observable and the value greater

than —0.25 seems to be excluded by the current constraints on these new WCs.

In short, the observables dB/ds, Fy, A% p and A% p in high recoil region are very interesting
to tell us more about the possible values of the new VA and SP couplings. Particularly, in
this bin, the study of the observables of A; decay do not put additional constraints on the

range of WCs obtained from the analysis of B—meson decays.

Low-recoil region

For the low-recoil bin s € [15,16] GeV?, one can make the following observations from Fig. 6.9

e In this bin, the available data of all four observables could be accommodated by the combina-
tions of VA and SP couplings given in Eq. (6.44) with the exception of (C', Cy). However,
when we try to accommodate the available data of the observables by these combinations
the range of new WCs allowed by B—physics is further reduced and it can be seen from Fig.
6.9(a).
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It can be noticed from the blue and brown dots in Fig. 6.9(a) that for the combinations
(Cs,Cp) and (Cg,Cp), the parametric space of Cyg is reduced to [+4,+2.6] and when Cg
is close to its maximum value, i.e., £4, then full range of C, € [+4, —4] is allowed. On the
other hand when C% is close to +4, the C} is allowed to be varied between [+3,£4] (see
brown dots). It can be further seen that if Cg) reaches to £2.6 then C', goes to zero.

In the combinations of (Cg), Cy), the parametric space of Cy is unchanged which can be

seen from the red and green dots in Fig. 6.9(a) while the parametric ranges of Cg, CY% are
reduced to +4 < Cg < £0.5 and +2 < C < £0.5 which can be observed from the red and

green dots, respectively.

The constraint on the combination (Cg,CY) is already severe due to the condition |Cg —
Cs| < 0.1 and it further narrow down when we try to explore the data of above mentioned
observables. The new allowed range of this combination is between 2 to +1 with |Cs—CY%| <
0.1 condition. This can be seen from the black dots in Fig. 6.9(a).

By using these new allowed ranges of model independent WCs, we have predicted the values
of all four observables in the bin s € [15,16] GeV? and plotted them in Fig. 6.9(b-e). In
this bin the SM value of dB/ds is 0.80 x 10~7 and from Fig. 6.9(b) we can see that this
value varies between (0.82 —1.42) x 107 by varying the values of the combinations (Cs, C%),
(C4,Cp) and (Cg,CY) in their allowed parametric space shown in Fig. 6.9(a). It can also
be noticed that the combinations (Cs,Cp), (Cg,Cp) and (Cg,CY) allow full experimental
range of dB/ds which can be seen by blue, brown and black dots. In contrast to this, the
combinations (C’g), Cy) allow the region (0.82 — 1.15) x 10~7 of experimental measurements

that is displayed by red and green dots in the same plot.

Just like dB/ds, the values of F, are also predicted in s € [15,16] GeV? bin and plotted
in Fig. 6.9(c). The SM value of Ff, is 0.45 and it varies in the range 0.19 — 0.32 for the
combinations (Cs,C%), (C4,Cp) and (Cg, C%) (see blue, brown and black dots). On the
other hand choosing the combinations (C'g)7 Cy) the value of Fp, does not vary too much and
predicted to be about 0.19 — 0.24. This is displayed by the red and green color dots in the

plot.

Similarly, the values of A% p are predicted and plotted in Fig. 6.9(d). The SM value of
this observable in this bin is —0.38 and by using the values of combinations (Cs,C}) and
(C%,Cp) it varies between —0.15 to —0.26 which is shown by blue and brown dots. For the
combinations (Cg), Cvy), the predicted range of the value of A%B is —0.19 to —0.12 (red and

green dots).

Fig. 6.9(e) represents the predicted values of A/} g by using the combinations of new WCs.
The SM value of this observable in this bin is —0.31 and by using the allowed values of
(Cs, C%) and (C%, Cp) combinations, it changes from —0.22 to —0.13 (blue and brown dots)
and by (Cg), Cy) combinations the range of the value of A% is found to be —0.17 to —0.12
(red and green dots).
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Figure 6.9: Plot (a) shows the parametric space of (Cx, Cy) allowed from B—physics constraints
on new WCs and which also satisfy the data of dBB/ds, Fp, A% g and A% p» simultaneously, in the
bin s € [15,16] GeVZ2. (b)-(e) are the predictions of dB/ds, Fr,, A%, and A%y in the bin
s € [15,16] GeV? against the WCs collected in (a). The legends are same as Fig. 6.8.

It is important to mention here that the values of the observables do not depend on the signs
of the new WCs and it can be observed from Fig. 6.9(b - e¢). However, when more precise data
will be available from the Run 3 of the LHC, we expect that the values of the observables in this
bin can be used to further constraining the new WCs particularly, the scalar type couplings.

In s € [16,18] GeV? bin:

e The SM values of the dB/ds, Fy,, A%y and A} in this bin are 0.82 x 1077, 0.42, —0.38 and
—0.29, respectively. As we have mentioned earlier that we are interested only in those bins
where all four and if not at least three observables could be accommodated simultaneously

by using the parametric space of new WCs which is allowed by the B—physics data. In this
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particular bin, we have found that only the data of two observables, F;, and A% g favor our
choice. Therefore, based on this fact we can say that this region is not good to predict the
values of different angular observables. However, in the future when more accurate data will
be available in this range of s; it will be looking for the possible NP effects due to these new

WCs in the decay under consideration.

3 . (b)
(@ - . p
A s=i8.20 o 2
J 0,/ g
S -‘ ) s
1 L J -2

§ iy S
> 0 : r('/ W —_—
o 2\,\ U&%

-1 S B o* @;. v of W - 2 //
1-'?;1.' o 72\ S e
-2 , —al '-"";:-
-3p 10 =1 ik
. . . . . . . . 12 =
:
-3 -2 -1 0 1 2 3 4 B 14
Lx10
CX ds
4 (@) (@)
o § 0.~ ‘ -
72/// -.‘. 2 ‘ ‘.
A L]
‘ AR 4 B
P 2| - =
¢ . £ -
A cy ol R 5
C R ¥ y O 8>
y ob £ \ b amatiidn
Eo. _ Z
-2} z 2t - c
;4\'A i R 2 }
» -0.05 s I
-0.1 -0.10 =4 |
0.0 ! -0.15 g,
) L2 & W APp  -0.20 L0
Atg 0.1 g 025

Figure 6.10: Plot (a) shows the parametric space of (Cx,Cy) allowed from B-physics constraints
on the new WCs which also satisfy the data of Fp, A% 5 and A% p simultaneously in the bin
s € [18 — 20] GeVZ. (b)-(d) are the predictions of Fj,, A% 5 and A% in the bin s € [18 — 20]
GeV? against the WCs collected in (a). The legends are same as Fig. 6.8.

In s € [18 — 20] GeV? bin:

In this bin, by excluding the data of F7 the available data of remaining three observables;
ie., dB/ds, A%B and A’}B could be accommodated simultaneously for the combinations of new
WCs given in Eq. (6.44). However, except (Cg,Cp) and (C,Cy) the other four combinations
of new WCs can take care of LHCb data of these observables. We have also explored the case by
including the data of F;, but in this situation, it is found that only one more observable can be
accommodated at a time with it. Furthermore, as a result of satisfying the data, this bin provides
more severe constraints on the new WCs that are still allowed by B—physics and it can be seen

from Fig. 6.10(a). The important observations, in this case, are the following:

e It can be noticed from the brown dots in Fig. 6.10(a) that for the combination (C§g, Cp) the
parametric space of C% is reduced to [£4,+2.4] and that of Cp is [+3, —3] with the severe
parabolic condition 5.057(C% — 2.384) ~ C%. On the other hand, for the other combinations

()

the allowed region of CS/ is further narrow down (black and brown dots) while the region of
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Cy still remains the same as restricted by B—physics data (red and green dots). Therefore,
similar to the s € [15,16] GeV? bin, the s € [18 — 20] GeV? is also important for the scalar
type new WCs.

e By using the allowed ranges of new WCs shown in Fig. 6.10(a) and discussed above, the
predictions of the observables dB/ds, A% and A% 5 are plotted in Fig. 6.10(b-d) in s € [18—
20] GeV? bin. In this bin the SM value of dBB/ds is 0.66x 10~7 and it can be observed from Fig.
6.10(b) that by using the allowed values of (C§ ,Cp) and (Cs, Cg) combinations, the value
of dBB/ds varies in a very small region of experimental range, i.e., roughly (1.47 —1.54) x 10~7
(brown and black dots, respectively). In contrast, the combinations (C’g), Cy) allow the
full region of experimental values and in this case the range of the value is found to be
(0.94 — 1.54) x 107 that is displayed by the red and green dots in Fig. 6.10(b).

e Similarly, the values of A% p are predicted and plotted in Fig. 6.10(c). The SM value of
A% 5 in this bin is —0.32 and by using the allowed values of the combinations (C§, Cp) and
(Cs, Cq) the value is found to be ~ —0.13 which is shown by brown and black dots. For the
combinations (C’g), Cvy) the predicted range of A%B is —0.07 to —0.14 which is plotted by red
and green dots. One can further notice that the allowed range of combinations predicts only
the negative value of Af; p Which satisfies a very small experimental region of this observable,
particularly, the positive experimental value of this observable is not possible to accommodate

if we use the above six combinations.

e Fig. 6.10(d) represents the predicted values of A% g by using the combinations of new WCs.
The SM value of A%B in this particular bin is —0.23 and by using the allowed values of
(C%,Cp) and (Cg,Cy) combinations, this value is roughly to be —0.10 (see the brown and
black dots) and by (Cg), Cy) combinations its values change from —0.07 to —0.12 which can
be seen by the red and green dots. The higher experimental values of this observable are also
not possible to be reproduced by using the current constraints on any possible combination
of new WCs.

To summarize, in this particular bin, the analysis of the above-mentioned observables helps us to
put the additional constraints on the new scalar type couplings. On the other hand, the parametric
space of the vector type couplings does not change and remains to be the same as constrained by
the B—physics data. Moreover, similar to the case of s € [15,16] GeV? bin, the numerical values

of the observables, in this case, are also independent of the sign of new WCs.

6.4.5 Lepton mass effects

It has already been mentioned that we have calculated the expressions of different physical ob-
servables by taking the mass of final state leptons to be non-zero which is not the case in [113]
and hence our study can be extended easily to the semileptonic Ay, — A7T7~ case. Based on our
analysis of Ay, — Ap* ™ we find that p—mass effects in the angular observables of the four body
decay A, — A(— prn~)u T~ are not prominent consequently in the case of muons, the lepton mass
terms can be safely ignored like in [113]. For the sake of completeness, we have also calculated the
values of angular observables in the low-recoil region for the case of Ay, — A(— prn~ )77~ decay

in SM and also by considering the new WCs corresponding to the model independent approach.
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Table 6.2: Observables with and without lepton mass for the decay Ay, — A(— pr)77~ in the
SM and in different scenarios of NP couplings where the case my # 0 corresponds to my = m. in
s € [15,20] GeV? bin. Scenario VA — 1 corresponds to Cy = —1.61, Cf, = C4y = C'y = 0, VA2
corresponds to Cy = —Cy = —1, C, = €’y = 0 and VA — 3 represent Cy = —1.34,

Cl, =Ca =0, C"y = —0.4. Similarly, in SP — 1 case we have taken Cs = Cp = —3,

Cy = Cp = —3.1 whereas SP — 2 contains Cg = 3, C4 = 2.9 and Cp = C) = 0. Tensor couplings
correspond to Cp = 0.72 and Cps = 0.2.

H % x 1077 Fr, A%B A%B A%\B Fr
SMpm,_, 0.75 0.41 —0.35 —0.26 0.14 0.60
SMp,_, 0.53 0.35 —-0.13 —0.26 0.06 0.65
VA—1,, . 0.52 0.40 —0.28 —0.26 0.12 0.60
VA -1, 0.37 0.35 —-0.11 —0.26 0.04 0.65
VA—-2,,_, 0.42 0.41 —0.35 —0.26 0.14 0.59
VA= 2, | 029 0.35 ~0.13 —0.26 0.06 0.65
VA-3,,_, 0.52 0.41 —-0.33 —0.28 0.13 0.59
VA-3m,. 0.36 0.35 —0.12 —0.28 0.05 0.65
SP — 1, 0.91 0.22 —0.20 —0.15 0.14 0.59
SP — 1, 0.68 0.15 —0.05 —0.12 0.03 0.85
SP =2, 0.87 0.16 —0.14 —0.11 0.06 0.84
SP — 21, 0.90 0.21 —0.08 —0.16 0.03 0.79
Tfné:o 0.79 0.39 —0.33 —0.25
T 0.54 0.34 ~0.13 ~0.26

By using the central values of the FF's the calculated values of different physical observables
are listed in Tables 6.2 - 6.4. From the first row in each of the Tables 6.2 - 6.4, one can notice
that the magnitude of the SM values of observables A%B, Fr, Y, ag,, a.’gé, ag, o/£ and Py are
increased due to the non-zero 7’s mass whereas the values of A% p and oy, do not receive tauon
mass effect. Similar effects can also be noticed in these tables when we include the VA (rows 2 -
4) and T (row 7) couplings along with the SM couplings. It is noticed that in the case of SP —1,
the values of F7p, A%B, A/}B, Fr, Yise, ag,, ag,, agz,ag, o/g, ag, P3s and Py increase when tau
mass effects are included whereas dBB/ds, A%AB, ay and P3 values decrease.

For the second possibility of scalar couplings (SP —2), the values of the observables A% B Yise,
g, a’ge, ag, o/g, ay and Py are increased due to the 7 mass while the values of the observables
dB/ds, Fr, A%B, A%AB, Fr, ap,, ar, P3 and Py are decreased. However, there are no effects
of non-zero tauon mass observed in the calculated values of Y5 and Y3,. in both scenarios of SP
couplings (c.f. sixth row of Table 6.4). In short, we have found that the effects of 7 mass are
significantly large in the decay Ay — A(— pr)7t7~ therefore, in contrast to the case of muons, to
pursue the NP effects in the angular observables of Ay, — A(— pm)7H7~ decay it is indispensable
to include the lepton mass terms in the expressions of different physical observables. Consequently,
it is worthy to derive the expressions by taking the lepton mass to be non zero in the semileptonic

decay Ay — A(— pr)¢T¢~ where £ = e, u, T.
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Table 6.3: Observables by taking the massive and massless 7 in A, — A(— pm)7T7~ decay in the
SM and also in different NP scenarios. Description of couplings is similar to Table 6.2.

[ Y3se x 1072 | Yiee x 1072 Ys ag, | ag, | ap,
SMy,,_, 0.02 —0.96 0.02 —0.82 —0.15 —0.67
SMy,, 0.00 —0.19 0.00 —0.82 —0.03 —0.26
VA—1p,,, 0.02 —0.94 0.02 —0.82 —0.15 —0.54
VA~ 1, 0.00 —0.18 0.00 —0.82 —0.03 —0.21
VA—2,,, 0.03 —1.00 0.02 —0.82 —0.16 —0.67
VA= 2m,., 0.00 —0.19 0.00 —0.82 —0.03 —0.26
VA—=3m,, 0.02 —1.00 0.02 —0.87 —0.16 —0.62
VA= 3m,., 0.00 —0.19 0.00 —0.87 —0.03 —0.24
SP —1pm,_, 0.01 —0.10 0.01 —0.46 —0.05 —0.21
SP —1p,., 0.00 —0.07 0.00 —0.32 —0.01 —0.05
SP —2m,_, 0.01 —0.50 0.01 —0.34 —0.03 —0.13
SP =2, 0.00 —0.11 0.00 —0.51 —0.01 —0.09

Table 6.4: Observables by taking the massive and massless 7 in Ay, — A(— pm)777~ decay in the
SM and also in different NP scenarios. Description of couplings is similar to Table 6.2.

H Qg 0/5 x 1073 o ar, Ps ‘ Ps ‘ Po
SMme:o —0.32 —0.20 —0.79 —0.84 0.38 —0.94 —0.60
SMmé 0 —-0.13 —-0.07 —0.82 —0.83 0.14 —0.35 —0.69
VA- L,y —0.26 —-0.29 —0.79 —0.84 0.31 —0.76 —0.60
VA-— Linpso —-0.11 —0.11 —0.82 —0.83 0.12 —0.29 —0.69
VA-— 2o —0.32 —0.27 —-0.79 —0.84 0.37 —0.94 —0.59
VA- 2mps0 —-0.13 —0.01 —0.82 —0.83 0.15 —0.36 —0.58
VA-— 3mi—o —0.25 —4.69 —0.85 —0.89 0.34 —0.87 —0.64
VA- 3miso —0.10 —1.78 —0.87 —0.88 0.13 —0.33 —-0.73
SP — J P —-0.16 —0.12 —-0.21 —0.26 0.20 —0.52 —-0.34
SP —1m,, || —0.05 | —0.03 —014 | —014 | 006 | —014 | —0.27
SP — 2me—s —0.12 —0.08 —-0.13 —0.16 0.15 —0.37 —0.24
SP — 2mg¢0 —0.07 —0.05 —0.28 —0.30 0.09 —0.21 —0.44

6.4.6 Most favorable pair of Wilson coefficients

We have extracted the most favorable pair of new WC’s which is (C, Cp) as shown in Fig. 6.11.
This pair satisfies individual observables %, Fr, A% g and A% p in large-recoil bin s € [0.1, 2] GeV?
and low-recoil bins s € [15,16] GeV?, [16, 18] GeV? and [18,20] GeV2. It means that it can satisfy
all experimental data available for A;, decay observables respecting the B—physics constraints.
Density of plots in Fig. 6.11 shows how the respective parametric space of (C, Cp) is favorable
by these decay observables.
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Figure 6.11: (C§g, Cp) is the most favorable pair of Wilson coefficients. Green, Black, red and
blue colors denote 28, Fy, AL, and A%, respectively.
ds FB FB
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Table 6.5: Observables for the decay Ay, — A(— pr)u™p~ in the SM and in different scenarios of
NP couplings along with LHCb results in respective bins. Scenario VA — 1 corresponds to
Cy =-1.61,C{, =Cy =C" =0, VA —2 corresponds to Cy = —Cy = —1, C{, = C’, =0 and
VA —3 corresponds to Cy = —1.34, Cf, = C4 =0, €’y = —0.4. Similarly, in SP — 1 case we have
taken Cg = Cp = —3, Cy = Cp = —3.1 whereas SP — 2 contains Cg = 3, 'y = 2.9 and
Cp = Cp = 0. The tensor couplings correspond to Cr = 0.72 and Cps = 0.2. The final state
leptons are muons. The experimental results are taken from [217].

| (Fx1077) (Fp) (Abp) (Afsp)

SM 0.23870157  0.5357502) 0.097006¢ —0.31075:00:
VA1 0.2147019%  0.45315-02 0.12210-008 —0.312+5:008
VA—2 | 01870100 0.398700% 0.1017pp0a  —0.31270005
SERRCREIG W RN R
SP -1 0.280107%0  0.335100% 0.06070075  —0.19470:93%
SP—2 0.268*01%2 0. 24110116 0.04310-020 —0. 139+0 0-029
T 0.43470535  0.29310030 0. 053+8 oz 0. 167*8 ote

LHCY 0.3670 13 0.56 1022 0.3710% —0.121037
SM 0.797701%2 04547500 —0.382700%  —0.3077 0501
VA-1 0.55870150  0.4507000;  —0.30110002  —0.307F4401
VA-2 0.43970087  0.4607500;  —0.379700%  —0.307T0 501
15.16] VA-3 0.568$§;£§ 0.458}:%(8@% —0.337}%}1}% —0.3161%%%
SP—1 0.9607520%  0.261705%  —0.2207001%  —0.177T)%12
SP—2 0.917F0220 01877002 —0.157T002  —0.1261501]
T’ 0.83770102 043270507 —0.3627000;  —0.292700u1

LHCb 112753 0.497039 —0.101018 ~0.197015
SM 0.82470730 041870003 —0.3817500 —0.28970 001
VA-1 0.5767000%  0.415%5002  —0.3067000  —0.28970-501
VA2 0. 454+8 E ) 422+8 os 0. 381*8 oL o 289*8 oo
o VATE | D oamhs osedly v
— 0.99875125  0.2347001%  —0.21375012  —0.162700%%
SP—2 0.953F0182 01687501 —0.15370019  —0.116F5 0%
T’ 0.86270190  0.4067500%  —0.3617009%  —0.27610501

LHCb 1.220-29 0.6870:59 —0.077513 —0.441008
SM 0.658 700780371 9000 . 3170000 _(.227+0-000
VA-1 0.45970951  0.37015:001 —0.26010500  —0.22700%
VA-2 0.35470057  0.373T0001  —0.318T0001  —0.22615000
TEIRCREEET BN W e
SP -1 0.808010s  0.192%0550  —0.164T000%  —0.117T) 0%
SP—2 0.771F0 062 0.14170009  —0.1207099¢  —0.08615-00s
T’ 0.684709% 038570058 —0.2867000  —0.215F000

LHCY 1.2470-30 0.627037 0.01701% —0.13701
SM 075270735 0.409Tgg0  —0.359T0ves  —0.271 0y
VA—1 | 05257005 040770000 —0.289F000s  —0.27170-501
VA-2 0.41500%5 0.412*8 ool —0.359T060%  —0.271F 500
o VA | DR pagl oo —owtyd
SP—-1 0.91470160 994 #0015 g 190009 g 3 q+0.007
SP—2 0.873701%%  0.16279017  —0.142709000 0. 107+8 e
T 0.7867 000 04047000  —0.337T000  —0.2571 0007

LHCY 1.207027 0.617011 —0.057009 —0.2970:08
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Table 6.6: Observables in the SM and in the presence of new VA and SP couplings for which
experimental results are not available. The description of different scenarios is same as in Table

6.5.

{

ZAB>

(Fr)

(Y3, x 1073)

<Y4sc>

SM —0.0027000%0.1827000% 0.32670: 101 0.004 75908
VA-1 —0.034700020.2667509%  0.238700%1 0.00375-007
w1 VA2 —0.02270007  0.236T0010  0.52470 558 0.006 00
. VA-3 || —0.026%0%02 02400008 0.25070-0%0 0.0045-00%
SP—1 —0.00115:008  0.5811007%  0.1670 03 0.00210-04%
SP -2 —0.00170001 0.7227593F 011110 AT 0.001 7500
SM 0.14370000  0.59170001  0.01870501 —0.01075:00
VA-1 0.11673900  0.59370001  0.02070501 —0.01015-00
115,20 VA-2 0.14470 088 0.587"0 88} 0.027*0 88; —0.010™)- 088
Povacy | ot ool omig oo
. DOTSRA  0TTEG 00T 0005
- 0-057 6,004 0.838 0014 0.007Z¢ 000 —0.004 %5909
(¥a) (a,) () (ah,)
SM 0.08475002  —0.96170052  —0.8007 5007 0.014750%
VA-1 007175007 —0.966700xs  —0.704F000 0.16370 018
11,6 VA-2 0.076100%02  —0.96115032  —0.75070-08 0.107790:930
o VA-3 0.0707000:  —0.92070%3  —0.72710-55) 0.13175:02%
_ T000 40000 0 orgT0.088 10:019
SP -1 0.04370:003 0.492+0058 0.25910028 0.00410008
SP—2 0.028+0015  _0.32770:002 (15240050 0.00310003
SM 0.01670000  —0.8447000%  —0.16175505 ~ —0.6797 000
VA-1 0. 0151% §§§ —0.8443_:§:§§§ —0.159$§;§§§ —O.548j_:§:§§§
VA-2 0.01610 0% 0.84410-005 0.16870005 0.6771 0004
[15,20] 4 _3 0.01670000  —0.89515:002  —0.171700%  —0.62610 004
on | ool owl oowii ool
SP—2 0.006T905  —0.335T002L  —0.03070003  —0.12610019
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Table 6.7: Values of some observables in the SM and in the presence of new VA and SP

couplings. Description of different scenarios is same as in Table 6.5.

(cg)

/ —2
<a£ x 10 >

(o)

(ar)

SM 0.0877000  —0.20270%  —0.973755%  —0.96070 03
VA-1 0.04270-0%9 —0.260709%2  —0.983705%  —0.96375073
1 VA2 0.0690 s  —0.26270Y% 097910010 —0.959T 00
’ VA-3 0.05370 0% 024215098 —0.944T00%  —0.9171 0550
SP—1 0.04470-054 —0.103%5952  —0.0847002  —0.310709%5
SP—2 0.02907094  _0.06970:920  —0.04310011  _0.18270:04
SM —0.3047050>  —0.02175005  —0.805700%%  —0.8607 0505
VA1 —0.25170500  —0.0307500%  —0.807T0%%  —0.8607 0505
115.20] VA-2 —0.30870002  —0.0287395¢  —0.80375:502  —0.86170 00
’ VA-3 —0. 228+g o 0. 030+8 e 0. 864+8 o —0.90810502
SP—1 —0.167700%  —0.012735%%  —0.211750)T  —0.256 70 02
SP—2 —0.120105%  —0.008T0002  —0.13070%1  —0.16170513
[ (Ps) (Ps) (Py)
SM —0.0050 0% 0.02570050  —0.22670001
VA-1 —0.08970-00% 0.28470-0%1 —0.32570-00
VA2 | vl ol o
VA-3 —0.07019058 0.231190%  —0.2917000%
SP—1 —0. 003+3 03 0.01370:9%2 ~0.11670018
SP -2 —0.00270052 0.00810030  —0.077" 0 05s
SM 0.38270-001 09567500 —0.611700%2
VA1 0. 310+g oo —0. 770+8 e 0. 614+8 ous
R e
VA-3 0.33670001  —0.885°0%05  —0.650T000s
SP—1 019870008 —0.523700%  —0.33510015
SP—2 0.15170:078 037515058 —0.24270032
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Chapter 7
Conclusions

In this dissertation we have investigated the full four-folded angular distributions for the semi-
leptonic b-baryon decay Ay, — A(— pr~)utp~ in the SM, Z’ model, Randall-Sundrum model with
custodial protection (RS.) and using the most general model independent approach. This chapter

summarizes the main findings of our study.

7" model

At the quark level, the decay Ay — A(— pm~ )u"p~ is mediated by the FCNC b — su™pu~ tran-
sition, which is same for the well studied B — K*u*pu~ decay. For A, — A transitions, we have
used the high precision FFs calculated in the lattice QCD using 2+ 1 dynamical flavors along with
the factorizable non-local matrix elements of the four quark operators O1_g and OF encoded into
effective WCs C577 () and CE//(s). By using them we have numerically calculated the differential

branching ratio (@), the lepton, hadron, and combined hardron-lepton forward-backward asym-

ds
metries (A% g, Akp, A%S), the various asymmetry parameters (ag/))

, the fractions of longitudinal
(Fr) and transverse (Fr) polarized dimuons and different angular asymmetry observables denoted

by P; in different bins of s.

e In the low-recoil bin s € [15,20] GeV? the FFs from lattice are known most precisely, the
results of % in the Z’ model lie close to the experimental measurements in this bin. The

SM results are significantly smaller than the measurements in this low-recoil bin.

e In the large-recoil region the results of hadron-side forward-backward asymmetry (A% p) is
significantly away from the experimental observations for both the SM and Z’ model. How-

ever, in the low-recoil region, the results of the SM lie close to the experimental observations.

e The experimental measurements of lepton-side forward-backward asymmetry (Af,; p) in both
low- and large-recoil regions have significant errors. However, in the bin s € [15,20] GeV?
the lower limit is comparable to the Z’ model. We hope that in the future when the statistics

of the data are improved, it will help us to find the signatures of the extra neutral Z’ boson.

e We have also predicted the values of the lepton-hardon combined forward-backward asym-
metry (A%%) both in the SM and the Z’ model. It has been found that in the low-recoil bin
the value of the Z’ model deviates significantly from the SM result.
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e The longitudinal polarization fraction Fj, of the dimuon system is measured experimentally
where the statistics are not good enough in the large-recoil bin as compared to the low-recoil
region. In the region s € [1,6] GeV? the central value of the SM is compatible with the
central value of the experimental measurements. However, in the bin s € [15,20] GeV?,
where uncertainties in the FFs are better controlled, the experimental observations favor the
results of the Z’ model.

e In line with these asymmetries, we have also calculated the transverse polarization fraction
of the dimuon system Fr, the asymmetry parameters «, and different angular asymmetry
observables P; for i = 1,---,9 in the SM and Z’ model. We have found significantly large
values of some of these observables that can be measured in the future at LHCb and Belle
I1.

It is worth emphasizing that some of the asymmetries calculated here were also reported in the
SM and aligned 2HDM in ref. [111] and our SM results match with these results. We hope that in
the future, the precise measurement of some of the asymmetries reported here in the four-folded
distribution of Ay — A(— pm~)uTpu~ decay, in fine bins of s at the LHCb and Belle II will help
us to test the SM predictions in A; decays with significantly improved statistics. It will also give
us a chance to hunt for the indirect signals of NP arising due to the neutral Z’ boson, especially

where the SM mismatched with the experimental predictions.

Randall-Sundrum Model with Custodial Protection

Our work on the analysis of angular observables of the theoretically clean decay A, — A(—
pr )t p” in the SM and the RS model with custodial protection is presented in Chapter 5. After
performing the scan of the parameter space of the model in the light of current constraints, we
have worked out the largest possible deviations in the WCs ]AC%JO] from the SM predictions for
different allowed values of KK gluon mass M FOR The resultant deviations are small and do not
allow for large effects in the angular observables. Although for maximum possible deviations in
WCs, for M g =4.8TeV, in the R.S. model, some of the observables receive considerable change
in particular bins such as 98 and A% in low-recoil bin [15,20] GeV? and Fy, in the bin [0.1,2]
GeV? but these deviations are still small enough to explain the large gap between the theoretical
and experimental data. Therefore, it is concluded that under the present bounds on the mass of
first KK gluon state M ), observables are largely unaffected by the NP arises due to custodially
protected RS model. Hence, the current constraints on the parameters of RS, are too strict to

explain the observed deviations in different observables of Ay, — A(— pr~)utu~ decay.

Model Independent Approach

In Chapter 6, the investigation on NP is not restricted to operators that already appear in the
SM; i.e., the four-fermion ones built out of V'— A b — s and vector/axial leptonic currents - but
actually also considers (pseudo)scalar and tensor operators, and the V + A combination for the
b — s current. In literature, it is known as the model independent approach. By taking the most
general weak interaction Hamiltonian, we have discussed the impact of new VA, SP and tensor
T couplings on above mentioned physical observables in Ay, — A(— pr~)uTu~ decay. Most of

them are the ratios of angular coefficients and hence show little dependence on the uncertainties
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involved in the calculation of hadronic FFs therefore, in the future these observables can serve as
a tool to look for the imprints of currents which are beyond the SM physics.

First of all we have plotted dB/ds, A%B, A%B, A%AB, Fr.r, Y3 3s¢ 4sc, P3,8,9 and agl) where,
1 =0y, Op, & L, U by considering the non-zero mass for the final state leptons. We deduce that
in case of u as final state lepton the mass effects are negligible at low-recoil for all the observables
- but mildly affected some observables, such as Fr, ay,, Y2, Y45 and Py in high-recoil region.
Therefore, based on our analysis it can be inferred that one can safely ignore the muon mass terms
in the expressions of the lepton helicity fractions as was done in [113]. By using the following

ranges of new WCs that are allowed by the B—physics data with the global fit sign suggestions

CV = [—161, —1], C{/ = 07 CA — 1’ Cf4 =_04
Cg) = OV =[-44, Cr=072 Cp;=02, (7.1)

we have the following findings:

e There is a mismatch between the SM predictions and the LHCb data of d5/ds, particularly
in the high s region. Only new V A couplings in three low s bins, [0.1,2] GeV?, [2,4]GeV?

and [6,8]GeV? are able to accommodate this data.

e The SM values of Fy, and A/} g fall within the error bars of the LHCb data in all bins except
in s € [16,18] GeV? where VA, SP and T couplings are also unable to accommodate the
data.

e The data of A% g deviates from the SM values in the high s region and only SP couplings

show some promising effect to accommodate it.

It is also observed that the zero-crossing of observables shift towards the high s region when new
V' A couplings are introduced in addition to the SM WCs which is not the case for the S P couplings.
In case of ap,, apy and oy, when we include V A couplings their values are modified slightly for the
combination Cy = —1.34,C" = —0.4, C{, = C4 = 0. However, the data of A%B, particularly in
the high s region favors the new VA couplings in comparison to the SM couplings alone. Now
compared to VA and T couplings, the constraints are less stringent on SP WCs therefore, their
influence on the above discussed observables is more prominent. Also, the data of dBB/ds, A% g and
A% p in some high s bins favors the SP couplings. In the case of the WCs corresponding to the
tensor currents, the value of A% g in high s region come closer to the experimental value which is
neither the case for the SM nor for any other NP couplings. Hence, one can deduce that there is
not a single new coupling among VA, SP, and T operators that can simultaneously accommodate
the whole available LHCDb data of these four observables in all s bins.

To overcome this difficulty, we have also examined the impact of Cy, Cg, Cy, Cp and C)p
by considering these couplings in pairs (Cx,Cy) where X, Y =V, S, 5" P, P'. The goal was to
explore their allowed parametric space to see whether the combinations of these new couplings
satisfy the available LHCb data for all the four observables in large-recoil bin s € [0.1,2] GeV?
and in low-recoil bins s € [15,16], [16,18] GeV? and s € [18,20] GeV? or not. We observed that
at large-recoil s € [0.1,2] GeV? region, the measured values of dB/ds, Fp, A%B and A% g could
be justified simultaneously by taking the combinations given in Eq. (6.44) while the ranges of
WCs mentioned in Eq. (7.1) remain unchanged. At low-recoil, for the bin s € [15,16] GeV?, these
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combinations also accommodate LHCb data for all four observables simultaneously but the ranges
of SP WCs mentioned in Eq. (7.1) are further constrained while the ranges of VA WCs remain
the same. It reflects that these two bins can provide a good opportunity to search for the NP when
more accurate data will be available from the Run 3 of the LHC. In the s € [16, 18] GeV? bin, the
measurements of all observables cannot be accommodated by any of the combinations of NP WCs.
In this region, only a few combinations satisfy the measured ranges of F, and A% p simultaneously
but none of them satisfies Afp p- In last bin of low-recoil region; i.e., s € [18,20] GeV? we tried to
accommodate the data of Afw B A% p and dB/ds simultaneously and found that it is still possible
for the several combinations of NP WCs. However, doing so for these three observables we got
more severe constraints on the SP WCs as compared to the one in s € [15,16] GeV? bin while
the range of VA WCs remains the same as allowed by the B-physics data. Finally, by using the
allowed parametric space of these WCs constrained by the data of above mentioned observables in
Ay decays, we predicted the values of these four observables in their corresponding bins and find
that they could be potentially measured in the future at the LHCb and other planned experiments.

It has already been discussed that in this study we have calculated the expressions of the lepton
helicity fractions in the presence of lepton mass therefore, this analysis can be easily extended to the
Ay — A7T7~ decays. Doing so, we found that the non-zero mass of tauons significantly modifies
the values of different physical observables both in the SM as well as in the presence of new WCs.
Finally, by considering the uncertainties involved in the FFs and other input parameters, we have
calculated the values of all the 19 observables for Ay, — A(— pr~ )77~ decay.

Concluding, we hope that our results will be scrutinized after the Run 3 of the LHC, in
particular at the LHCb and the future B factories.
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.1 Appendix A

Lepton Helicity Amplitudes

Leptonic part of scalar, pseudo-scalar, vector and axial-vector currents having non-zero contribu-

tion are [254]

Ly(+1/2,-1/2) =
LY(+1/2,+1/2) =
Li(+1/2,-1/2) =
Ly(+1/2,-1/2) =

Lo(+1/2,-1/2) =

Tensor part of leptonic current read as

Lé’f(+1/27+1/2) =

1/2,+1/2)
1/2,+1/2)
D(+1/2,+1/2) =
)
)

(=
(=
L7 (+1/2,+1/2
LE(+1/2,+1/2

LE)(-1/2,+1/2) =
Lim(+1/2,+1/2) =

L5, (+1/2,41/2)
Ly (+1/2,41/2)
Lif(+1/2,-1/2) =
LiD(4+1/2,-1/2)

L3D(4+1/2,+1/2)

LyD(+1/2,-1/2) =

where g =

~Ls(~1/2,-1/2) = 58,
Lp(—=1/2,-1/2) = —
LF(-1/2,-1/2) =
—LY(~1/2,-1/2) = —2my cos O,
LY (—1/2,+1/2) = ssinf,

FV2my sin 6,

—L,(-1/2,+1/2) = \%(1 — cos 0y)
L2, 41/2) = (1 + cos)
LYy (=1/2,-1/2) = —2my
Ly(~1/2,+1/2) = ﬂ(l — costy)
LY (-1/2,+1/2) = %(1 + cosby)
—L%(—1/2,+1/2) = svsinfy. (2)
s .
_Ltij—L(_l/z —1/2) = :F\ﬁsm%,
—LtT’T(-H/Q, ~1/2) = V2(1 — cos 0)my,
_LtT:fr(+1/2, -1/2) = \/§mg(1 + cos ),
—L5)(=1/2,-1/2) = —scos by,
L7 (=1/2,—1/2) = —scos 0uf,
LE0(-1/2,-1/2) = —% sin 0,3,
LE)(+1/2,-1/2) = 2mysin 6,
S .
—LhE(-1/2,-1/2) = iﬁ sin 0,5
L5, (—1/2,-1/2) = scosbify
L;é/ (—=1/2,—1/2) = scosby,
L7355 (—1/2,41/2) = 2mysin b,
LT5’( 1/2,4+1/2) = \/i(l—l—cosﬁg)mg,
S .
—Li(-1/2,-1/2) = Vo Oc,
LES(—1/2,41/2) = —v2(1 — cos f)my, (3)

QW and v = /1 — 2. It can be seen that if we put the lepton mass m, to be zero, we

can get back the relations given in [113].

114



.2 Appendix B

Total amplitude
In terms of the hadronic and leptonic currents, the square of amplitudes corresponding to different

currents can be assembled as

|Myal? = % DTN DTN H™ (56 58 H™ (5845587 G G L™ (50, 52,)

SAysSA sl Sty,8e9 MM/ 0/

XL (s0,,50,)T" (s, 5)), (4)

where A = (m%b — mi —5)2 + 4sm?\ and L™ " are the helicity amplitudes for the leptonic part
given in Eq. (?7). Likewise

|MSP‘2 - Z Z Z SAbv SA (SAb’ SA/)L(SQ ) sﬁz)L*(Sﬁu sz)F,(SAv S/A)
SAb SA )\ StySty
1.7
‘MT"Q - Z Z Z Hmn<3Ab7 SA)HTS*(SAM SA’)gmm’gnn’grr’gss’Lm " (36173&)
SAysSA Sl Sey,5e9
XL (54, 50,)T" (51, 5)) (5)

* 1 [ * ! *
MyaMgp = DD D [H™(saysa)H (snysa) L™ (s, 50,) L (Sel,%)] I"(sn, s)
SAySA s, SepiSey

* 1 [ rrm *7S m’ r's'x
My aMp = 9 Z Z Z _H (SAbvsA)H (SAb’SA’)L (Squ@z)L

SAysSA s Sty:Sty

* 1 [ * ! ! x
MgpMyp = 9 Z Z Z _H(sAb’SA)Hmn (SAMSA’)L(SZNS&)LTS (5517352)} F/(SA7‘S/A)

SAy»SA sl Seq:Sty

(Sflﬂ 352)} F/(sAv SIA)

where summation over the repeated indices is understood.

.3 Appendix C

Angular coefficients

The various angular coefficients appearing in Eq. (3.36) are defined as

K = |C+| HW + ’C§|2H?’+ + |C+|2H?TJr +1C 2 H1T5 + |C | Ht0+ + |010| Ht0+
+R [CF O] Hywry + R [C7 Cg "] Hyars),
Kiee = |CSPHYS +|Cy PHy + |ClolPHyy! + 10| Hyt + (ICF 12+ |C5 |7) Hyyt

+21R [C;FCJF*] HS(VT) + 2R [07 C ] H5(A T5)
Koy = a [&e [cfocl—o} (252Hgfv(+1/2,+1/2) + 20215, (+1/2,+1/2) +v2H+’+(—1/2,+1/2)>
+ R [59*(1;*} Hyayy +R [C7C7"] Hyryrs) + R [0;597 } Hyar +R {07 Cq } H4(VT5)}
Kaee = 20%|C3C5| Hyay) +20% [CHCw | (B HS (+1/2,41/2) + B3 (<1/2,+1/2))

+20 (8% [CFCT*] Hyprsy + R {07 Cg_*} Hsam) + R {C’?_Cg *} H5(V,T5)) ;
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where v/ =

= 2R [07*5;0*] Hif(-1/2,41/2) + R [C;C*fo*} Hy 7 (—1/2,+1/2)

+ R |CF O | HEF (<1/2,41/2) + % [69—515*} Hj;;(—1/2,+1/2)} ,

— —%a [éR [c;éfo*} HgH(~1/2,41/2) + R [c;é;o*} H (=172, +1/2)

+ R [Cf Ol 1H (<172, +1/2) 2 + R [69—6;0*] \HE(~1/2, +1/2)\2]

= V2va (Im [C;r(j’l_o*] Hé%A,T) +S [07_5;6*} Hé%v,m) +3 [6351—0*} H6}%A,V)

+3 [51%(79**: H§A7V)) :

= V2va [Re [C;C*fo*] HE ) + 2R [5;6;0*] HO(+1/2,+1/2) HiF* (~1/2, —1/2)

~ Re [0;6;0*} HE \ 75y — 2R [5;617)*] HY(+1/2,+1/2) H*(—1/2,—1 /2)]

= V2ula (—% [5;0;“*} Hiym +S [59_07_*} HﬁL(A,Ts))) ,

= V2R [R[CF O] By + R [CF O] s

~ R (G5 Cq| H ) - R[G5 CF| Bl (7)

1+ 32 Kij = NK;j (N is defined in Eq. (6.40)) and

H (sny,50) = Hy'(say, sa)Hyy ™ (sa,, 50)

1
HYS = [HUH1/2,401/2)P + 5o [HE (<1/2,41/2)
Hyt = B2HO(+1/2,41/2) + |H} (~1/2,+1/2)|?
Hyt = BHL(+1/2,41/2))? + | H (-1/2,+1/2)?

2
Hypy = 2H))(+1/2,41/2) +o" H;F(=1/2,+1/2) (8)

Y

Hyyy = BPHPO(+1/2,4+1/2) + HF(=1/2,+1/2)

Y

HPV = HY(+1/2,+1/2)H*(=1/2,+1/2) £ H (=1/2,+1/2)HY* (+1/2, +1/2),

1
HOF = BPHL(+1/2,+1/2)P + | H)(+1/2,+1/2)° + S0 |H (-1/2,+1/2)

with x,y =V, A, T,T5 and

Hiyz 1

O | HE (4172, —1/2) )2 + 0?[HY T (+1/2, —=1/2) 2 + B2 HE (+1/2, +1/2)

O HE (4172, —1/2) + 0" [HY ™ (+1/2, =1/2) 2 + 82| H}y ™ (+1/2,+1/2)?

VI H T (+1/2,+1/2) 2 + [HE (+1/2,41/2) > + B3| HE (+1/2, —1/2)

|H 7™ (+1/2, +1/2) + 02| HE (+1/2, +1/2)]2 + B3| HY ™ (+1/2,—1/2) 2

BPHL (+1/2,+1/2)(Hp (+1/2,+1/2))" = Hyy (+1/2,-1/2)(Hy; (+1/2,-1/2))"

(1-2) t (a1 oy

2
— 5 Hp (+1/2,-1/2)(Hyr (+1/2,-1/2))° 9)
H/ ™ (41/2,41/2)(Hpy (+1/2,-1/2))" + Hy” (+1/2, = 1/2)(Hy (+1/2,+1/2))*
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Angular coefficients defined in Eq. (7) correspond to the SM when one use C 0 = C’g) = 0 as they
have been absorbed in CN'S;JE and aﬁ) Contribution of other NP effects to the differential decay rate

which are not present in the SM is written in terms of following NP coefficients:

KNP = 8[|CrPHrq + |Crs|*Hs 1]

KNP = 16 [|Cr|*Hyp + |C7s|* Hio, 1]

KNP = 32aR[CrsCy) Hyy g

KNP = 64aR[CrsCy) Hig

KYP = 208 [RICECF I HEy (+1/2,+1/2) + RIC5 O | H 4(+1/2,+1/2)]
120 [%[C;é;r*]Hg,T(—i—l/Z +1/2) + R[Cg O H 15(+1/2, +1 /2)}
+8v [%[CTC;* + CpsC3 Hp(+1/2,+1/2) (HE~ (+1/2,+1/2))"

+ RCrCLT* + OrsCH* Hs(+1/2, +1/2) (HE (+1/2, +1/2))*

+8 RICrCyT] (HA(+1/2,4+1/2) (Hy™ (+1/2,+1/2))" (10)
—H(=1/2,41/2) (Hyy (+1/2,-1/2))")

+8 RICrsCi] (Hy(+1/2,+1/2)(H (+1/2,+1/2))°

FH (=172, 41/2) (B (+1/2,-1/2))")]

KNP = 2008 [%[0;59—*]H27A(+1/2, +1/2) + RICgCHY y (+1/2, +1/2)}
12003 [%[Ogég*]ﬂgﬂ(ﬂ /2,+1/2) + R[Cg CHIHE 1 (+1/2, +1 /2)}
+8aw [%[CT(J;* + CpsCr | Hp(+1/2,+1/2) (HE (+1/2,+1/2))

+ ROTCF* + Crs O Hg(+1/2, +1/2)(H ™ (+1/2,4+1/2))*
+8 RICrCHy] (B (+1/2,+1/2)(Hf™ (+1/2,4+1/2))°
= H(=1/2,41/2)(Hp (+1/2,-1/2))")
+8 RICrsCig'] (HA(+1/2,+1/2)(Hy (+1/2,+1/2))"
+ HE(=1/2,+1/2)(HY (+1/2, —1/2))*)}
KNP = V2auB [%[ogég*]Hs(ﬂ/g,+1/2)(H;(_1/2,+1/2))*
— S[C5 Cy | Hp(+1/2,+1/2) (H (—1/2,+1/2))"
+ S[CECT Hs (+1/2, +1/2) (Hf (—1/2,+1/2))*
— S[C5 Cr ¥ Hp(+1/2,+1/2)(Hy5 (—1/2,+1/2))*
—4V2aw [S[CTC];* + OrsC  Hp(+1/2,+1/2) (HY ™ (+1/2, -1/2))*
+ S[CrO& + CrsCH¥ Hs(+1/2,+1/2)(Hy, (+1/2,—1/2))*
+8 SICrCryT] (HA(+1/2,4+1/2) (HD (+1/2,~1/2))"
+ HY(+1/2,+1/2)(HE (+1/2,-1/2))*
— BHE(=1/2,41/2)(HE(+1/2,+1/2))")
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NP
K4sc -

+ SICrsCiy] (H (+1/2,+1/2)(H (+1/2,-1/2))"

—B HY(+1/2,+1/2)(HY ™ (+1/2,—1/2))* —51{;(—1/2,+1/2)(H;;‘(+1/2,+1/2))*>}
V2a03 [%[Cgég*]Hg(Jrl/Q, +1/2)(HE (~1/2,+1/2))"

— RIC5 O JHp(+1/2,+1/2)(H{ (—1/2,+1/2))

+ RICFCr* H(+1/2, +1/2) (Hi5(~1/2,+1/2))"

— RC5 CF | Hp(+1/2,+1/2) (HF (=1/2,4+1/2))']

+4v200 [—%[C’TCE* + OpsCo¥Hp(+1/2,4+1/2) (HE (+1/2,-1/2))*

— RCrCH* + OrsCE Hg(+1/2,+1/2) (HY ™ (+1/2,-1/2))*

+B RICTCy] (—Htv(ﬂ /2,4+1/2)(HD (+1/2,-1/2))"

4 HO(+1/2,+1/2) (HE (+1/2,-1/2))*

+ H(~1/2,41/2)(H t°(+1/2 +1/2)) )

+ Bm[cmcl—o*]( HY(+1/2,41/2)(HE (+1/2,-1/2))"

+ HY(+1/2,+1/2)(HY (+1/2,-1/2))" = HE(=1/2,4+1/2) (B~ (+1/2,+1/2))") |
—32v20%aR [CrsCi) Hyz 1 (11)

Other terms which do not correspond to any angular coefficient of Eq. (3.36) but contribute to

differential decay distribution are

kNP

= [(PICEP + 0P Hs(+1/2,+1/2)] + (V*|C5 [* + |Cp1*) [ Hp(+1/2,+1/2) ]
+20 [R[CHCR* + CECG*| He(+1/2,41/2)Hp(+1/2,41/2)] cos b
+26 [R[CECHy | Hs(+1/2,+1/2)HE (+1/2,+1/2)
+R [C C;O*} Hp(+1/2, +1/2)H§;‘(+1/2,+1/2)}
+2aﬁ[ [0;010 } Hs(4+1/2, +1/2)HE (+1/2, +1/2)
+R [C;éfo*} Hp(+1/2, +1/2)H€}(+1/2 +1/2)} cos 0
18O [CTGJ*]( F(—1/2,+1/2) (HY (+1/2,—1/2))*
+ HO(+1/2,+1/2) (HE (+1/2, +1/2)) )
+8AR [Cmég*] (—HE(=1/2,4+1/2)(H;
+HG(+1/2,+1/2) (HE (+1/2, +1/2))*)

+8a/R [CTC }( (=172, 41/2)(HE (+1/2,-1/2))"

(+1/2,-1/2))°

+ HY(+1/2,+1/2) (H (+1/2, +1/2))" ) cos Oy
+8a AR [CR&;*} (—H;(—l /2,4+1/2)(HY ™ (+1/2, -1/2))*

+ HO(+1/2,+1/2) (Hfy ™ (+1/2, +1/2))*) cos Op (12)
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+88R | CrCF| (HF(—1/2,+1/2)(Hy (+1/2,-1/2))"

T+ HR(+1/2,+1/2)(HE) (+1/2,41/2))")

+8R [CraCr | (—Hf (—1/2,+1/2)(H (+1/2,-1/2))"
+ HR(+1/2,+1/2) (B (+1/2,+1/2))")

+8afR [CT@—*} (H;(—1 /2, +1/2) (HY (+1/2,-1/2))"

+ HO(+1/2,+1/2) (HY (+1/2, +1/2))*) cos 0

+8a R [Cmé;*} (—H;<_1 /2,+1/2)(HY (+1/2,—1/2))*

+ HO(+1/2,+1/2)(H ™ (+1/2, +1/2))*) cos Or
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In 2015, the LHCb collaboration measured the differential branching ratio 3713, the lepton- and

hadron-side forward-backward asymmetries, denoted by A%, and 4%, respectively, in the range

15 < ¢*(=s) < 20GeV? with 3 fb~! of data. Motivated by these measurements, we perform an
analysis of g>-dependent A, — A(— pm)u* ™ angular observables at large- and low-recoil
in the standard model (SM) and in a family non-universal Z’ model. The exclusive A, — A
transition is governed by the form factors, and in the present study we use the recently performed
high-precision lattice QCD calculations that have well-controlled uncertainties, especially in the
15 < s < 20 GeV? bin. Using the full four-folded angular distribution of Ay — A(— pm)u*p~
decay, first of all we focus on calculations of the experimentally measured 22, Afy, and 4% in
the SM and compare their numerical values with the measurements in appropriate bins of s. In
case of a possible discrepancy between the SM prediction and the measurements, we try to see
if these can be accommodated though the extra neutral Z’ boson. We find that in the dimuon
momentum range 15 < s < 20 GeV? the value of ‘fj—lf and central value of A%y in the Z’ model
is compatible with the measured values. In addition, the fraction of longitudinal polarization of
the dimuon 7, was measured to be 0.61791; +0.03 in 15 < s < 20 GeV? at the LHCb. We find
that in this bin the value found in the Z’ model is close to the observed values. After comparing
the results of these observables, we have proposed other observables such as «; and ai(’) with
i =6 60, ¢, L, U and coefficients of different foldings P, __o in different bins of s in the
SM and Z’ model. We illustrate that the experimental observations of the s-dependent angular
observables calculated here in several bins of s can help to test the predictions of the SM and
unravel new physics contributions arising due to the Z' model in A, — A(— pm)utu~ decays.

Subject Index B56, B57, C18

1. Introduction

Rare decays involving b-quarks, such as b — (s ,d)y, b — (s ,d)¢T¢~, have been of immense
interest in recent decades. This is because these decays are induced by flavor-changing neutral
current transitions (FCNC) involving the quantum number transitions |[AQ| = 0 and |[AB| = 1. In
the standard model (SM), FCNC transitions are not allowed at the tree level but occur at loop level
because of the Glashow—Iliopoulos—Maiani (GIM) mechanism [1]. This makes them sensitive to the
masses of particles that run in the loop, e.g. m; and m inthe SM. As a consequence, these decays play
a pivotal role in the determination of Cabibbo—Kobayashi-Masakawa (CKM) [2,3] matrix elements
in an indirect way. In different extensions of the SM, there is a possibility that the new particles can
also run in the SM loop diagrams, making these rare decays sensitive to the masses and couplings
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of the new particles. Hence, rare decays provide a rich laboratory to test the predictions of the SM
and help us to establish possible new physics (NP) indirectly [4,5].

As long as the inclusive radiative and semi-leptonic decays are concerned, there are hardly any
open issues that could lead us towards evidence of NP. However, experimental precision is limited
at present and it is expected that these bounds will be improved significantly at Belle II [6]. The
situation for exclusive semi-leptonic B-meson decays is different, with a lot of open issues. Among
them, the most pertinent is lepton flavor universality (LFU), i.e., the couplings of gauge bosons in the
SM are the same for different families of leptons. This important prediction of the SM can be tested
by measuring the ratio of the decay widths of B — K™+~ and B — K®ete™, defined as

B — K(*)M+M_

R *) — N
K® = B S K®ete

(1

in specific bins of the dilepton invariant mass squared, written as s € [Smin, Smax] from here onwards.
As this ratio involves the same B — K®) transition, the hadronic uncertainties arising from the
form factors cancel out to a good approximation. Therefore, any possible deviations from the SM
predictions, i.e., a value of the ratio different from one, will hint towards the NP. In 2014, the
LHCDb collaboration observed more than a 2 0 mismatch between experimental observations and
SM predictions in different bins of the square of momentum transfer s = ¢ [7]. This hints at the
breakdown of the SM LFU, i.e., the couplings of gauge bosons with p and e are not the same
[8,9]. There are also some other areas where tensions between SM predictions and experimental
observations are found, such as the Ps anomaly (3.5 o in one bin s € [4.30, 8.68] GeV?2 [10], which
corresponds to a certain coefficient in the angular distribution of the B — K*(— Km)ut ™ decay
[10—12]. This anomaly was again observed at 3o in the data with 3 fb~! luminosity in the two
bins s € [4,6]GeV? and s € [6,8] GeV? [13], and this was later confirmed by Belle in the bin
s € [4, 8] GeV? [14]. This anomaly was accompanied by a 2.9 o tension in the second bin of another
angular observable called 7, [15]. In addition, a small but noticeable difference was found in the
branching ratio of B — K*ut ™ [16-18] and By — ¢~ (2.0 o larger than the SM prediction
both in low- and large-¢ recoil) [19-21]. Making use of the available data and motivated by these
tantalizing anomalies observed in these B decays, in addition to explaining them in different beyond-
the-SM scenarios [22-24], global analyses have also been carried out [15,25-33]. Incorporating the
factorizable (absorbed in the form factors) and non-factorizable contributions, these global analyses
favor a negative shift in the Wilson coefficient Co to explain most of the data. However, before we
could claim that these are indications of NP, we have to get full control of the possible hadronic
uncertainties arising due to form factors in the exclusive decays [34—40]. In order to establish the
hints of NP, on the experimental side we need to have the improved statistical data that is expected
at Belle II and the LHCb, whereas on the theoretical side we can study some other decays that are
governed at quark level by b — s¢T¢~ (£ = u, ) transitions.

In the present study, we have considered the A, — A(— pm)€* ¢~ decay that is interesting to its
own regard. On the experimental side, this decay was first studied by the CDF collaboration [41],
and the LHCD later published the first measurement of the differential branching ratio as well as
the forward—backward asymmetry of the final state muon, i.e., Arp [42,43]. Recently, the LHCb
collaboration has made an observation of CP violation and the asymmetries arising due to the angle
between the ™™ and pK~ planes (agl‘;dd) in A, — pK~ ™ by analyzing the data available at
an integrated luminosity of 3 fb~! [44]. On the theoretical front, at first in the decay Ay, — ALT¢™,
the hadrons involved in the initial and final states are the baryons, therefore the study of such decays
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will help us to understand the helicity structure of the underlying effective Hamiltonian [45-47].
Another added benefit is that analysis of the angular asymmetries in the sequential decay A, —
A(— pm)put ™ is expected to complement the different angular asymmetries in the corresponding
B — K*(— Km)tT¢~ decays [48-50]. One important aspect is the stability of A under strong
interactions, and the decay A, — A(— pm)€te™ is theoretically cleaner than the decay B —
K*(— Km)tte~. Hence, the decay A, — ALT£~ has been theoretically studied in a number of
papers [51-88].

Just like the exclusive decays of B-mesons, the decay A, — A£T£™ is prone to the uncertainties
arising due to form factors. However, at present the A, — A transition form factors are calculated
using lattice QCD calculations with high precision [89]; to have their profile in the full ¢* range,
these form factors are extrapolated using the Bourrely—Caprini—Lellouch parametrization [90]. The
lattice results are quite consistent with the recent QCD light-cone sum rule calculation [53], with the
added benefit of a much smaller uncertainty in most of the kinematic range. However, in contrast to
the B decays, the QCD factorization is not fully developed for the b-baryon decays; therefore, we
will not include these non-factorizable contributions in the present study. After having control of the
hadronic uncertainties in the form factors, the next choice is to find observables that are relatively
clean. In line with the B — K*(— Km)u™ ™ decays, we have calculated combinations of different
angular observables in A, — A(— pm)ut ™ decays, namely, forward-backward asymmetries
(A%B,AQB,A%), the longitudinal (¥ ) and transverse (Fr) fractions of the dimuon, the longitudinal
asymmetry oy, the transverse asymmetry «y, and the observables named as P; that are derived from
different foldings, in the SM at its first right.

It has been observed that in order to explain the Rx anomaly in B — K{*¢~ decays, a possible
candidate is the Z’ model [91-93]. The economy of these Z’ models is that they can be accommodated
to the SM just by extending the electroweak SM group by an additional U (1)’ gauge group with
which the extra gauge boson Z’ is associated. Also, in the grand unification theories (GUTs) such
as SU(5) or string-inspired E¢ models [94-98], relevant scenarios are the family non-universal Z’
model [99,100] and the leptophobic Z" models [101,102]. The direct signature of an extra Z’ boson
is still missing in the analysis of data taken so far at the LHC [103] experiment, but we already have
some indirect constraints on the couplings of the Z’ gauge boson through low-energy processes that
are crucial and complementary for direct searches Z' — e™e™ at Tevatron [104]. The additional
interesting thing that the family non-universal Z’ models have in their favor is the new CP-violating
phase, which has large effects on various FCNC processes [100,105,106], such as BB, mixing [107—
121] and rare hadronic and B-meson decays [ 122—140]. As extending the SM group by an extra U (1)’
gauge group does not change the operator basis of the SM, the Z’ model therefore belongs to a class
of minimal flavor-violating models having its imprints in the Wilson coefficients that correspond to
the SM operators. Keeping in view that among the different hadrons produced at the LHCb, almost
20% will be Ap baryons, it is expected that in future the results of decay distributions and different
angular asymmetries will be available with much better statistics. Therefore, in addition to the SM
calculation of the different observables mentioned above, we have studied the impact of different Z’
parameters on these observables in different bins of s.

The paper is organized as follows: In Sect. 2, the theoretical framework for the decay Ay — A(—
pm)LTe is discussed. Helicity amplitudes for the decay are written in terms of transition form
factors and four-fold differential decay distributions. After summarizing the Wilson coefficients and
other parameters of the Z’ model in Sect. 3, we present the calculation of several observables that
have been obtained using four-folded angular distributions in Sect. 4. Section 5 presents numerical
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analysis of the observables done in the SM and in the Z’ model, and here we compare the results
of certain asymmetries with the measurements available from the LHCb experiment. In addition to
the tabular form of the results, these are also plotted graphically here. Finally, the main findings are
summarized in the last section.

2. Effective Hamiltonian formalism for the SM and Z’ model

The quark-level decay governing A, — A(— pm)u™ ™ is b — sut ™. In this decay of the b-
baryon, the short-distance effects are encoded in the Wilson coefficients, whereas the long-distance
contributions are incorporated through the four-quark operators. After integrating out the heavy
degrees of freedom, W+, Z bosons, and top quark, the SM effective Hamiltonian for these decays is

M=—;§E%W§Zjauo@, )

i=7,9,10

where G is the Fermi coupling constant, V', V% are the CKM matrix elements, « is the fine structure
constant, and C; (u) withi = 7,9, 10 are the Wilson coefficients corresponding to the electromagnetic

operator 07 and semi-leptonic operators Oy 1 that are defined as
mp _ - . -
07 = - [So" Prb] Fpiv,  Og = [sy"Prb] [€yut],  Oi0 = [sy"Prb] [Lyuyst].

It has already been mentioned that QCD factorization at low-¢? is not fully developed for the hadronic
b-baryon decay; therefore, we have ignored the non-factorizable contributions here.! The factorizable
non-local matrix elements of the four-quark operators O1—¢ and (’)§ are encoded into effective Wilson
coefficients Cgff(s) and Cgff (s), where s is the dilepton squared mass ¢> (¢* = plfL — pl; ). In the
high-¢? region, the Wilson coefficients Cgff (s) and Cgff (s) can be written as [31]

1 4 80
C§m=&——6wga+ma+?@)

: [wrmgwm®+@@mﬂ,

Uy
47 Le
4 16 16 ) 32
C5T(s) = Co+ 3 (Cs +5Cs+ 366> — 1(0,5) (503 +3Ca+8Cs + ?c6)

7 2 32 4
- (—C3 + =C4+38Cs5 + ?C6) h(mp,s) + (§C1 + Cy 4+ 6C3 + 60C5) h(me,s)

2773
o
- [ClFl(?c) () + CFY) + CsFY) (s)], 3)

where h(my,s) with q' = b, c corresponds to the fermionic loop functions. These h(mg,s) along
with the functions F' §7’9) and F' ((17 ’29)6) are calculated in Refs. [54,141].
Long ago, Langacker and Pliimacher included a family non-universal Z’ boson through additional

U(1)" gauge symmetry [100]. In contrast to the SM, having a non-diagonal chiral coupling matrix,

'In the case of B — K*u*u~ decay, it is evident that the non-factorizable charm-loop effects (i.e., cor-
rections that are not described using hadronic form factors) play a sizeable role in the low-g? region [40]
and the same is expected in case of the decay under consideration. However, in the present study we shall
neglect their contributions because there is no systematic framework available in which these non-factorizable
charm-loop effects can be calculated in baryonic decays [53]. Therefore, our results at low-g> are affected
by the uncertainities due to these contributions. In the whole ¢? range, the effective Wilson coefficients are
given in Eq. (3). According to Ref. [89], we use Eq. (3) in the low- and high-¢? regions by increasing the 5%
uncertainty. Thus, having a control on the non-factorizable contributions in baryonic decays will help us to
hunt for deviations from the SM predictions.

4/30

1Z0Z Yyo1eNl L0 uo 1senb Aq 8£0./86+/809EH0/7/810Z/8101e/de)d/woo dno-olwspeoe//:sdiy woly pspeojumoq



PTEP 2018, 043B08 A. Nasrullah et al.

in a family non-universal Z’ model, the FCNC transitions b — s¢* £~ could be induced at tree level.
Ignoring Z—Z' mixing, along with the assumption that the couplings of right-handed quark flavors
with Z’ boson are diagonal, the effective Hamiltonian for the » — s¢* ¢~ transition corresponding
to the Z’ boson becomes [142-146]

’ _ 2G B b b
HEp (b — stT07) = _TzFV”’V’S [V S 5h) g (EO) y—g + ijV“( shyy Auuz)m} (4)

ts
InEq.(4), S eLe and S, Z represent the couplings of the Z’ boson with the left- and right-handed leptons,
respectively. The corresponding off-diagonal left-handed coupling of quarks with the new Z’ boson
is taken care of by By, = |Bgple st with ¢ a new weak phase. In a more sophisticated form,
Eq. (4) can be written as

Her(b — stte™) = —‘i% VaV, [ »CZ 09 + AstIOOm] 5)
where
Ay = % CZ = 1By ISit, CZ = |ByIDus, ©)
and
Sy = Sk + SR, Dy =Sk, — SR (7)

By comparing Eqs. (2) and (5) it can be noticed that except for C;’ff, which is absent in the Z" model,
the operator basis of the family non-universal Z’ model is the same as that of the SM for Oy jo.
Hence, the contribution arising due to the extra Z’ boson is absorbed in the Wilson coefficients Cgff
and Cjo.

The total amplitude for the decay A, — A£T€~ is the sum of the SM and Z’ contributions, and
it can be formulated in terms of A, — A matrix elements as

Gra

MO Ay — ALTET) = — > Jon ———Va VAR 5y, (1 — y5)bl Ap () {CP Ly ) + CI ey y )
2m

— q— ST (A (K) [Siouwg” (1 + v2)blAp(p))Eyhel, (8)

where C¥°' = CST + A bCZ and Ci% = CPM + AstIZ(;, with C$T defined in Eq. (3).

3. Helicity amplitudes and form factors for A, — A transitions

The matrix elements for the A, — A transition for different possible currents can be straightfor-
wardly parameterized in terms of the form factors. The helicity formalism provides a convenient
way to describe these transformations. The helicity amplitudes H'(sy,s2) with i corresponding to
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vector (V'), axial-vector (4), tensor (7T'), and axial-tensor (75) currents can be written as [48]

H” (s1,52) = €, (1) (A (p2,52) 57" bl Ap (p1,51))

= /o (s) % [ii (p2.52) 1 (p1.51)]

+ 2, (5) ’"Absﬂ (P2 - € () [ (p252) 1 (p1.51)]

+ /1 () [ (p2,52) ¢* (£) u (p1,s1)] )
H (s1,50) = €/;(M) (A (p2,52) |5y ysblAp (p1,51))

m +m _
=2 T8 i (2, 52) ysu (pias1)]

s
—2g, (s) ’"A”S—_’"A (p2 - € (0)) [ (02,52 ysu (p1,51)]

+ 21 (9) [ (p2,52) ¢* (£) ysu (p1,s1)], (10)
HT (s1,5) = €:(1) (A (p2.52) 15i0" q,b| Ap, (P1,51))

= —2hy (s) & (2 - €* () [@ (p2,52) u (p1,s1)]
— hy (s) (ma, +ma) [it (p2,52) ¢* (L) u (p1,51)], (11)
H (s1,52) = € (W) (A (p2.52) [5ic"* quysb| Ay (p1.51))

= —2hy (5) Si_ (p2 - € (0)) [ (p2,52) ysu (p1,51)]

=—go(s)

+h (s) (ma, —ma) [ (p2,52) ¢* (£) ysu (1,51)], (12)

where p1(s1) and ps (s2) are the momentum (spin) of A and A, respectively. The dilepton polarization
vector is written as GZ (&) with A = ¢,0,£; their explicit definitions are given in Ref. [48] and
summarized in the appendix.

In Egs. (9)~(12), the functions f;(s), gi(s), h;(s), and Z,- (s) with i = 0,4+, L are the transition
form factors. In the heavy quark spin symmetry, the symmetry where the spin of a spectator diquark
remains the same in the initial and final states, the number of form factors is reduced. The tensor
form factors can be written in terms of vector and axial-vector form factors, and with this symmetry
we can also equate the longitudinal and transverse form factors. Thus it reduces the number of
independent form factors to two, i.e., the Isuger—Wise relations £ and &;; the form factors being the
non-perturbative quantities needed to be calculated in some model. In the decay under consideration
here, we will use the form factors that are calculated in lattice QCD with much better control on the
various uncertainties. In the full dilepton mass squared range these can be expressed as [89]

d) + d'z(s) + d (2(5))>

f(s) =
1= s/(m) )2

(13)

where the inputs aﬁ, a/; ,and a’; are summarized in Tables 1 and 2. The parameter z is defined as [89]

_ N —s =V — 1o
Vix =s+ iy — 1o

z(s) (14)

with 79 = (mAb — mA)2 and ty = (mp + mK)z.
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Table 1. The values of form factors along with uncertainties calculated in the framework of lattice QCD with
(2 + 1)-flavor dynamics for the A, — A transition [89].

Parameter Input Parameter Input Parameter Input

dlf 0.4229 + 0.0274 dr —1.3728 4 0.3068 dy 107972 + 1.1506
a 0.3604 = 0.0277 P —0.9284 =+ 0.3453 P 0.9861 = 1.1988
d 0.5748 + 0.0353 d* —1.4781 + 0.4030 - 1.2496 + 1.6396
ast 0.3522 £ 0.0205 a&* —1.2968 £ 0.2732 ast 2.7106 =+ 1.0665
a0 0.4059 =+ 0.0267 a0 —1.1622 £ 0.2929 a0 1.1490 + 1.0327
att 0.3522 = 0.0205 ait —1.3607 = 0.2949 ast 24621 +1.3711
art 0.4753 + 0.0423 art —0.8840 + 0.3997 art —0.8190 + 1.6760
ant 0.3745 + 0.0313 a* —0.9439 + 0.2766 it 1.1606 + 1.0757
a 0.3256 = 0.0248 d —0.9603 % 0.2303 a 2.9780  1.0041
at 0.3256 = 0.0248 P —0.9634 + 0.2268 pa 2.4782 + 0.9549

Table 2. Pole masses for different form factors [89].

f JP ”l/[:ole
1 0+ 5.711
fosfishe hy 1- 5.416
2 0~ 5.367
ge.g1 hi by 1" 5.750

4. Angular distribution and physical observables

The four-folded angular distribution of the four-body A, — A(— pm)u™ ™ decay, with an unpo-
larized Aj, can be written in terms of K; ,,, where / and m denote the relative angular momentum
and its third component for pr and " 4~ systems, respectively, as [48]

d*r 3

= — | Kigy sin® 0 + Kice cos” 0 + K cos 6
ds dcosOp dcosOy do 8n|: ls's ¢ lee (] le [

+ (Kpyy sin? 0¢ + Koee cos? 6¢ + Ko cosOy) cosbp
+ (K3y. sin By cos Oy + Kz sin 8y) sin 6 sin ¢

+ (K4y¢ sin By cos Oy + K4y sin By) sin 65 cos qﬁ]. (15)

In Eq. (15), 8¢ and 6, are the helicity angles, ¢ is the azimuthal angle, and s is the dilepton mass
squared (see also Fig. 1). The different kinematic relations are defined in Ref. [48]. The different
angular coefficients correspond to the particular values of (/,m): e.g., the coefficients of cos? 6;,
sin’ 61, and cos 6, correspond to K o, whereas the coefficients of cos? 6y cos by, sin® 6¢ cos By, and
cos 6y cos O correspond to K o and the last four terms correspond to K 1. These angular parameters
Kij,wherei=1,...,4andj = 5's’, cc, c,s'c, s are functions of the square of momentum transfer s.
In terms of the transversity amplitudes, their explicit expressions are summarized in the appendix.

From the four-fold angular decay distribution, a number of physical observables can be obtained
after integrating on different parameters among 6y, 9, ¢, and s.
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Fig.1. A, - A(— pm)utu~ decay topology, where 0, 8 = 6, are the helicity angles and ¢ is the azimuthal
angle.

4.1. Differential decay rate and different asymmetry parameters

One of the most important observables, from both the theoretical and experimental points of view,
is the differential decay distribution. By integrating over 6, € [0, 7], 5 € [0,7], and ¢ € [0,27],
the expression for the differential decay rate becomes

dar
d_ :chc—l-zKlsfs/. (16)
S

In addition to the decay rate, we can extract a number of asymmetry parameters that correspond
to different angles and they can be separated out by doing different integrations one by one. For
example, by integrating on 6y € [0, 7] and ¢ € [0, 277], the expression for the differential decay rate
takes the form

dr

m = (Kice + 2K195)[1 + g, cosOp], (17)

where oy, is the asymmetry parameter for the longitudinal polarization of the A baryon. It can be
noticed that if we integrate Eq. (17) on 85 € [0, ], we get back Eq. (16). In terms of the helicity
parameters K;;, the asymmetry parameter ap, can be expressed as follows:

_ I?ch + 2]?2s’s/

S i (18)
chc + 2K1s/s/

N
with K, i = f—l’i .Here, ap is the asymmetry parameter corresponding to the parity-violating A — pm™
decay, and its experimental value is «p = 0.642 £ 0.013 [151].

Similarly, by performing an integration on 8 € [0, 7] and ¢ € [0, 27] and leaving the angle 6,
we will have asymmetries corresponding to the angle 6. In terms of g, and aé{, the differential
decay rate can be formulated as

dr
— =Kyl cos? 0 / cos 6], 19
dsd 0030, 15 [1 + g, ¢ + o, cos O] (19)
with
g, = chc _Kls’s’ Ol/ . ch (20)
‘ Kls/s/ ’ O Kls/s/
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On the same lines, if we perform integration on the helicity angles 8, € [0,77] and 65 € [0, 7],
Eq. (15) can be written in terms of asymmetries corresponding to the angle ¢ as

dr

o (Kice + 2K195)[1 + g cos ¢ + gy sin @], 21)
where
37'[2]?43’ 3772[’235‘/

o) = (22)

oy = , .
? 7 16(K e + 2K1y55) 16(Kice + 2Ki55)

From Eq. (15), the s dependence of the transverse («y/) and longitudinal () asymmetry parameters
is written in the following form [147]:

K Kooy
ay = 200, oy = 25’5 ) (23)
chc Kls’s’

Even though one of the important observables is the decay rate, it is affected by the uncertainties
arising from different input parameters, where the major contributors are the form factors. It is a
well-established fact that the zero position of the forward—backward asymmetry in the different
semi-leptonic decays of the B-meson have a minimal dependence on the form factors [148—150].
Based on these observations the different forward—backward asymmetries are exploited in the Ap
decays [48-50,75,76]. The forward—backward asymmetries corresponding to the lepton angle 6 is
defined as A%B = (F —B)/(F+B). Similarly, the hadron-side forward—backward asymmetry, i.e., the
asymmetry corresponding to the hadronic angle 8, is A?B = (F —B)/(F + B). In both cases, F' and
B are the forward and backward hemispheres, respectively. From Eq. (15), these forward—backward
asymmetries become

3K1c A 2K2s’s’ + Koee

AZ = T A == — .
FB ™ 4K vy + 2K e FB ™ 4K vy + 2K 1ce

24)
We take this opportunity to mention that in the case of the A, — A(— pm)u™u~ decay, the
sequential decay A — ps is parity violating. Therefore, the helicity components with the polar-
izations of the proton being j:% are not the same, and hence the hadron-side forward—backward
asymmetry is non-zero in these b-baryon decays. This is contrary to what we have seen in the
B — K*(— Km)u' ™ decay. In addition to this, the combined lepton—hadron forward-backward
asymmetry can be expressed as

3K26

A=
kB 8Kiys + 4Klcc

(25)

According to the experimental point of view, the other interesting observables are the fractions of
longitudinal (F;) and transverse (F7) polarized dimuons in A, — Au™ ™ decay, and these have
already been measured in different bins by the LHCb Collaboration [153]. In order to achieve the
mathematical formula for these helicity fractions we have to integrate the four-folded differential
decay rate given in Eq. (15) on 65 € [0, 7] and ¢ € [0, 27]. Their explicit expressions in terms of
K;j are

2chc 2K1s’s/ - chc

Fr=—, Fr=1—Fr= .
2K1s/s/ +K1cc 2K1s/s/ +K1cc

(26)
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Table 3. Foldings required for 7; for which 8, € [0,%], 6, € [0, %], and ¢ vary in different ranges
corresponding to different observables [15].

Sr. no. Folding

0 N9 N R WD~

dl' (¢,01,07) +dT (—¢,6,,04) +dU (¢, — 01,04) +dT" (—¢, 7w — 0;,05)
dT (#,61,05) +dT (1 — ¢,61,05) +dT (¢, m — 01,04) +dl (7 — ¢, 7w — 6,,04)
dl' (¢,0,,07) +dU (. — ¢,0,,00) +dT (¢, 7w — 6, w1 — On) +dT (7 — ¢, — 61, — On)

dT (¢,61,64) +dT (¢ — 7,6,,6,) [0,7]
dl (¢,01,6) +dT (¢,01, 1 — 64) +dU (¢, — 6,,05) +dT (=, 7w — 01,0 — 64) [
dT (¢,60,,6k) +dT (¢,61, 0 — Oa) +dT (—=¢,6,,07) +dT (—¢, 6, — 64) [
dT (¢,01,64) +dT (¢,0;, 0 — 60x) +dT (¢, 7 — 61,04) +dT (¢, 7T — 61,0 — O4) [
dT (¢,01,04) 4+ dT (—¢,6,,05) +dT (¢, — 6, — 05) +dT (=, 7w — 01,0 — O4) [
[
[
[

4.2.  Decay foldings and angular coefficients

The four-fold decay distribution defined in Eq. (15) gives us a chance to single out the different
physical observables by studying different foldings. In semi-leptonic B-meson decays, such foldings
have been studied in detail, especially the penguin asymmetries P, where Pg) is the most important
[15]. On the same lines, by using the foldings defined in Table 3, corresponding to different variations
of azimuthal angle ¢, while taking 6; € [0, 7] and 5 < [0, 7], these foldings can be expressed in
terms of different angular coefficients as:

3T chc

= — |2—=

BN PR

_ 3[4
T

dr4 3T Kice

— = — |4—
r 8t | T
drS o 3 _4chc
r 8| T
dl'e 3 _4chc
r Sz| T

+ Py sin 6, + %739 cosOp + Pa sin® 6 cos O + %778 cos 0y + P3 cos b cos 9Aj|,
+ 2P sin® 0 + Pg sin O sin 64 cos ¢ + 2Py sin 6 cos O sin 6, sin ¢i| ,

+ 2Py sin? 0y + Pg sin 6 sin 05 cos ¢ + 2/Ps sin O cos O sin O cos ¢ + Py cos 0{|,
+ 2P sin? 0¢ + P sin Oy sin 65 cos ¢ + Py sin 6y sin O sin ¢:|,

+ 2P sin? 0y + Pg sin Oy sin O cos ¢ + 2P3 cos Oy cos 9A:| s

+ 2P sin’ 6¢ + Po cosOp + 2P> sin? B¢ cosOp + Pg sin Oy sin O cos ¢]. 27)

The following things can be noticed from Eq. (27):

o The coefficients of sin® 6, and sin® 6; cos 0 correspond to the angular coefficients named as
P1 and P,, respectively.

© The coefficient of cosf; cosfs corresponds to the angular coefficient Pz, and that of
sin By cos By sin O sin ¢ is Pj.

© Ps is the coefficient of sin6ycosb,sinbp cos¢p, whereas Pg is the coefficient of
sin 6y sin 6 cos ¢.

© P7, Pg, and Py are the coefficients of sin 6, sin 6 sin ¢, cos 6y, and cos 64, respectively.
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In terms of the different helicity components, the angular coefficients P;, i = 1,...,9 are
Pi= 2 (Kiys — Kiee)s P2 = = (Kass — Knee)s P = o2
l—i_'; 1ss lec)s 2—1'_; 2ss 2cc)s 3= F )
2K 2K. 4K.
734 _ jsc, ,PS _ jsc’ ,P6 _ A4s
r r r
4K3s 4ch 4K20€
P = —, 7) = —=, 7) = = ) 28
7 = 3 = 9 = (28)

where T = d—g. It is worth mentioning that while obtaining the different P; we have used the first
six foldings defined in Table 3, because the last two foldings do not add any new observable.

In order to compare the results with some of the experimentally measured observables and to
propose possible candidates that might be useful to establish new physics, the interesting quantities
are the normalized fractions calculated in different bins of the square of the dimuon momentum,
i.e., s = ¢*. The normalized branching ratio, various asymmetry observables, and different angular
coefficients can be calculated as

Smax

[ X ds
(X)) = Sémm— (29)
T (4L ds

Smin

5. Numerical analysis

In this section we discuss the numerical results obtained for the different observables defined in
Sect. 4 in both the standard and Z’ models for the A, — A(— pm)u™n™ decay. In Ay, — A
decays, the final state A — pm~ is a parity-violating decay and the corresponding asymmetry
parameter (o) has been measured experimentally [151]. This is really helpful in disentangling the
direct A, — pm~ T~ from the one that occurs through the intermediate A decay that subsequently
decays to pzr . This is contrary to B — K*(— Km)u* ™ decay, where the final-state K* meson
decays to K7 via the strong interaction. Therefore, the angular analysis of A, — A(— pr )utu~
decay is quite interesting from both theoretical and experimental points of view [48,49]. In addition
to the input parameters given above, the other important ingredient in the numerical calculations in
A} decays is the form factors. In the numerical calculation, we will use one of the most accurately
calculated form factors at the QCD lattice [89] with 2+1-flavor dynamics (cf. Table 1) along with
the next-to-next-to-leading (NNLL) corrections to the form factors for the SM that are given in
[141,152].

In addition to the form factors, the numerical values of the other input parameters that correspond to
the standard and Z’ models are given in Tables 4 and 5, respectively. Using these values a quantitative
analysis of the above-calculated observables in various bins of s is presented in Tables 6, 7, and 8.
In the whole analysis, we have observed that the results are not sensitive to the different scenarios
of the Z’' model; therefore, we have used only the scenario S; to generate the results in various bins
of s.

The first observable that is of prime interest from both theoretical and experimental points of view
is the branching ratio in different bins of s that can be set up by the experimentalists. From Eq. (16),
in a bin s € [1.1,6] GeV? (large-recoil) the average value of the branching ratio in the SM and Z’
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Table 4. Numerical values of the different input parameters corresponding to the SM [89,151]. The Wilson
coefficients are given at the scale u, = 4.2 GeV to NNLL accuracy in the SM [155].

Gk 1.16638 x 1073 ag(my) 0.1182 mEOle 4.78

7 4.2 my 91.1876 o, %

My 0.135 mg 0.494 mp, 5.619
mp 5.279 Vi Vi 0.04152 ma 1.116
Ta, 1.466ps op 0.64 C —0.294
C, 1.017 C; —0.0059 Cy —0.087
Cs 0.0004 Cs 0.001 C, —0.324
Cy —0.176 Cy 4.114 Co —4.193

Table 5. Numerical values of the parameters corresponding to the different scenarios of the Z’ model
[139,140].

|Bg| x 1073 ¢y (degrees) Sy, x 1072 Dy x 1072
S 1.09 £ 0.22 =72 +7 —2.8+39 —6.7+2.6
S 2.20 £ 0.15 —82+4 —-12+14 —-2.54+09
S 40+1.5 150 £ 10 0.8 —-2.6

Table 6. Average values of different observables for A, — A(— pm)u* ™ in low- and large-recoil regions.

(o) (e, (o) (o) (o) (o)
0.6 SM —0.98470000 00477008 —0.8541005  0.04070070  0.0007000° —0.91610 008
Tz —0.390%5506  0.027%5,  —0.857%50n  0.130%7q¢  —0.0027555  —0.4457 555

—0.85170009  —0.280%0015  —0.665%0017  0.0477000;  —0.0567000, —0.84470003

SM
15,20.25
[ % —0.42770001  —0.22570008  —0.485T000  0.4487000¢  —0.04970007  —0.30779003

(ar) (dB/ds) x 1077 (Fr) (FL) (ae) (P1)
0.6 SM —0.9897000 04667075 0.136%00,  0.8647000 —0.01175000  0.79610 0%
A —0.3867000s 07091047 0.134%0005  0.866100% —0.0097500%  0.79970 0%
[15,20.25] SM  —0.852*000  0.73101% 0.287100%  0.713%058  0.06970502  0.56970 50
7 —0.45870%! 1179921} 0.41070005  0.590%0007  0.087%050,  0.38670 00

(P2) (Ps) (Ps) (Ps) (Ps) (Po)
(L. 6] SM 0.512100%  —0.030700%2  0.0307008%  0.056700]  0.0887001)  —0.16010;
7 0.1937000)  —0.025T00%  0.03470003  0.1807003  0.0517000  —0.076700%
15.2025] M 0.316%99%  0.184%3%% 01637500 0.066792 —0.48015%29 —0.308*9953
VA 0.153%000s 023270000 0.0917900  0.6217900  —0.35970000  —0.16170004

model read
(Brism = (0.4667078%) x 1077,
(Br)z = (0.70970:417) x 1077, (30)
whereas the measured value at the LHCb experiment in this particular bin is [153]

(Br)exp = (0.0970:0%) x 107 31)
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Table 7. Numerical results for observables for the decay A, — A(— pm)utu~ for the SM and Z’ in

appropriate bins.

fos,) (o) (o) (o) (o) (o)
0.12)SM  T0970%GE  0.140%55  —0463%55 —0.058T5;  0.002%w)  —0.933%55s
Tz —0.209%0565 0073500 —0265%553  —0.208%050  0.0005G50  —0.063150]
1.2 M —0.983%50 0141705 —0.7880%  —0.0327 0o 0.0017050  —0.93256%
Tz —0.318+00% 0.086709%  —0.710700%  —0.1377292%  0.000739%  —0.140%3:%}
0.4 SM —0.98770000  0.0767003  —0.88710000  0.030%00%;  0.00070%0)  —0.92310(0!
7 —0.397+004 0.0467090%  —0.89910048 010079920 —0.001799%  —0.56170333
14,6 SM —0.98470003  —0.030700%8  —0.858700:¢  0.0867001% —0.0017000  —0.90800%0
7 —0.4237000  —0.0187001  —0.892100:  0.308%005  —0.0021000)  —0.7540000
6.8] SM —0.9777 0004 —0.1287007%  —0.789700%  0.2007001  —0.0027000)  —0.89770 4%
7 —0.4207000  —0.0787001  —0.809700:  0.418%00  —0.00250000  —0.55670000
(14, 16] SM —0.922F00%  —0.3387000  —0.596700%  0.114705%00  —0.03870500  —0.85170500
A —0.4097000  —0.231700;  —0.4827000  0.48470(0)  —0.03070000  —0.3215500
16, 18] SM —0.88970001  —0.31270007  —0.6271000¢  0.067T0501  —0.052 0000  —0.8437000
A —0.4207000;  —0.2357000;  —0.4617555%  0.4627050  —0.0447000  —0.304150
SM —0.747F0910  _0.19572%0s  _0.767109%¢  —0.0237092  —0.07279002  _(.840%0:9%
[18,20.25] / _ +0.002 _ +0.002 _ +0.006 +0.005 +0.003 +0.001
z 0.459799%2  _(.198+00%2  _(.544739%¢  0.38279995  —0.078799%3  —0.302+9%!

(ar) (dB/ds) x 1077 (Fr) (FL) (ats) (P1)
0.1.2] SM —0.98070008 02517930 042470010 0.576700,  —0.028¥0000  0.36470%)
B/ —0.26270007 04797080 0.537100% 04637008 —0.0215050%F  0.19410%%
02] SM —0.9867000s  0.095T007  0.192704%  0.808%0%%  —0.03410%0;  0.71179%%
7 —0.3447000¢  0.158707% 02531043 0.747H09%  —0.030%0000  0.620709%3
0.4 SM —0.99170000  0.178707%  0.107700)  0.893700%  —0.01970%0:  0.839700¢]
i/ —0.38970007 026875330 0.0967005  0.9047008  —0.0171000:  0.8567000
4.6 SM —0.9897000%  0.193507%¢  0.133%001  0.867700h  0.007100%T  0.801%0051
7 —0.4047005  0.28370%  0.102%095  0.8970%  0.009700%  0.846001s
6.5 M —0.986%000 0220707 0191750 0.809%G5h  0.03175G 07147555
Uz —0.40750%; 032520950 00751003 0.825%G5% 00345500 0738750
14,16 M —0.9361000  0.353X013% 03361008 0.66410505  0.0807570;  0.4967505
Tz 0432700 07201030 04117005 0.58970%%  0.08870%0  0.383%0%
16,18 M —0.896%050  0.328%¢ges  0.31570G:  0.685%G%:  0.0767000  0.5287(0;
A —0451700  0.5627075 04247056 0576550 0.090%550;  0.363% 8
(18,2025 M —0.73550%0 0226700 0.20975%:  0.791%G5% 00515555 06867505
’ : Z/ _0 494-%—0‘002 0 270+0,O43 0 371+0AOO4 O 629+0‘OO4 0 079-%—0‘001 O 443+0.007
. —0.002 . —0.040 . —0.004 . —0.004 . —0.001 . —0.005
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By looking at Egs. (30) and (31), we can say that the deviations from the measured value in this
bin are quite large in the SM and even larger in the Z' model. One possible reason for such a large
deviation is that the form factors are not very precisely calculated in this region. Contrary to this, the
calculation of form factors is more precise in s € [15,20] GeV? (low-recoil). In this bin the average
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Table 8. Average values of observables P;, i = 2,...,9 (for real observables) for A, — A(— pr)utu~ in
appropriate bins.

(P,) (Ps) (Ps) (Pe) Py Po)

0.1, 2°M 0240705 —0.07670008  —0.011758%  —0.0797047%  0.221700%  —0.5117093%
z 0.102700%  —0.0567005)  0.01970003  —0.288¥000)  0.10710008  —0.04375.005
L™ 0.45870%¢  —0.0907005;  0.00170007  —0.044700% 02571008 —0.2317093%
z 0.17009%  —0.079%0¢)  0.02779003  —0.191%0%  0.150790%7  —0.04670:005
o.a™M 0.53970001  —0.050700%  0.025700%  0.042700%  0.145%00%  —0.126700%
z 0.202900  —0.045%0007  0.0337000  0.138¥09%)  0.089000:  —0.069F0 00k
uo™M 0.5167001  0.020%00;7  0.049700%  0.119700%  —0.055700  —0.1557503,
z 0.19670000  0.024700)  0.0377000 042770010 —0.0347003  —0.10075 530

6, 8]SM 0.46370%1  0,082+0018  0.06710927  0.16670%7  —0.2311503  —0.22073:9%¢
z 0.1767 00 0.089%0002  0.04070003  0.579%00:5  —0.143700%  —0.125%00

(4 16°M 031870000 021470008 0135750000 0.158%000%  —0.564700  —0.36570 001
z 0.1367000 02347000 0.06670000  0.672%000  —0.3687000  —0.16970 50,

(s, 18]SM 0.31779905 020240902 0.163*39%  0.090709%2  _0.527+0013  _0.338+0:9%
z 0.14670001 024070003 0.08570000  0.64170003  —0.37110008  —0.16575 003
(18,2025 M 03137000 013550002 0.18070003  —0.032%000  —0.3507003  —0.22270007
z 0.1877000 021070003 0.1277000  0.531%000  —0.32370000  —0.1437000

value of the branching ratio in the SM and Z’ model become

(Brysm = (0.73170185) x 1077,
(Br)z = (1.17970313) x 1077 (32)

The experimentally measured value in this bin is [153]
(Br)exp = (1.20 £0.25) x 107" (33)

This can be reconciled because in this region, the deviations from the measured values are small
compared to that of the large-recoil bin; in this case, the deviations are 3.2 ¢ and 0.1 ¢ in the SM and
Z' model, respectively. Hence, the results of the branching ratio in the Z" model for the low-recoil bin
look more promising when compared with the corresponding experimental value. In future, when
we have more data from the LHCb experiment and Belle II, on one hand it will give us a chance to
see possible hints of the extra neutral Z’ boson and on the other hand it will help us to test the SM
predictions with better accuracy.

It is a well-known fact that the branching ratio is prone to uncertainties arising due to the form
factors. In order to cope with some of the uncertainties, there are observables such as the A baryon
forward—backward asymmetry (A?B) and lepton forward—backward asymmetry (A%B) that are mea-
sured with respect to the baryon angle 6, and lepton angle 6;, respectively. The asymmetry AﬁB can
be expressed in terms of the ratio of a linear combination of the angular coefficients Ky and K.
to a linear combination of the angular coefficients K5 and K., as given in Eq. (24). Due to the
change in the value of Wilson coefficient Cy in the Z’ model, K>, and K. get more contribution
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as compared to K and K. Hence, this will result in significantly different values of (A?B) in the
SM and Z’ model. In the first large-recoil bin s € [0.1, 2] GeV?2, our results for (Alé‘B) in the SM and
Z' model are

(fghsm = —0.3117(0, (Afp)z = —0.06750.
whereas the experimental result in this bin is [153]
(Afp)ep = —0.124535.

It can be noticed that in comparison with the central values of the experimental measurements in
s € [0.1,2] GeV?, the value of the Z’ model is 1.8 times smaller, whereas the one in the SM is 2.5
times higher. In the low-recoil region (s € [15,20] GeVz) the calculated values of (Ali}B) are

U = —0273708 Uy = 01377080

and the experimental value in this particular bin is [153]

(Af)exp = 02977,

It can easily be seen that at low-recoil, the SM prediction is close to the experimentally measured
value and the deviation is 0.2 0. The Z’ value of (AQB) exceeds the experimental result by 2.2 ¢.
From the above discussion, it is clear that in the first large-recoil bin both the SM and Z’ model
values deviate significantly from the experimental result for this bin, whereas at low-recoil the SM
prediction is much closer to the experimental result compared with the Z’ model. We hope that in
the future, when more data comes from the LHCb, the results of measurements will become more
concrete to compare with the SM and to see if the deviations can be accommodated with the Z’
model.

Another observable which is clean from the QCD uncertainties and that has been experimentally
measured is the lepton forward—backward asymmetry (Af;B), which is an asymmetry with respect
to the lepton scattering angle (6;); its mathematical expression is given in Eq. (24). Here, it can be
noticed that (Af;B) depends on the angular coefficient K. and its denominator is same as that of
A?B. The angular coefficient K. is higher for the SM than the Z’ model for s < 4 GeV?, whereas
its behavior reverses when s > 4GeV?2. For s < 4 GeV? Kj. is dominated by C9Z/, whereas for
s > 4GeV? the terms containing C7Z/ dominate over the one that contains C9Z/. Therefore, AﬁB
increases with s at the start of the large-recoil and then it starts decreasing and crosses the zero point
at around 4 GeV?2. Our results for (Af;B) in the SM and Z’ model calculated in the experimentally
set-up bin [0.1, 2] GeV? are

(Afp)sm = 0.083 1005, (Afp)z = 0.04025053.
The experimental value of (Af;B) in the corresponding bin is [153]
(Akp)exp = 0.377020. (34)

In Eq. (34), one can see that the errors are significant, and this is likely to improve with future data
from LHCb. However, the current central values are significantly away from the SM and Z’ values,
respectively. In the low-recoil region (s € [15, 20] GeV?) the results for this asymmetry are

(g)sm = —0.180757c7, ()7 = —0.13515553,
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and for comparison the corresponding experimental value in this bin is
¢ 0.09
(AFB>exp = —0.05i0.09.

It can be deduced that in this particular bin the average value of Af;B in Z' is comparable to the lower
limit of the experimentally measured value, i.e., —0.14.

The last in the category of the forward—backward asymmetry is the combined forward—backward
asymmetry Aféﬁ, which mainly depends on the angular coefficient K>, [cf. Eq. (25)]. Compared to
the SM, the value of K5, is higher in the Z’ model. At large-recoil our results in the SM and Z’ model
are

LA 0.003 eA 0.002
{(dpg)sm = _0-011J—r0.006’ (Ag)z = _O-OO9J—FO.003’
whereas at low-recoil, the combined hadron—lepton forward—backward asymmetry is
(AfR)sm = 0.0697002, (A5B)z = 0.087X550-

It can be seen that at large-recoil the deviations between the SM and Z’ model are small, and it grows
significantly in the low-recoil region.

The next observable to be discussed here is the fraction of longitudinal polarization (£7) of the
dilepton system. Due to linear combinations of the same angular coefficients (K and K1) in both
numerator and denominator of Fy, the Z’ model is not much different from the SM. The values in
one of the large-recoil bins, [0.1, 2], for the SM and Z’ model are

(Fi)sm = 0.57620%s, (F1)z = 0.4637( 05,
and the corresponding experimental result is
(Frexp = 0.5670 3.

It can be observed that this is in good agreement with the SM value and somewhat different from
the corresponding value in the Z’ model for this bin.
At low-recoil, the values for SM and Z’ are

(Frysm = 0.713*70¢, (F1)z = 0.590*0007,
and the corresponding experimental result for this bin is
(FL)exp = 0.617011.

In contrast to the large-recoil, at low-recoil the results of Fy in the Z' model are closer to the
experimentally measured results. Therefore, to uncover the imprints of the neutral boson in the
longitudinal helicity fraction of the dimuon system in A, — A(— pm)u™ ™ decays, the low-recoil
bin might provide fertile ground.

Having compared the SM and Z’ model with the experimentally measured values of the different
observables as discussed above, we will now exploit some other observables that may be of interest
in future at the LHCb and different B-factories. In connection with F;, the fraction of transverse
polarization F'7 depends on K., and K and its value at the large-recoil is

(Frism = 0.13610057, (Fr)z = 0.13470005,
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where it can be seen that the value in the Z’ model is very close to the SM result. However, at
low-recoil,

(Frysm = 0.287700% (Fr)z = 0.4101900,

the results for the Z' model significantly differ from those of the SM. Hence, measurement of the
fraction of transverse polarization in the low-recoil region will help us to see the possible contribution
of the neutral Z’ boson in these b-baryon decays.

It is well known that in the case of A, — AJ /' the different asymmetries have been experimen-
tally measured. Motivated by this fact, let us explore the asymmetries corresponding to the hadronic
angle 65 and 6; one by one. The asymmetry arising due to the angle 6, is defined as ap, and its
explicit expression is given in Eq. (18); the corresponding numerical values in low- and large-recoil
bins are tabulated in Table 6. In the large-recoil bin s € [1, 6] GeV? the value reads

(o, )sm = —0.9847000", (@, )z = —0.39010-027,
Similarly, in the low-recoil bin s € [15,20] GeV?2, our calculated results for this observable are
(g, )sm = —0.85110009, (g, )z = —0.42710001.

Here we can see that ag, differs in the Z’ model from the SM results significantly in both low- and
large-recoil bins.

Likewise, the asymmetry aél that corresponds to angle 6, given in Eq. (20) depends on the angular
coefficient K., and therefore its behavior is similar to AﬁB. The results in the large-recoil bin
s € [1,6] GeV? for the SM and Z’' model are

(orh, ) sm = 0.04710 020, (orh, )z = 0.0271000%,

where the value of aéz in the SM is 1.7 times that of the Z’ model. Similarly, in the low-recoil bin
(s € [15,20] GeV?) the results are

(ah o = 02808 o) = —0225H080%

It can be noticed that the results in the low-recoil bin are an order of magnitude large than the
corresponding values in the large-recoil bin both in the SM and in the Z" model. These values are
quite large to be measured at the LCHb experiment to test the predictions of the SM.

We now discuss «p,, which depends upon the angular coefficients Kz and Kj... This is not
significantly affected by the couplings of the Z’ model and hence show little deviation from the SM,
especially in the large-recoil region. In this region the numerical values are

(g, )sm = —0.854T0:023 (g, )z = —0.8571000,

where it is clear that the values in both models are almost the same. Similarly, in low-recoil region
the results in the SM and Z’ model are

(e ) s = —0.665 1513, ()7 = —0.485T0908.

In comparison with the low-s region, here the values of oeéz inthe SM and Z’ model differ significantly.
Therefore, to establish the possible new physics arising in the Z’ model, analysis of «g, in the high-s
region will serve as a useful probe.
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Looking at «y discloses that it depends upon K4. At very low-s, the C7 term dominates in the SM
which results in negative Ky, but for s > 2 GeV? the Wilson coefficient Cg term dominates, giving
positive results. For the Z' model C9Z/ gets affected much more than C7Z/ for the entire range of s
and hence a is expected to change significantly with s in the Z’ model from the corresponding SM
result. The values of ay in the bin s € [1, 6] GeV? for the SM and Z’ model are

(@g)sm = 0.040T0:070 (ag)z = 0.130T000>,
and for the low-recoil region s € [15, 20] GeV?2, the values of the observable are
(ag)sm = 0.04710005 (ag)z = —0.448000%.

Hence, it can be revealed that in the SM the value of « is almost the same in the low- and large-
recoil bins, which is not the case for the Z’ model where a large deviation is observed in both bins.
Also, in both these bins the results of the Z’ model are quite large compared to the SM results and
experimental observation of ay will act as a useful observable.

The longitudinal (transverse) asymmetry parameter o7, (o) is the ratio of the helicity combinations
Kygs (Kace) to Ky as depicted in Eq. (23). Their values in the large-recoil region are

(ar(ay))sm = —0.98910000(—0.91610009), (ar(ay))z = —0.38610015(—0.445T0-19%),

where we can see that in this bin the values of both the longitudinal and the transverse asymmetry
parameters in the Z’ model differ significantly from their respective values in the SM. This is due to
the fact that the contribution of the extra neutral boson Z’ affects the value of K4 less r than Ky,
(K2¢c). Now, in the low-recoil region

(ar(ay))sm = —0.852F 0008 (—0.844 10003y, (ar(ay))z = —0.45810-001 (—0.30710:902).

It can be deduced that the value of oy (ay/) in the Z’ model is half that of the SM model in this
bin. With the current luminosity of the LHCb experiment, the values of these observables are in
the measurable range. Hence, experimental observation of these observables will give us a chance
to test the predictions of the SM and the possibility of exploring the imprints of the Z’ boson in
Ap — Aptp~ decays.

It is a well-established fact that certain asymmetries, such as P. ('), that correspond to different fold-
ings in B — K*u™* ™ have shown significant deviations from the SM predictions. This make them
a fertile hunting ground to dig for the various beyond-SM scenarios that give possible explanations,
and Z’ is one of them [154]. Motivated by this fact, we have calculated such foldings in the decay
under consideration; their expressions in terms of the helicity combinations are given in Eq. (28).
Among them the first one is P;, which behaves very similarly to /7. The average values of P; at
large-recoil in the SM and Z’ model are

(Pr)sm = 07960091, (P1)z = 079900,
and at low-recoil, the values are
(P1)sm = 0.56970000, (P1)z = 038670 0os-

Here, we can see that in the large-recoil region, the values in the SM and Z’ model are very close,
which is not the situation in the low-recoil region where the value of the SM is 1.5 times that of the
Z' model.
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P> is the ratio of a linear combination of Ky, and K., to the total decay rate. In most of the
bins the SM results are more than twice the Z’ model values, and this can be seen in the results at
large-recoil, which are

(Pa)sm = 0.5121005), (P2)z = 0.19370:00.
The situation persists similarly at low-recoil:
(P2)sm = 0.31610003, (P2)z = 0.15310003.
The behavior of P; is similar to Aé\B. The average values of P at large-recoil are
(P3)sm = —0.0307413, (P3)z = —0.0257 405,
whereas the results at low-recoil become
(P3)sm = 0.18470003, (P3)z = 0.23270:90%,

It can be observed that just like Py, for the asymmetry defined by Ps the average values in the SM
and Z’' model are comparable at large-recoil but differ significantly at low-recoil. We have observed
that with 3 fb—! of data, the LHCb Collaboration has measured A’ﬁB, which is of the same order as
Ps. Therefore, it is expected that in future PP3 will be measured.

Average values of Ps at large-recoil are

(Ps)sm = 003010018 (Ps)z = 0.0347000,
and the results at low-recoil are
(Ps)sm = 0.16310000 (Ps)z = 0.09170:00%.

This case is similar to P; and Ps as the values in both models are very close at large-recoil and
deviations started to appear in the low-recoil region of s.

Now we come to Pg, which depends on the angular coefficient K4; and hence behaves as «4. The
values of the observable in the SM and Z’ at large-recoil become

(Ps)sm = 0.05670:057, (Pg)z = 0.180+0021
and the results at low-recoil are
(Pe)sw = 0.066 507, (Po)z = 0621005,

From the above results, it can be easily deduced that the value of Pg in the Z’ model differs signifi-
cantly from the SM results both at large- and low-recoil, which is also the case for a. In particular,
in the low-recoil region, the value of an asymmetry is an order of magnitude larger from that in the
large-recoil bin and it is in the experimentally measurable range with the current luminosity of the
LHCDb experiment.

The next observable to be discussed is Pg, which mainly depends on the angular coefficient K.
and therefore its behavior is exactly the same as AZFB. Its results in the large-recoil bin are

(Ps)sm = 0.08870079, (Pg)z = 0.05170003,
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Fig.2. Branching ratio and various forward—backward asymmetries plotted as functions of s. The yellow
curve corresponds to the SM results and the red to the Z’ model. In both cases, the bands correspond to the
uncertainties in the form factors and other input parameters.

and at low-recoil:
(Pg)sm = —0.48070:029, (Ps)z = —0.35910007.

We can see that there is an order of magnitude difference between the results in the large- and low-
recoil regions. Therefore, the number of events required to see the deviations in the low-recoil region
is much smaller compared to the large-recoil region.

The last observable in this list is P9, which depends on the angular coefficient K, .. Its values at
large-recoil are

(Po)sm = —0.160 533, (Po)y = —0.07679.024,

and at low-recoil the results become

(Po)sm = —0.308 05, (Po)zr = —0.161139%.

We can see that the value of the SM is almost twice that of the Z’ model in both regions.

In the case of A, — A(— pm)u™ ™ decay, the LHCb experiment has measured the values of the
branching ratio, forward—backward asymmetries, and longitudinal dimuon helicity fraction in small
bins of's. Therefore, we have tabulated the values of the abovementioned observables in the large- and
low-recoil regions in Table 6, and various small bins in Tables 7 and 8. In addition, to see the profile of
these asymmetries we have plotted them graphically in Figs. 2, 3, and 4 with the square of the dimuon
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Fig. 3. Different asymmetry parameters denoted by « and P; plotted as functions of s. The color coding is the
same as in Fig. 2.

momentum s. We hope that in future, when more precise results for various asymmetries come from
the LHCD, it will give us a chance to compare the profile of various asymmetries calculated here
with the experiments for both the SM and the Z’ model.

6. Conclusion

In this study we have investigated the full four-folded angular distributions for the semi-leptonic
b-baryon decay A, — A(— pm)ut ™ in the SM and Z’ model. At the quark level, this decay is
mediated by the quark-level transition 5 — su™ ™, which is same for the well-studied meson decay
B — K*ut = .For A, — A transitions, we have used the high-precision form factors calculated in
the lattice QCD using 2 4 1 dynamical flavors along with the factorizable non-local matrix elements
of the four-quark operators 01— and (’)§ encoded into effective Wilson coefficients C?ff(s) and
Cgff(s). By using them we have numerically calculated the differential branching ratio %, the
lepton, hadron, and combined hadron—lepton forward—backward asymmetries (Af;B,Aé\B,A]%), the
various asymmetry parameters («), the fractions of longitudinal () and transverse (Fr) polarized

dimuons, and different angular asymmetry observables denoted by P in different bins ofs.
© In the low-recoil bin s € [15,20] GeV? the form factors from the lattice are known most

precisely, and the results of % in the Z’ model lie close to the experimental measurements in
this bin. The SM results are significantly smaller than the measurements in this low-recoil bin.
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9, except Py, plotted as functions of s. The color coding is the same as in

,,,,,

© In the large-recoil region the results of hadron-side forward-backward asymmetry (Af_\B) are
significantly away from the experimental observations for both the SM and Z’ model. However,
in the low-recoil region the results of the SM lie close to the experimental observations.

© The experimental measurements of lepton-side forward—backward asymmetry (Af:B) in both
low- and large-recoil regions have significant errors. However, in the bin s € [15, 20] GeV? the
lower limit is comparable to the Z’ model. We hope that in the future, when the statistics of the
data are improved, it will help us to find the signatures of the extra neutral Z’ boson.

© We have also predicted the values of the lepton—hadron combined forward—backward asymmetry
(Afé‘g) both in the SM and the Z’ model. It has been found that in the low-recoil bin the value of
the Z’ model deviates significantly from the SM result.

© The longitudinal polarization fraction £ of the dimuon system is measured experimentally
where the statistics is not good enough in the large-recoil bin as compared to the low-recoil
region. In the region s € [1, 6] GeV? the central value of the SM is compatible with the central
value of the experimental measurements. However, in the bin s € [15,20] GeV?, where uncer-
tainties in the form factors are better controlled, the experimental observations favor the results
of the Z" model.

© Inline with these asymmetries, we have also calculated the transverse polarization fraction of the
dimuon system Fr, the asymmetry parameters « and different angular asymmetry observables
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P; fori = 1,...,9 in the SM and the Z" model. We have found significantly large values of
some of these observables that can be measured in the future at LHCb and Belle II.

In the end we would like to emphasize that some of the asymmetries calculated here were also
reported in the SM and aligned 2HDM in Ref. [155], and our SM results match these results. We
hope that in future, the precise measurement of some of the asymmetries reported here in the four-
folded distribution of A, — A(— pm)u™ ™ decay, in fine bins of s, at the LHCb and Belle II will
help us to test the SM predictions in A, decays with significantly improved statistics. It will also
give us a chance to hunt for the indirect signals of NP arising due to the neutral Z’ boson, especially
where the SM is mismatched with the experimental predictions.
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Appendix. Definitions

In the rest frame of the decaying Aj baryon, the momentum of the daughter baryon A is defined as

p2 = (mAh - QO,O, 09 |Q|),

where m,, is the mass of the A, baryon. The lepton polarization vectors in the dilepton rest frame
are given as

13 1 . 13 1 .
€+ = ﬁ(oa 19 _170)7 €_ = ﬁ(oa _19_190)9
¢ =(1,0,0,0), €y = (0,0,0,1),

and the corresponding lepton momentum vectors are [48]

g = (E¢,—|q|sin 6,0, —|q| cos ),
qy = (E¢,|q|sin 6,0, |q| cos6)),

with £, = ‘/TE and |q| = EE2 — m%.
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The helicity amplitudes for the decay A, — A transitions can be expressed in terms of the form
factors as [48]

V
HY oy = HY o1y = fo () \/_ 2 A

% % mp, +ma
Hy12.4172) = Ho-1/2,-172) =1+ ) b«f o

V 14
Hy ipvip) =H G112 = /L () V25—,

A A mpa, + mp
Hl(+1/2,+1/2) = —Hy—172,—1/2) = 80 (s) bTa/s_,

A A
H0(+1/2,+1/2)—_HO(—l/z,—l/z) g+ (S) f 4/s+

Hﬁ(—l/2,+1/2) == f(+1/2,—1/2) = —g1 (5) /254,
H0T(+1/2,+1/2) = HOT(—1/2,—1/2) = —hi () V/s/5-,
HI ippsrpy = HI i o1y = hi () (ma, +ma) V25,
HoCi iy = —HoC1pm1yn) = By (5) V/5/55

T5 T5 ~
Hil iy = —H (110 = —hi () (ma, —ma) v/2s4,

where fy, f+, and f| denote time-like, longitudinal, and transverse components of vector currents.
The kinematic functions used in the above equation are defined as s+ = (ma, £ m A —s.
The transversity amplitude can be written in terms of helicity amplitudes as [48]

L(R) NG ZmbC7+ T
AT =+V2N (C9 :FC) +( 12412 T T o H+(—1/2,+1/2) )

ZmbC7

LR) _
A = V2N | ( Aty T HIL 1/2+1/2>> (A1)

Cy ¥Cy)H

2mbC7+

L(R) 4 T
ALY = +V2N ((c; F Clo) Hoy1/2.41/2) — TH0<+1/2,+1/2>>’

2myC5
AMR — _oN b

e\ 4
(Co F Cro) Ho1/2.41/2) + L Hy(o o, +1/2)>

1/2( 2 )
s m ma, s
Ab A

3210
Cyo = Cio—Cjy, Cf = C7 4 C), and C7_ = C7 — C’. In the case of the SM and Z’ model, all the
primed Wilson coefficients are zero.

where N = GeVyp Viiate and Cf = Cy + Cj, Cy = Cy — Cj, Cy = Cig + C}y,

The angular variable Kj,,, with [/ and m denoting the relative angular momentum and its third
component for pmr and ut ™ systems, respectively, introduced in Eq. (15) can be written in terms
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of transversality amplitudes as [48]:

1
Kigs (S):Z[|A ‘A\h’ +2|A +2)A”0 +(R<_>L)i|a

1
Kiee ) =5 [\A |AH1| TR L)},

1

Kie (s) = —Re {A R_ (R L)}

o
Ko (5) = SRe {A AR 4 24R g +(R<—>L)}

Kaee (5) = +aRe [ 4R 43+ R & D)},
(07
Kac(s) = =3 [lA }Anl (ReL)},
Ko (5) = +—“Im {Afj AR AR AR 4 (R L)}
«/E 1 Hl Ho
o
Ko (9 = —=Im {A AR AR 4R (R L)}
Ko (5) = +—2Re {A AR AR 4R 4 (R o L)},
ﬁ llo l“* Lo
Kas (5) = —Re {AR AR AR AR (R L)}
S ﬁ 1 o — :
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Abstract
We study the four-body decay A, — A(—pn~) "~ in the Randall-Sundrum
model with custodial protection (RS,). By considering the constraints coming
from the direct searches of the lightest Kaluza—Klein (KK) excitation of the
gluon, electroweak precision tests, the measurements of the Higgs signal
strengths at the LHC and from AF = 2 flavor observables, we perform a scan
of the parameter space of the RS, model and obtain the maximum allowed
deviations of the Wilson coefficients AC7(:)9’ 1o for different values of the
lightest KK gluon mass M. Later, their implications on the observables such
as differential branching fraction, longitudinal polarization of the daughter
baryon A, forward-backward asymmetry with respect to leptonic, hadronic
and combined lepton—hadron angles are discussed where we present the
analysis of these observables in different bins of di-muon invariant mass
squared s ( = ¢°). It is observed that with the current constraints the Wilson
coefficients in the RS, model show slight deviations from their Standard
Model values and hence cannot accommodate the discrepancies between the
Standard Model calculations of various observables and the LHCb measure-
ments in A, decays.

Keywords: rare flavor-changing neutral-current decays, beyond standard
model, new physics

(Some figures may appear in colour only in the online journal)

4 Author to whom any correspondence should be addressed.

0954-3899,/18/095007+21$33.00 © 2018 IOP Publishing Ltd Printed in the UK 1


https://orcid.org/0000-0002-6070-3694
https://orcid.org/0000-0002-6070-3694
https://orcid.org/0000-0001-9192-066X
https://orcid.org/0000-0001-9192-066X
mailto:aqsanasrullah54@gmail.com
mailto:faisalmunir@ihep.ac.cn
mailto:faisalmunir@ihep.ac.cn
mailto:faisalmunir@ihep.ac.cn
mailto:jamil@qau.edu.pk
https://doi.org/10.1088/1361-6471/aad53a
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6471/aad53a&domain=pdf&date_stamp=2018-08-09
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6471/aad53a&domain=pdf&date_stamp=2018-08-09

J. Phys. G: Nucl. Part. Phys. 45 (2018) 095007 A Nasrullah et al

1. Introduction

Although the Large Hadron Collider (LHC) has so far not observed any new particles
directly, that are predicted by many beyond Standard Model (SM) scenarios, it has certainly
provided some intriguing discrepancies from the SM expectations in semi-leptonic rare
B-meson decays. In this context, a persistent pattern of deviations in tension with the SM
predictions has been emerging from observables in a number of b — sIt/~ processes. In
particular, LHCb measurements [1, 2] of the observables Rx and Rg* representing the
ratios of branching fractions B* — K*ifu~ to BT — Ktete~ and B° — K*ifp~ to
B? — K*%te~, respectively, show deviations from the SM predictions ~1 and together they
indicate the lepton flavor universality violation with the significance at the 40 level [3-6].
Further, the LHCb results for the branching fractions of the B — K™ i* = and B, — ¢pitp~
decays [7-9], suggest the smaller values compared to their SM estimates. Moreover, mis-
match between the LHCb findings and the SM predictions in the angular analysis of the
B® — K*Of;~ decay [10, 11], with the confirmation by the Belle collaboration later on [12],
has become a longstanding issue. In this context, recent phenomenological analyses have
explored the underlying new physics (NP) possibilities behind these anomalies [3-6, 13—-18].
However, to establish the claim that the deviations in the angular asymmetries in
B — K*(—Km)itu~ decays are indications of NP, an improvement is needed both on the
theoretical and the experimental sides. On the theoretical front we have to get better control
on the hadronic uncertainties arising mainly due to form factors (FF) and on the experimental
end, some more data with improved statistics is needed which is expected from the Belle II
and LHCb. Another possibility that exists on the theoretical side is to analyze more processes
which are mediated by the same quark level transition b — sp* .

Among them, the rare baryonic decay A, — Ap"p~ is particularly important as it can
provide complementary information and additionally offers a unique opportunity to under-
stand the helicity structure of the effective weak Hamiltonian for b — s transition [19, 20].
The branching ratio for this decay was first measured by CDF collaboration [21]. Recently,
the LHCD has reported its measurements for branching ratio and three angular observables
[22] in the A, — A(—p7m) "~ decay. Theoretically challenging aspect in the study of the
Ay, — Apitp~ decay is the evaluation of the hadronic A, — A transition from factors. In this
context, recent progress is made by performing the high precision lattice QCD calculations
[23]. Moreover, these FF have been estimated using various models or approximations such
as quark models [24, 25], perturbative QCD [26], SCET [27] and QCD light cone sum-rules
[28-30]. Furthermore, extensive studies of the semi-leptonic decays of A, baryon
(Ap — ALT£7), both within the SM and in many different NP scenarios, have been performed
[31-56]. Recently, the angular distributions for polarized A, are presented in [57].

In the present work, we study the four-body A, — A(—prn~)utu~ decay in the fra-
mework of the Randall-Sundrum (RS) model with custodial protection. The RS model
features five-dimensional (5D) space—time with a non-trivial warped metric [58]. After per-
forming the Kaluza—Klein (KK) decomposition and integrating over the fifth dimension the
effective 4D theory is obtained which involves new particles appearing as the KK resonances,
either of the SM particles or the ones which do not possess SM counterparts. Assuming that
the weak effective Hamiltonian of the A, — A(—p7n ™)'~ decay emerges from the well-
defined theory of the RS. model, the Wilson coefficients of the effective Hamiltonian get
modified with respect to the SM values due to additional contributions from the heavy KK
excitations and are correlated in a unique way. Expecting distinct phenomenological con-
sequences from such a correlation on the angular observables of the A, — A(—pm ™)t~
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decay, we study whether the current experimental data on this decay can be explained in the
RS, model.

Although B-meson decays have been investigated extensively in different variants of the
RS model [59-72], not many studies are devoted to the A, decays in the RS model [73].
Additionally, our present study includes new considerations and results which were not
available in the previous studies of the A, decays entertaining the RS model. Firstly, we will
consider the current constraints on the parameter space of the RS. model coming from the
direct searches of the lightest KK gluon, electroweak precision tests and from the measure-
ments of the Higgs signal strengths at the LHC, which yield much stricter constraints on the
mass scale of the lowest KK gluon M,m, which in turn prevent sizeable deviations of the
Wilson coefficients from the SM predictions. Secondly, we will not adopt the simplification
of treating the elements of the 5D Yukawa coupling matrices to be real numbers as considered
in [68, 73], rather we will take these entries to be complex numbers as considered in [63, 70]
leading to the complex Wilson coefficients instead of real ones. Last but not the least, we will
use the helicity parametrization of the A, — A hadronic matrix elements and for the involved
FF, we will use the most recent lattice QCD calculations, both in the low and high ¢” regions,
which yield much smaller uncertainties in most of the kinematic range [23].

The rest of the paper is organized as follows. In section 2, we describe the essential
features of the RS. model especially relevant for the study of the considered decay. In
section 3, we present the theoretical formalism including the effective weak Hamiltonian,
analytical expressions of the Wilson coefficients in the RS, model and the angular obser-
vables of interest in the four-body A, — A(—pm ™)t~ decay. After discussing the current
constraints and subsequently scanning the parameter space of the RS, model in section 4, we
give our numerical results and their discussion in section 5. Finally, in section 6, we conclude
our findings.

2. RS model with custodial symmetry

In this section we will describe some of the salient features of the RS model [58]. The RS
model, also known as warped extra dimension, offers a geometrical solution of the gauge
hierarchy problem along with naturally explaining the observed hierarchies in the SM fermion
masses and mixing angles. The model is described in a 5D space-time, where the fifth
dimension is compactified on an orbifold and the non-factorizable RS metric is given by

ds? = e’Zk-anwdx"dx” — dy?, (1

where k ~ O(Mp)) ~ 10 GeV is the curvature scale, N = diag(+1, —1, —1, —1) is
the 4D Minkowski metric and y is the extra-dimensional (fifth) coordinate which varies in the
finite interval 0 < y < L; the endpoints of the interval y = 0 and y = L represent the
boundaries of the extra dimension and are known as ultraviolet (UV) and infrared (IR) brane,
respectively. The region in between the UV and IR brane is denoted as the bulk of the warped
extra dimension. In order to solve the gauge hierarchy problem, we take kL = 36 and define

MKK = ke_kL ~ O(TCV), (2)

as the only free parameter coming from space—time geometry representing the effective NP
scale.

In the present study, we consider a specific setup of the RS model in which the SM gauge
group is enlarged to the bulk gauge group



J. Phys. G: Nucl. Part. Phys. 45 (2018) 095007 A Nasrullah et al
SU@B). x SUQR), x SUR)r x U()x X Ppp, 3)

which is known as the RS model with custodial protection (RS,.) [65, 74-77]. P is the discrete
symmetry, interchanging the two SU(2),, g groups, which is responsible for the protection of the
Zb; by, vertex. Moreover, for this particular scenario it has been shown that all existing AF = 2
and electroweak (EW) precision constraints can be satisfied, without requiring too much fine-
tuning, for the masses of the lightest KK excitations of the order of a few TeV [63], in the reach
of the LHC. However, after the ATLAS and the CMS measurements of the Higgs signal
strengths, the bounds on the masses of the lightest KK modes arising from Higgs physics have
grown much stronger than those stemming from EW precision measurements [78]. In view of
this, we have performed a scan for the allowed parameter space of the model by considering all
existing constraints, which will be discussed later on.

In the chosen setup, all the SM fields are allowed to propagate in the 5D bulk, except the
Higgs field, which is localized near or on the IR brane. In the present study we consider the case
in which Higgs boson is completely localized on the IR brane at y = L. The RS, model features
two symmetry breakings. First, the enlarged gauge group of the model is broken down to the
SM gauge group after imposing suitable boundary conditions (BCs) on the UV brane. Later on
the spontaneous symmetry breaking occurs through Higgs mechanism on the IR brane. As a
natural consequence in all the extra-dimensional models, we have an infinite tower of KK
excitations in this model. For this, each 5D field F(x*, y) is KK decomposed to generic form

Ft, y) = % S FO (e (y), @)
n=0

where F{")(x") represent the effective four-dimensional fields and f“(y) are called as the 5D
profiles or the shape functions. n = 0 case, called as zero mode in the KK mode expansion of a
given field, corresponds to the SM particle. Appropriate choices for BCs help to distinguish
between fields with and without a zero mode. Fields with the Neumann BCs on both branes,
denoted as (++), have a zero mode that can be identified with a SM particle while fields with the
Dirichlet BC on the UV brane and Neumann BC on the IR brane, denoted as (—+), do not have
the SM partners. Profiles for different fields are obtained by solving the corresponding 5D bulk
equations of motion (EOM). In a perturbative approach as described in [65], EOMs can be solved
before the electroweak symmetry breaking (EWSB) and after the Higgs field develops a vacuum
expectation value (VEV), the ratio v/M o of the Higgs VEV v and the mass of the lowest KK
excitation mode of gauge bosons M, can be taken as perturbation’. Starting with the action of
5D theory, we integrate over the fifth dimension y to obtain the 4D effective field theory, and the
Feynman rules of the model are obtained by neglecting terms of O(v? /Mgzm) or higher. On
similar grounds, the mixing occurring between the SM fermions and the higher KK fermion
modes can be neglected as it leads to O(v? /Mjl)) modifications of the relevant couplings.
Next, we discuss the particle content of the gauge sector of the RS, model and the mixing
between SM gauge bosons and the first higher KK modes after the EWSB. For gauge bosons,
following the analyses performed in [63, 68], we have neglected the n > 1 KK modes as it is
observed that the model becomes non-perturbative already for scales corresponding to the
first few KK modes. Corresponding to the enlarged gauge group of the model we have a large
number of gauge bosons. For SU(3)., we have G;‘(A =1, ..., 8) corresponding to the SM
gluons with 5D coupling g,. The gauge bosons corresponding to SU(2), and SU(2)y are
denoted as Wy,,, and Wg, (a = 1, 2, 3), respectively, with 5D gauge coupling g. Where the
equality of the SU(2), and SU(2)z couplings is imposed by P;z symmetry. The gauge field

5 Here we mention that we have employed a different notation for the mass of the first KK gauge bosons than in [65]
such that our Mgy corresponds to their f.
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corresponding to U(1)x is denoted as X, with 5D coupling gx. All 5D gauge couplings are
dimensionful and the relation between 5D and its 4D counterpart is given by g*° = g /J/L,
with similar expressions also existing for g*° and gx°. Charged gauge bosons are defined as

1 172
Wiwu F Wiwy

Wik = ®)
LR)p «/5
Mixing between the bosons ngﬂ and X,, results in fields Zy, and B,
Zx, = cos¢ ngu — sing X,,,
B, = sing WI%# + cos¢ X, 6)
where
cos ¢ = g = sin g = 8x = @)
g+ g g+ &
Further, mixing between Wgu and B, yields the fields Z, and A, in analogy to the SM,
Z,, = cos 1 qu — sinvy B,
A, =siny Wz# + cosY B, 8)
with
cos ) = ! singp = 00 9)

J1 +sin¢ J1U +sing

Along with eight gluons G/j‘(++), after the mixing pattern, we have four charged bosons
which are specified as W;(++) and Wi(—+) while three neutral gauge bosons are given as
A(++), Z(++) and Zx (—+). Moreover, we mention the following remarks about the masses
and profiles of various gauge boson fields that are obtained after solving the corresponding
EOMs. Before EWSB, gauge bosons with (++) BCs have massless zero modes, which
correspond to the SM gauge fields, with flat profiles along the extra dimension. On the other
hand gauge bosons with (—4-) BCs do not have a zero mode and the lightest mode in the KK
tower starts at n = 1. The profiles of the first KK mode of gauge bosons having a zero mode
are denoted by g(y) and the mass of such modes is denoted as M, while the first mode
profiles of the gauge bosons without a zero mode are given by g(y) and the mass of such
modes is denoted as M_, before EWSB. There expressions are given by [79],

ky M o M, o

g(y) = %[Jl(Tg(eky) + bl(Mg‘”)Yl( If( ek)’)], (10)
1
ky M, o . M,o»

gy = %ljl[ If( eky) + bl(Mg‘”)Yl( kg eky)], (11)
1

where J; and Y, are the Bessel functions of first and second kinds, respectively. The
coefficients by (M), b (My») and N, are

Ji(M o [k) + Mgm/k.]]/(Mg(l)/k)

bi(M m) = — ,
M) = = o 0 + Mo JRY (Mo )

(12)

5
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L0 /k)

by(M,0) = ——— ,
l( 8 ) Yl(Mg(l)/k)

(13)

ekL/2

N = ——. (14)

| TLM 0

The masses of the lowest KK gauge excitations are numerically given to be
Mo ~ 245 Mgx = M, and Mgm ~ 240 Mxx = M_,. Notice that the presented KK
masses for the gauge bosons are universal for all gauge bosons with the same BCs. After
EWSB, the zero mode gauge bosons with (++) BCs, other than gluons and photon, acquire
masses while the massive KK gauge excitations of all the gauge bosons, except KK gluons
and KK photons receive mass corrections. Due to the unbroken gauge invariance of SU(3)
and U(1)g, gluons and photon do not obtain masses such that their zero modes remain
massless while their higher KK excitations that are massive do not get a mass correction as a
result of EWSB and hence remain mass eigenstates. Furthermore, we have mixing among
zero modes and the higher KK modes. Considering only the first KK modes, the charged and
neutral mass eigenstates are related to their corresponding gauge KK eigenstates via

W w;© 7 Z©
W}ﬁ; = Gw ch(l) , Zul= G,z | (15)
Wit W 7! zd

The expressions of the orthogonal mixing matrices Gy and G and the masses of the mass
eigenstates are given explicitly in [65].

Next, the SM fermions are embedded in three possible representations of SU(2); x SUR)p,
that are (2, 2), (1, 1) and (3, 1) & (1, 3). Which fields belong to which multiplets are chosen
according to the guidelines provided by phenomenology. For the realization of the SM quark and
lepton sector in the RS. model, we refer the reader to [65]. Moreover, other than SM fields, a
number of additional vector-like fermion fields with electric charge 2/3, —1/3 and 5/3 are
required to fill in the three representations of the SU(2);, x SU(2)g gauge group. Since we only
consider the fermion fields with (++) BCs, we do not discuss the new fermions which are
introduced with (—+) or (+—) choices of the BCs. Furthermore, we will restrict ourselves only to
the zero modes in the KK mode expansion of the fermionic fields with (++) BCs, which are
massless before EWSB and up to small mixing effects with other massive modes after the EWSB,
due to the transformation to mass eigenstates, are identified as the SM quarks and leptons. We
have neglected the higher KK fermion modes because their impact is sub-leading as pointed out
previously. The solution of the EOMs of the left and right-handed fermionic zero modes leads to
their bulk profiles, which we denote as fL(?I)e(y, cy) and their expressions are given by

[(T =2kl _,
IEO) (y, cgy) = &le’ile wky, I(QO) (y, cp) :fZO) (v, —cy). (16)

The bulk mass parameter ¢y controls the localization of the fermionic zero modes such as for
cg > 1/2, the left-handed fermionic zero mode is localized towards the UV brane, while for
cy < 1/2, it is localized towards the IR brane. Similarly, from the expression of the flgo) (v, co),
the localization of the right-handed fermion zero mode depends on whether ¢y < —1/2 or
cgy > —1/2. For the SM quarks we will denote the bulk mass parameters ciQ for the three left-
handed zero mode embedded into bi-doublets of SU(2); x SU(2)g, while for the right-handed
zero mode up and down-type quarks which belong to (1, 1) and (3, 1) & (1, 3) representations,
respectively [65, 75], we assign bulk mass parameters ci,,d, respectively.

6
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The effective 4D Yukawa couplings, relevant for the SM fermion masses and mixings,
for the Higgs sector residing on the IR brane are given by [63]

Y = yu@ 2L Oy =L ep)fO (v = L. ¢ (c)) = A““”e fo”<"> (17)
where A\“” are the fundamental 5D Yukawa coupling matrices. Since the fermion profiles
depend exponentially on the bulk mass parameters, one can recognize from the above relation
that the strong hierarchies of quark masses and mixings originate from the O(1) bulk mass
parameters and anarchic 5D Yukawa couplings )\Z-(d). The transformation from the quark
flavor eigenbasis to the mass eigenbasis is performed by means of unitary mixing matrices,
which are presented by U}, gy and D (g, for the up-type left (right) and down-type left (right)
quarks, respectively. Moreover, CKM matrix is given by Vexy = Ui D, and the flavor-
changing neutral-currents (FCNCs) are induced already at tree level in this model. This
happens because the couplings of the fermions with the gauge bosons involve overlap
integrals which contain the profiles of the corresponding fermions and gauge boson leading to
non-universal flavor diagonal couplings. These non-universal flavor diagonal couplings
induce off-diagonal entries in the interaction matrix after going to the fermion mass basis,
resulting in tree level FCNCs. These are mediated by the three neutral electroweak gauge
bosons Z, Z' and Zy as well as by the first KK excitations of the photon and the gluons,
although the last one does not contribute to the processes with leptons in the final state. The
expressions of the masses of the SM quarks and the flavor mixing matrices Uy ), Dp ) are
given explicitly in terms of the quark profiles and the 5D Yukawa couplings A\ in [63].

3. Theoretical formalism

The effective weak Hamiltonian for b — syt~ transition in the RS, model can be written as

4
5 =~ TEVVICK 0 4+ ¢f%0f + € 0y 1 04
+ CRS0y9 + C[F0/), (18)

where Gr is the Fermi coupling constant and Vi, V,¢ are the elements of the CKM mixing
matrix. The involved operators read

e
0 = m ‘S_‘ QO-,UVb (e} FJ,V’
7= Ton2 b (500" bRa) F
';: - mb(SRuUl bLa) v
1671' a
09 = Ton Z(SL(ﬂ bro) ), s
, 2
09 = o — SraY"bra) 1Y), 115
2
O1o = 16 5 (SLaY"bra) fry, V514,
Ol = T Bra¥"bra) 1y 511 (19)

where e is the electromagnetic coupling constant and m,, is the b-quark running mass in the
MS scheme. In the RS, model the Wilson coefficients in the above effective Hamiltonian can

7
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be written as
RS = cOM + ACY, (20)

where i = 7, 9, 10. In the SM case, ignoring tiny contribution, when present, the primed
coefficients are zero while the unprimed Wilson coefficients C; incorporating short-distance
physics are evaluated through perturbative approach. The factorizable contributions from
operators O _¢g have been absorbed in the effective Wilson coefficients C7eff and C9eff [80].
The expressions of these effective coefficients involve the functions h(m,, g%), F{?(¢?)
defined in [81], and the functions F{".% (¢?), F{%.”(¢?) given in [82] for low ¢” and in [83] for
high ¢°. The quark masses appearing in these functions are defined in the pole scheme. The
long distance non-factorizable contributions of charm loop effects can alter the value of C5™
to some extent particularly in the region of charmonium resonances. Modifications AC9(:)10, in
the RS, model, evaluated at the scale O(M,) are given by [64]

AC= 2L a7,
sin“ Oy,
!
acj=2Y anz
sin“ Oy
ACy=— .A—YS,
sin? Oy
AY]
AC[y = —=2—, 21
7 sin26 @b
where
Ay =Ly B0 B0 iy
s s
Vib V: X 4M)% gszM
APEX) — AP
AY! = — ! =3 L )2 2R( )A?;(X),
Vb Vi X 4My 8sm
A20.¢
AZ, = ! > — {j(. )2 A (X),
VinVis X 8Mxggy,sin” Ow
1 A(X) ’
AZ=——% x A (X). (22)

Vo Vs X 8Mg g5y, sin” Oy

The sums run over the neutral gauge bosons X = Z, Z', Zy and AV with g&, = % - S;Z o
AC(,(/) and ACI((/)) evaluated at the scale M, do not need to be evolved to 1, scale. In the case
of AC7(/), detailed calculation with the set of assumptions consistent with the calculations of
Acg(:)m is given in appendix C of [68], where AC; and AC; are evaluated at the M scale.
The evolution at the scale i, is given by the following master formula [67]

ACY (1) = 0.429AC (M) + 0.128AC§ (M ). 23)

The decay amplitude for A, — App~ can be obtained by sandwiching the effective
Hamiltonian displayed in equation (18) within the baryonic states

8
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GFO[
V27
+ [{AGK) 157, (CI5* Py, + Cig > PRILING(P)) (7" )

2m . _
- q—zb<A(k>|s-wwq”(C$sfPR + c7’RSfPL>b|Ab(p)>mm].

Mgs, (Ap — Apip) = Viy V,i‘[(A(k)lsw,xc;‘st Py + C3*% Pr)b|Ay(p)) (Tiry" 1)

(24)
The matrix elements involved in the expression of decay amplitude are given in [47] written
in helicity basis in terms of FF. The detailed calculation of FFs in lattice QCD is carried out in
[23], which will be used in our numerical analysis. The angular decay distribution of the four-
fold decay A, — A(—pm) i p~, with an unpolarized A, can be written as [44, 47]

4
T = i[Kmsin2 0, + Kj..co8? 8, + K;.cosb,
ds dcosfy dcost, dp 8w

+ (Kpy8in2 0; + Ko.c0s2 0; + Ko, cosf)cosby
+ (Kzs sind; cost; + Ks, sin;)sinby sing
+ (K4c8infcost; + Kygsind;)sinfycose], (25)

where K’s represent the angular coefficients which are functions of s = ¢?. Here we
concentrate on the observables which have been measured experimentally so that we compare
our analysis with experimental data. For the decay under consideration decay rate and
longitudinal polarization of the daughter baryon A are

dr’ _ 2Klss — Kl(,'c

— = 2Ki55 + Kices I = . 26
s " 2K+ Kiee 20
Forward-backward asymmetry with respect to leptonic and baryonic angles is given as
l 3I{lc A 2K2ss + KZCC
FB= T Ao B~ "0 ap - (27
4K]SS + ZI(ICC 4K]SS + 2[(16‘0
The combined FB asymmetry is
3K,
i = : (28)

SKlss + 41{165‘ '

The uncertainties in the decay rate are larger as it strongly depends on hadronic FF. The other
observables being ratio of angular coefficients, are more sensitive to NP effects but less
sensitive to hadronic FFs.

4. Constraints and generation of the parameter space of the RS, model

In this section we consider the relevant constraints on the parameter space of the RS, model
coming from the direct searches at the LHC [84, 85], EW precision tests [78, 86], the latest
measurements of the Higgs signal strengths at the LHC [78] and from AF = 2 flavor
observables [63].

Starting with the direct searches, current measurements at the LHC for resonances
decaying to f pair constrain the lightest KK gluon mass M,» > 3.3 TeV at 95% confidence
level [85]. Further, in the RS, model, EW precision measurements permit to have masses of
the lowest KK gauge bosons in the few TeV range. For example, a tree-level analysis of
the S and T parameters leads to M,m > 4.8 TeV for the lightest KK gluon and KK photon
masses [86]. Furthermore, a comparison of the predictions of all relevant Higgs decays

9
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in the RS, model with the latest data from the LHC shows that the signal rates for
pp — h — ZZ*, WW* provide the most stringent bounds, such that KK gluon masses lighter
than 22.7 TeV X (y,/3) in the brane-Higgs case and 13.2 TeV x (3,/3) in the narrow bulk-
Higgs scenario are excluded at 95% probability [78], where y, = O(1) free parameter is
defined as the upper bound on the anarchic 5D Yukawa couplings such that |>\?j(d)| < y,. This
implies that y, = 3 value, coming from the perturbativity bound of the RS model, will lead to
much stronger bounds from Higgs physics than those emerging from the EW precision tests.
In general, one can lower these bounds by considering smaller values of y,. However one
should keep in mind that lowering the bounds up to KK gauge bosons masses implied by EW
precision constraints, M,» = 4.8 TeV, will require too-small Yukawa couplings, y, < 0.3 for
the brane-Higgs scenario [78], which will reinforce the RS flavor problem because of
enhanced corrections to eg. Therefore, moderate bounds on the value of the y, should be
considered by relatively increasing the KK scale, in order to avoid constraints from both
flavor observables and Higgs physics.

Next, in analogy to our previous analysis [70], we explore the parameter space of the RS,
model by generating two sets of anarchic 5D Yukawa matrices, whose entries satisfy
|)\§;(d)| <y, with y, = 1.5 and 3. Further, we choose the nine quark bulk-mass parameters
¢o,u,4» Which together with the 5D Yukawa matrices reproduce the correct values of the quark
masses evaluated at the scale 1 = 3 TeV, CKM mixing angles and the Jarlskog determinant,
all within their respective 20 ranges. For muon, we take ¢, = 0.7 as lepton flavor-conserving
couplings are found to be almost independent of the chosen value as far as ¢; > 0.5 [64].
Additionally, from the AF = 2 flavor observables, we apply the constraints from ex, AMg
and AMp, observables, where we set the required input parameters, as given in table 2 of [70],
to their central values and allow the resulting observables to deviate by +30%, £50% and
+30%, respectively in analogy to the analysis [63]. For further details on the parameter scan,
we refer the reader to [63, 70].

5. Numerical analysis

5.1. Wilson coefficients

The generated 5D parameter points consisting of Yukawa coupling matrices and bulk mass
parameters, fulfilling all the relevant constraints, are used to evaluate the Wilson coefficients
in the RS, model. In figure 1, we show the dependence of |ACy| Wilson coefficient on the
mass of lowest KK gluon M, taken in the range 2.45-20 TeV. The red and blue scatter
points represent the cases of y, = 1.5 and 3, respectively. The gray region is excluded by the
analysis of EW precision observables. It is clear that the smaller values of M,m give larger
deviations. Moreover, for a fixed value of M, a range of predictions for possible deviations
are present for both cases of y, such that the maximum allowed deviation for |[AC| in the
case of y, = 1.5 are generally greater than the case of y, = 3. This is due to the fact that in the
case of y, = 3, the SM fermions are more elementary as their profiles are localized towards
the UV brane to a greater extent compared to the y, = 1.5 case leading to more suppressed
FCNC and subsequently smaller deviations in comparison to the case of y, = 1.5. Observing
the fact that the deviations for all |AC,»(/)| for Mn > 10 TeV are so small, as clear from
figure 1 in the case of |AC|, that the observables will almost remain unaffected, we limit the
range for M,m from 4.8 to 10 TeV, where the lower value is implied by the EW precision

constraints. As we are interested in the largest possible deviations of |AC,-(I)|, for a given
allowed value of M,m, so we will take the y, = 1.5 case and by considering five different

10
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Figure 1. The RS, contribution to |[ACjg| as a function of the KK gluon mass M o for

two different values of y,. The gray region is excluded by the analysis of electroweak
precision measurements.

values of Mgm € [4.8, 10], we obtain the maximum possible deviation of each Wilson
coefficient. The resultant values will be used for evaluating the effects on the angular
observables of interest for each considered value of Mo in next section i.e., section 5.2.

In figure 2, we show the correlation plots between |AC7(:)9’ 10l obtained for the fixed value

of M,n = 4.8 TeV. The maximum possible deviations from the SM values in this case are
[ACq|max = 0.011, [ACy|max = 0.0064, |AColmax = 0.085,
|AC|max = 0.0037, |ACY|max = 0.047, |AColmax = 0.621.

It is found that |ACy| and |ACyg| are linearly correlated, as shown in figure 2(f), and same is
true for each pair |AC,»(’)| with i = 9, 10.

5.2. Angular observables

In this section we discuss the numerical results computed for different angular observables
both in the SM and for the RS, model. The input parameters used in the calculations are
included in table 1. The presented results include the uncertainty in the hadronic FFs, which
are non-perturbative quantities. For this, we utilize the lattice QCD calculations [23], both in
the low and high ¢” ranges, which to date are considered as most accurate in the literature. To
improve the accuracy, we have used the numerical values for the short-distance Wilson
coefficients, with NNLL accuracy, at the low energy scale 1, = 4.2 GeV, given in table 2.

The numerical results for the angular observables in appropriate bins are shown in
tables 3 and 4, where a comparison is presented between the predictions obtained for five
different values of M, in the RS, model (for y, = 1.5) to that of the SM estimates and with
the experimental measurements, where available. The whole spectrum of di-muon mass
squared (s € {Smin = 4mi, Smax = (m /%,, — m,%)}) has not been discussed as the region s €
[8, 15] GeV? is expected to receive sizable corrections from charmonium loops that violate
quark—hadron duality. Hence the regions s €[0.1, 8] GeVZands € [15, 20] GeV? have been
considered in order to avoid the long distance effects of charmonium resonances arising when
lepton pair momenta approaches the masses of J /1 family. It can be seen that the results in
the RS, model for most of the observables show little deviation from the SM predictions.
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Figure 2. Correlation plots between the Wilson coefficients |AC7(:)9’ 10l of the RS, model
for a fixed value of M, = 4.8 TeV. The coefficients AC7(I) are calculated at the f,
scale. The red and blue points correspond to y, = 1.5 and 3, respectively.

Maximum deviation from the SM results has been observed for M,» = 4.8 TeV and the
difference gradually decreases as one moves from M, = 4.8 TeV to M,» = 10 TeV.
Next, we compare our results of observables in the SM and the RS, model with the
measurements from the LHCb experiment [22]. For most of the observables, results in the
RS, model are close to that obtained for the SM in all bins of s and this can be seen in tables 3
and 4. The branching ratio for the four-body decay process A, — A(—pm) it~ in the RS,
model (for M g = 4.8 TeV) shows a slight deviation at low recoil and almost no deviation at

large recoil. For the bin [1.1, 6], the branching ratio in the SM and the RS, are 0.199")13 and
0.1909139, respectively, which are 1.8¢ and 1.90 away from the measured value 0.090%1.
The situation is quite similar for all other bins of large recoil where values of observables do
not change much even for Moo = 4.8 TeV. For low recoil bin [15, 20], the SM and the RS,

model results 07537308 and 0.80770:9% deviate from the measured value by 4.70 and 4.10.
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Table 1. Default values of the input parameters used in the calculations [23, 87].

Gr = 1.16638 x 1075 GeV > mP® = 174.2 + 1.4 GeV my = 0.135 GeV

o (mz) = 0.1182 + 0.0012 mP' = 4.78 + 0.06 GeV mx = 0.494 GeV
alu,) = 1/133.28 mP = 1.67 + 0.07 GeV mg = 5.279 GeV

my = 80.385 £ 0.015 GeV my = 4.1843% Gev my, = 5.619 GeV

my = 91.1876 + 0.0021 GeV me = 1.27 + 0.03 GeV 75, = (1.466 + 0.010) ps
[V, V5| = 0.04152 my = 0.09673:008 GeV my = 1.116 GeV

oy = 0.642 £ 0.013 w, = 4.2 GeV

Table 2. The SM Wilson coefficients up to NNLL accuracy given at p1, = 4.2 GeV
scale.

G =-0294 C=1017 C3=—0.0059 C;=—0087 Cs=0.0004
Coe=00011 C;=-0324 Cy=-0176 Co=4.114 GCo= —4.193

It is noted that the differential branching ratio in the RS, model is lower than the SM at large
recoil and higher than the SM at low recoil.

In case of F;, maximum deviation has been observed for the first bin [0.1, 2] GeV? where
predictions in the SM and the RS, model are (Fy)sm = 0.535700% and (F )rs, = 0.5527095,
respectively which vary from the measured value 0.56702¢¢ by 0.1¢ and 0.020, respectively.
For most of the bins, deviation of F, in the RS, model from the SM is negligible. For
low recoil bin [15,20] GeV?, the values in both models (F)sy = 0.409700%,
(FL)rs, = 0.403+093% deviate from the experimental result 0.617113 in the same bin by 1.6¢.
At lower values of s up to 4 GeVz, the RS, model results deviate from the SM values to a
greater extent, whereas almost similar values of the RS. model are obtained for the rest of the
spectrum.

For Afg, small deviation in the RS, model exists from the SM at low recoil. In the first
bin [0.1, 2] GeV? our calculated results in both models differ from the measured value by
0.60. For large s bin [15, 20] GeV?, the values in both models (A )sm = —0.358790% and
(A]fB)RSC = —0.3327599% are very close to each other and are 3.20 and 3.00 away from the
measured value —0.0570:092 in the same bin.

For A}?B in the bin [15, 20] GeV? results of the SM and the RS, model are
(Afs)sm = —0.2711031 and <A1§3>Rs(. = —0.2477551 and deviate from the measured value
of LHCb —0.297337% by 0.20 and 0.50. For Af3, no sizable deviation from the SM has been
observed in any s bin for the RS, model.

6. Conclusions

In the work presented here, we have studied the angular observables of the theoretically clean
decay A, — A(—pm )it~ in the SM and the RS model with custodial protection. After
performing the scan of the parameter space of the model in the light of current constraints, we
have worked out the largest possible deviations in the Wilson coefficients |AC7(:)9,]0| from the
SM predictions for different allowed values of KK gluon mass M. The resultant deviations
are small and do not allow for large effects in the angular observables. Although for max-
imum possible deviations in Wilson coefficients, for M o = 4.8 TeV, in the RS, model, some

13
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of the observables receive considerable change in particular bins such as % and Afy in low
recoil bin [15, 20] GeV? and F; in the bin [0.1, 2] GeV? but these deviations are still small
enough to explain the large gap between the theoretical and experimental data. Therefore, it is
concluded that under the present bounds on the mass of the first KK gluon state M o,
observables are largely unaffected by the NP arising due to custodially protected RS model.
Hence, the current constraints on the parameters of RS, are too strict to explain the observed
deviations in different observables of A, — A(—p7 ™)t~ decay.
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Abstract

The New Physics (NP) effects are studied in the rare baryonic decay A, — A(— pm~)¢T¢~, with unpolarized
Ay using most general model independent approach by introducing new axial(vector), (pseudo)scalar and tensor
operators in the weak effective Hamiltonian corresponding to b — s transitions. Recently, for Ay, — A(— pr~)uTp~
decay the LHCb collaboration has measured the branching ratio (dB3/ds), lepton- and hadron-side forward-backward
asymmetries, denoted by Aé 5 and A% g, respectively, and the longitudinal polarization fraction Fj, both in the low-
and high-recoil regions. To see whether the new VA, SP and T couplings can accommodate the available experimental
data of these observables, first we have examined their influence on these observables and later we have checked the
imprints of these new couplings on a number of interesting but yet not measured observables; namely the combined
lepton-hadron forward-backward asymmetry (A%;), transverse polarization fraction (Fr), asymmetry parameters a'.s
and some other angular observables, extracted from certain foldings. It is found that compared to the VA the SP
couplings favor experimental data for all the four observables but still no individual coupling is able to accommodate
all of the available data simultaneously. To achieve this goal, the pairs of new WCs are taken to check their range
that simultaneously satisfy constraints of B-Physics and available LHCb data on dB/ds, Fr, A% 5 and A% p in several
bins for the decay channel under consideration. We find that most of the available data could be accommodated by
the different pairs of VA and SP WCs giving more severe constraints on the parametric space of these WCs that is
still satisfied with the B-physics data.
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