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Abstract

In this work we analyze a phenomenologically rich four body decay Λb → Λ(→ pπ−)µ+µ− which

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

the LHCb collaboration measured the differential branching ratio dB
dq2 , longitudinal polarization

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

A`FB and AΛ
FB, respectively, in several bins of dimuon mass squared s ≡ q2. 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 (RSc) and in

a model independent way.

• Using the full four-folded angular distribution of Λb → Λ(→ pπ−)µ+µ− decay, first of all

we focus on calculations of the experimentally measured observables dB
ds , A

`
FB and AΛ

FB 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 GeV2 the value of dB
ds and central value of A`FB in the Z ′ model is compatible

with the measured values. In addition, the value of FL in Z ′ model is closer to LHCb results

than the SM in 15 < s < 20 GeV2 bin. After comparing the results of these observables, we

have proposed the other observables such as α
(′)
i with i = θ`, θΛ, ξ, L, U and coefficients of

different foldings P1,··· ,9 in different bins of s in the SM and Z ′ model.

• The RSc 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 ∆F = 2 flavor observables, we perform

a scan of the parameter space of the RSc model and obtain the maximum allowed devia-

tions of the WCs ∆C
(′)
7, 9 10 for different values of the lightest KK gluon mass Mg(1) . 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 RSc 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 Λb decays.

• The exclusive baryonic Λb → Λ(→ pπ−)`+`− 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 V A 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 Λb → Λµ+µ− 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`+`− and flavor changing charged current

(FCCC) b→ cτν 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 (δKM ) 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(∗)µ+µ− and B → K(∗)e+e−,

defined as:

RK(∗) =
Br(B → K(∗)µ+µ−)

Br(B → K(∗)e+e−)
(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 2σ mismatch between the experimental observations and

the SM predictions in different bins of s [1]. Recently, the LHCb reported RK = 0.846+0.060+0.016
−0.054−0.014

in the bin s ∈ [1, 6] GeV2 which is 2.5σ away from the corresponding SM value [2]. R∗K is

measured to be 0.66+0.11+0.03
−0.07−0.03 and 0.69+0.11+0.05

−0.07−0.05 in the bins s ∈ [0.045, 1.1] GeV2 and s ∈ [1.1, 6.0]

GeV2 which deviate from the SM prediction by 2.1σ and 2.4σ, respectively [3]. These hint towards

the breakdown of LFU of the SM; i.e., the couplings of gauge bosons with µ and e are not the

same [4, 5]. Moreover, the BaBar Collaboration measured the LFU violation [6, 7] for RD and

RD(∗) (RD(∗) = Br(B → D(∗)τντ )/Br(B → D(∗)`ν`), where ` = e, µ) and reported 2σ and 2.5σ
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deviations from their SM predictions, respectively and 3.4σ 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 ′5 anomaly (3.5σ in one bin s ∈ [4.30, 8.68] GeV2 [9]) that

corresponds to the certain coefficient in the angular distribution of the B → K∗(→ Kπ)µ+µ−

decay [9–11]. This anomaly was again observed at 3σ in the LHCb data with 3 fb−1 luminosity in

the two bins s ∈ [4, 6] GeV2 and s ∈ [6, 8] GeV2 [12] and later this is confirmed by Belle in s ∈ [4, 8]

GeV2 bin [13]. This anomaly was also accompanied by a 2.9σ tension in s ∈ [4, 8] GeV2 region of

another angular observable called P2 [14]. In addition, there are small but noticeable differences

found in the branching ratios of B+ → K∗+µ+µ− where the SM prediction is (26.8± 3.6)× 10−8

and the LHCb measurement is (15.8+3.2
−2.9 ± 1.1) × 10−8 [15–17] and Bs → φµ+µ−, which is 2.0σ

larger than the SM values both in low and high φ recoil [18–20]. Similar deviation is seen in the

decay of B+ → J/ψ`+ν by LHCb [21] which is found to be 1.7σ 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) C9 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`+`− (` = µ , τ)

transitions. In future, it is also possible to have similar deviations in the baryonic partners of

these rare B−meson decays, e.g. in Λb → Λ (→ pπ−)µ+µ−. 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)γ, b → (s , d)`+`−,

are of prime interest as they are induced by the FCNC transitions involving the quantum number

transitions |∆Q| = 0 and |∆B| = 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. mt and mW 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
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interactions however, the hadronization involves strong interactions. The inclusive decays, e.g.,

B → Xs, d(γ, `
+`−) 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 Λb → Λ`+`− is prone to the uncertainties arising due to FFs. How-

ever, at present the Λb → Λ 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 FFs, the next choice is to find the observables that are relatively

clean.

In addition, the decay channel Λb → Λ(→ pπ−)`+`− 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 Λb lifetime [48], differential branching ratio as well as

the forward-backward asymmetry of final state muon i.e., the A`FB [49, 50]. In 2017, the LHCb

collaboration has made the observation of CP violation and the asymmetries arising due to the

angle between the µ+µ− and pK− planes (aT̂odd
CP ) in Λb → pK−µ+µ− by analyzing the data

available at an integrated luminosity of 3 fb−1 [51]. The LHCb has measured the branching fraction

of Λb → pπ−µ+µ− relative to Λb → J/ψ(→ µ+µ−)pπ− [52] and they have also published results of

LFU measurement [53], angular moments of polarized Λb decay [54] and b−hadron fractions [55].

On the theoretical front, in the decay Λb → Λ`+`− 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 Λb−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∗ (→ Kπ)µ+µ− 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 Λ is preserved in the parity-violating decay Λ→ pπ− which enables us to make

a complementary analysis to that of meson decays. If initial state Λb baryons are unpolarized,

even then final state Λ’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 Λ that

also help us to disentangle the contribution from the individual operators in the WEH of quark

level transition b → s`+`− [58, 62–65]. Another feature that makes the semileptonic decay of Λb

to be more prolific for testing the NP is that the number of angular observables increases when

the initial state Λb is polarized [66]. Also, the analysis of angular asymmetries in the sequential

decay Λb → Λ(→ pπ−)µ+µ− is expected to complement the different angular asymmetries in the

corresponding B → K∗(→ Kπ)`+`− decays [62, 67, 68]. One important aspect is the stability of

Λ under strong interactions and the decay Λb → Λ(→ pπ−)`+`− is theoretically cleaner than the
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decay B → K∗(→ Kπ)`+`−. Due to these reasons Λb → Λ(→ pπ−)`+`− 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 Λb decays become more attractive due to

significantly large data from the LHCb experiment. The decays of the Λb 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 (RSc) [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 Λb → Λ(→ pπ−)`+`− decay in a family non-universal Z ′ model [103], RSc

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∗(→ Kπ)µ+µ− decay, we have calculated the combinations of differ-

ent angular observables in Λb → Λ(→ pπ−)µ+µ− decay, namely, forward-backward asymmetries

(A`FB , AΛ
FB , A`ΛFB where the superscripts ` ,Λ and `Λ correspond to lepton-side, hadron-side and

combined lepton-hadron forward-backward asymmetries, respectively), the longitudinal (FL) and

transverse (FT ) fractions of dimuon, the longitudinal asymmetry αL, the transverse asymmetry

αU , asymmetry parameters αi with i = θ`, θΛ, θξ, θ
′
ξ and the observables named as Pi’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 Λb 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 Λb → Λ(→ pπ−)µ+µ− decay in the family non-universal Z ′

model. It has already been observed that in order to explain the RK anomaly in the B → K`+`−

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 (GUTs) such as SU(5) or string inspired E6 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 ′ → e+e−

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 Bs−B̄s 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 Λb → Λ(→ pπ−)µ+µ− decay in the framework of the
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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 Λb → Λ(→ pπ−)µ+µ−

decay emerges from the well-defined theory of the RSc 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 Λb → Λ(→ pπ−)µ+µ− decay, we study

whether the current experimental data on Λb decays can be explained in the RSc 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 RSc models, in model independent

approach the NP enters in two ways; due to the modification of SM WCs Ceff9 and C10 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 Λb → Λ(→ pπ−)`+`− 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∗µ+µ− 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 Λb →
Λ(→ pπ−)`+`− 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 Λ→ pπ− 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`FB , AΛ
FB , A`ΛFB , FL , FT , αi with i = θ`, θΛ, θξ, θ

′
ξ and

Pi’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 RSc model, which are particularly relevant

for the study of the Λb 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 RSc model and

the angular observables of interest in the four-body Λb → Λ(→ pπ−)µ+µ− decay. After discussing

5



the current constraints and subsequently scanning the parameter space of the RSc 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 FFs, 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

(V A), (pseudo) scalar (SP ) and tensor (T ) couplings on different physical observables has been

done in Sect. 6.4, where the lepton mass effects in Λb → Λ(→ pπ−)µ+µ− 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 Λb → Λ(→ pπ−)µ+µ−. At the end of Sect. 6.4, the impact of non-zero lepton mass on different

observables is briefly explored for Λb → Λ(→ pπ−)τ+τ− decay.

Finally, the Chapter 7 concludes all the results of Λb → Λ(→ pπ−)`+`− 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.
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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× 10−39 times weaker than the strong force. The range of the

weak force is 10−18 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).

• 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 (t) 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, c 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:
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(
u

d′

)
L

(
c

s′

)
L

(
b

t′

)
L

uR

dR

cR

sR

bR

tR.

• 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:

(
νe

e−

)
L

(
νµ

µ−

)
L

(
ντ

τ−

)
L

eR µR τR

• The photon is a mediator of EM force and has spin 1 and is electrically neutral.

• Eight gluons with non-zero color charge and zero EM charge mediate the strong force.

• W+, W− and Z0 bosons are the mediators of the weak force. TheW± bosons were discovered

in January 1983 at CERN with mass 80.379 ± 0.012 GeV/c2 [138, 139]. The Z boson was

discovered a few months later, in May 1983 also at the CERN having mass 91.1876± 0.0021

GeV/c2 [140,141].

• 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± 0.16 GeV/c2 [142,143].

The SM proposed by Glashow-Salam-Weinberg [144–146] is based on the SU(3)C × SU(2)L ×
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 αs 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)×U(1) which is spontaneously

broken to U(1)QED via non-vanishing vacuum expectation value (VEV) of isospin doublet scalar
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Higgs field [147]

φ =

(
φ+

φ0

)
, (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]

LQCD = −1

4
GaµνG

aµν +
∑
f

qf i /Dqf , (2.2)

with

Dµ = ∂µ + igsG
a
µ

T a

2
, Gaµν = ∂µG

a
ν − ∂νGaµ − gsfabcGbµGcν , (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). fabc are the structure constants defined in

terms of generators of SU(3) group

[T a, T b] = 4ifabcT c. (2.4)

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

Lgauge = −1

4
BµνB

µν − 1

4
W a
µνW

aµν (2.5)

with

Bµν = ∂µBν − ∂νBµ W a
µν = ∂µW

a
ν − ∂νW a

µ − gεabcW b
µW

c
ν (2.6)

where Bµ and W a
µ 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. Bµ and W 3
µ fields ultimately
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combine to give the photon and Z boson. The Higgs part of the Lagrangian is

LHiggs = (Dµ)φDµφ− µ2φ†φ− λ(φ†φ)2, (2.7)

where the scalar Higgs field φ is defined in Eq. (2.1) with hypercharge +1/2 and the term containing

λ leads to quartic self interaction of the scalar fields. The gauge covariant derivative Dµ used in

Eq. (2.7) is defined as

Dµ = ∂µ + ig
τ iW i

µ

2
+ i

g′

2
Bµ (2.8)

where g′ is the EM gauge coupling and τ i,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 µ2 < 0.

Fermion interaction term in Lagrangian is

Lfermion =
∑
j

(
qjLi /Dq

j
L + `

j
Li /D`

j
L + ujRi /D

′
ujR + d

j
Ri /D

′
djR + ejRi /D

′
ejR

)
(2.9)

where j stands for family, L,R = 1∓γ5

2 are chiral projections and

Dµ = ∂µ + ig
τ iW i

µ

2
+ i

g′

2
Y Bµ D′µ = ∂µ + i

g′

2
Y Bµ. (2.10)

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

is

LY ukawa = −
∑
f,f ′

[
Γuf,f ′q

f
Lφ̃u

f ′

R + Γdf,f ′q
f
Lφd

f ′

R + Γef,f ′`
f,f ′

φef
′

R

]
+ h.c. (2.11)

Here φ̃ = iτ2φ† with Y = −1
2 and Γf,f ′ 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

LSM = LQCD + Lgauge + Lhiggs + Lfermions + LY ukawa. (2.12)

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 W±µ 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 sin θij and a complex phase

δKM 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 2β with β 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

LY ukawa = −Γdf,f ′q
I
fLφd

I
f ′R − Γuf,f ′q

I
fLεφ

∗uIf ′R + h.c., (2.13)

where ε is a 2 × 2 antisymmetric tensor. In weak eigenstate basis, qIL and qIR are the left- and

right-handed quark doublets, respectively. When Higgs field acquires VEV 〈φ〉 = (0, v/
√

2), the

above equation gives mass terms for quarks. The physical states can be achieved by diagonalizing

Γu,d with four unitary matrices V u,d
L,R as Mu,d

diag = V u,d
L Γu,dV u,d

R (v/
√

2) with a consequence that the

charged boson W± couple with the physical quark states ufL, df ′L as

−g√
2

(uL, cL, tL)γµW+
µ VCKM

dLsL
bL

+ h.c. (2.14)

and VCKM is a 3 × 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

VCKM ≡ V u
L V

d†
L =

Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb

 . (2.15)

Here the quarks with +2/3 charge; i.e., u, c and t are taken to be pure states and flavor mixing

is expressed in terms of 3 × 3 matrix operating on remaining three quark states d, s and b. The

CKM matrix has many possible conventions, however a standard one is

VCKM =

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13

 , (2.16)

where cij = cos θij , sij = sin θij and the phase δ is responsible for the CP violation. All θij lie in

first quadrant and it is experimentally verified that s13 << s23 << s12 << 1. It is convenient to

11



Figure 2.1: The sketch of a Unitary triangle.

relate the parameters with Wolfenstein parametrization [152],

s12 = λ =
|Vus|√

|Vud|2 + |Vus|2
, s23 = Aλ2 = λ| Vcb

Vus
|, (2.17)

s13e
iδ = V ∗ub = Aλ3(ρ+ iη) =

Aλ3(ρ+ iη)
√

1−A2λ4

√
1− λ2[1−A2λ4(ρ+ iη)]

. (2.18)

These relation respect (ρ + iη) = −(VudV
∗
ub)/(VcdV

∗
cb) with ρ = −Re

VudV
∗
ub

VcdV
∗
cb

and η = −Im
VudV

∗
ub

VcdV
∗
cb

.

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

VCKM =

 1− λ2/2 λ Aλ(ρ− iη)

−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1

+O(λ4), (2.19)

where the expansion parameter λ is written in terms of Cabbibo angle λ = sin θC ≈ Vus. 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 VCKM 6= V ∗CKM . In the quark sector, Wolfenstein

parameter η is responsible for all CP violation. The unitarity of the CKM matrix implies that∑
i
VijV

∗
ik = δjk and

∑
j
VijV

∗
kj = δik. The unitary triangle which is most commonly used is the

result of relation

VudV
∗
ub + VcdV

∗
cb + VtdV

∗
tb = 0. (2.20)

By dividing above equation with VcdV
∗
cb one gets the unitary triangle represented in Fig. 2.1. The

angles α, β and γ are directly related to CP asymmetries which can be written in terms of ρ and

η as

sin 2α =
2η(η2 + ρ2 − ρ)

(η2 + ρ2 − ρ)2 + η2 , sin 2β =
2η(1− ρ)

(1− ρ)2 + η2 . (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 B0 [155,156], B+ [157–159]

and B0
s [160]. The evidence of CP violation in baryonic decay was observed in Λb decay which is

found to be at 3.3σ 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 (∼ 1019 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 1024) 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]

δ(aµ) = (aµ)exp − (aµ)SM = 261(63)(48)× 10−11, (2.22)

where errors include both from theory and experiment and it shows 3.3σ 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 aµ = (aµ)SM + (aµ)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 γ 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 → sµ+µ−

branching fraction and B → K∗µ+µ− angular observables which can be solved by introducing the

NP effect in C9 and C10 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 → se+e− to b → sµ+µ− 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 γ5 in D 6= 4 which is defined as γ5 = iεµναβγ
µγνγαγβ/4! and it is

not clean enough to transform the antisymmetric tensor εµναβ in D 6= 4 dimensions. In naive

dimensional regularization (NDR) [171], the metric tensor is generalized in D dimensions and

anti-commutation relations of 4 dimensional γ matrices are still valid. If these anti-commutation

relations are not consistent even then NDR scheme can be applied but evaluation of Tr[γ5γ
µγνγαγβ]

must be evaded [173, 174]. Another scheme which is more consistent in the presence of γ5 is

proposed by ’t Hooft and Veltman and is known as HV scheme [175]. The additional thing in

this scheme is the presence of −2ε dimensional metric tensor ĝ along with already present metric

tensors g (in D dimensions) and g̃ (in 4 dimensions). In a similar manner, D dimensional gamma

matrix γµ can be written in terms of γ̃µ (in 4 dimensions) and γ̂µ (in −2ε dimensions). When γ5

is introduced in the scheme, it commutes with γ̂µ and anti-commutes with γ̃µ [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(0) = Zmm, q(0) = Z1/2
q q, g(0) = Zggµ

ε, A(0)
µ = Z

1/2
3 Aµ. (2.23)

Here the quantities characterized with superscript (0) are bare and m, q, g and Aµ are renormalized

quark mass, charge, QCD coupling, and photon field, respectively. Zm, Zq, Zg 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 L(0)
QCD can be written as

L(0)
QCD = LQCD + Lcounter, (2.24)

with LQCD written in Eq. (2.2) and the newly added term Lcounter is proportional to (Z − 1) that

acts as a new interaction term contributing to Green’s functions in perturbation theory. Renor-

malization constants Zm,q,g,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 MS [178], where the latter one is of prime interest in

which renormalization scale µ reads as

µMS →
µeγE/2√

4π
. (2.25)

This scheme is used to proceed so that ln 4π − γE terms are no more present and not only the

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

Zm = 1− 3CF
αs
4πε

, Zg = 1− αs
4πε

(
11

6
Nc −

1

3
Nf

)
,

Zq = 1− CF
αs
4πε

, Z3 = 1− αs
4πε

(
2

3
Nc −

5

3
Nf

)
, (2.26)

where Nc and Nf are colors and flavors of quarks, respectively. Now the parameters of theory

depend on renormalization scale µ and it must be assigned a certain value to get renormalized

parameters from experiment; i.e., g ≡ g(µ), m ≡ m(µ) and q ≡ q(µ). By varying value of µ, one

can get different sets of parameters of theory m(µ), q(µ), g(µ) along with a set of equations which

relates parameter set with different values of µ and these are called the renormalization group

equations (RGE). Using Eq. (2.23) one gets

dm(µ)

d ln(µ)
= −m(µ)γm(g(µ)),

dg(µ)

d ln(µ)
= β(g(µ, ε)), (2.27)

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

γm(g(µ)) =
1

Zm

dZm
d ln(µ)

, β(g(µ, ε)) = −εg + β(g), (2.28)

with

β(g) = − 1

Zg

dZg
d ln (µ)

. (2.29)
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Up to two loop accuracy one gets

γm(αs) =
αs
4π
γ(0)
m +

(αs
4π

)2
γ(1)
m ,

β(g) = − g3

16π2
β0 −

g5

(16π2)2
β1, (2.30)

where

γ(0)
m = 6CF , γ(1)

m = CF (3CF +
97

3
Nc −

10

3
Nf ),

β(0) =
11Nc − 2Nf

3
, β1 =

34

3
N2
c −

10

3
NcNf − 2CFNf ,

αs(µ) =
g2(µ)

4π
, CF =

N2
c − 1

2Nc
. (2.31)

One gets the solutions for m(µ) and αs(µ) as

m(µ) = m(µ0)

[
αs(µ)

αs(µ0)

] γ(0)
m

2β0

[
1 +

(
γ

(1)
m

2β0
− β1γ

(0)
m

2β2
0

)
αs(µ)− αs(µ0)

4π

]
, (2.32)

αs(µ) =
4π

β0 ln (µ2/Λ2
MS

)

1− β1

β2
0

ln
(

ln (µ2/Λ2
MS

)
)

ln (µ2/Λ2
MS

)

 . (2.33)

The cut-off ΛMS is a characteristic scale both for QCD and the used MS scheme and depends

on the quark flavors present in the β0 and β1. β0 and γ
(0)
m are positive for six quark flavors and

three colors which leads to the phenomenon of asymptotic freedom because coupling (also mass)

decrease as µ increase. Renormalization group has its advantages when we want to sum large

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

αs(µ) =
αs(µ0)

v(µ)

[
1− β1

β0

αs(µ0)

4π

ln v(µ)

v(µ)

]
, (2.34)

where v(µ) = 1− β0
αs
4π ln

µ2
0
µ2 .

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

amplitude

A(b→ csu) = −GF√
2
VcbV

∗
us

M2
W

p2 −M2
W

(su)V−A(cu)V−A

=
GF√

2
VcbV

∗
us(su)V−A(cu)V−A +O

(
p2

M2
W

)
(2.35)

where W−boson propagates the process and (q1q2)V−A ≡ q1γµ(1− γ5)q2. As momentum transfer

p is significantly less than MW therefore, one can safely ignore the terms of order p2

M2
W

and the

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 Ψ that is characterized

by N point functions

〈OA1(x1), ...OAN (xN )〉Ψ =
∑
B

CBA1...AN
(x1, ..., xN )〈OB(xN )〉Ψ

where CBA1...AN
(x1, ..., xN ) are the OPE coefficients that are independent of Ψ and covariant func-

tionals of metric tensor gµν . For four dimensional free scalar field having action
∫
|∂φ|2, the OPE

reads

φ(x1)φ(x2) =
λ

|x1 − x2|2
.1 + φ2(x2) +

∑ (x1 − x2)µ1 ...(x1 − x2)µN

N !
φ∂µ1,...µNφ(x2), (2.36)

where λ
|x1−x2|2 = CCAB and for OA = OB = φ then OC = 1.

2.6 Effective Field theories

The processes which take place at energies below the heavy quark masses, charm (mc = 1.4 GeV),

bottom (mb = 4.8 GeV), and top (mt = 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 mW = 80 GeV. However,

the strong interactions that control the underlying forces of final hadronic states occur at the

scale ΛQCD = 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 ln(mW /ΛQCD) 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 ΛQCD and mb.

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:

• Select a cutoff scale Λ and split the field φ in high and low energy components φH and φL,

respectively; i.e., φ = φH + φL. Low energy mode φL can be written as [182]

〈0|T (φL(x1)...φL(xn)) |0〉 =
1

Z[0]

(
− iδ

δjL(x1)

)
...

(
− iδ

δjL(xn)

)
Z[jL]|jL=0, (2.37)

with the generating functional

Z[jL] =

∫
DφLDφHei

∫
ddxL(x)+i

∫
ddxjL(x)φL(x). (2.38)

• Integrate high energy modes above the scale Λ

Z[jL] =

∫
DφL

(∫
DφHei

∫
ddxL(x)

)
ei
∫
ddxjL(x)φL(x), (2.39)

where
∫
DφHei

∫
ddxL(x) is called the Wilsonian effective action which is non-local at ∆xµ sin 1/Λ

and is dependent on the selection of cutoff Λ. After integrating on φH , Eq. (2.39) is inde-

pendent of fields φH for which E > Λ.

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

operators comprising of fields for which E << Λ

SΛ(φL) =

∫
ddxLeffΛ (x), (2.40)

where

LeffΛ (x) =
∑
i

CiOi(φL(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 µ0 = mW . 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 ∼ µW,t. The RGE

d

d lnµ
Ci(µ) = γji(µ)Cj(µ) (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

γji(µ) = Z−1
ik

dZkj
d lnµ

. (2.43)

It can expand in terms of powers of strong coupling αs(µ). 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 γij gives

γij = γ
(0)
ij

αs
4π

+ γ
(1)
ij (

αs
4π

)2 +O(α3
s), (2.44)

where γ
(0)
ij does not commute with γ

(1)
ij . Therefore, in order to solve Eq. (2.42) we define an

evolution operator such that

Ci(µ) = Uij(µ, µ0)Cj(µ0) (2.45)

and at the leading order (LO) one can write

U (0)(µ, µ0) =

[
α(µ)

α(µ0)

]− γ(0)T

2β0

= V

[α(µ0)

α(µ)

] γ(0)

2β0


D

V −1, (2.46)

20



where V diagonalizes the matrix γ(0)T (matrix comprising of eigenvalues of γ(0)) such that γ
(0)
D =

V −1γ(0)TV . To obtain the solution at the NLO

U(µ, µ0) =

[
1 +

αs(µ)

4π
J

]
U (0)(µ, µ0)

[
1 +

αs(µ0)

4π
J

]
, (2.47)

and if J = V HV −1 then Eq. (2.47) promises the solution of Eq. (2.43). The elements of matrix

H can be written as

Hij = δijγ
(0)
i

β1

2β0
− Gij

2β0 + γ
(0)
i − γ

(0)
j

, (2.48)

with the property that G = V −1γ(1)TV .

The WCs Ceff7,8 are generally used instead of C7,8 that include not only C7,8 but also the

contribution of C1 to C6 and these can be expressed as

Ceff7 (µ) = C7(µ) +
6∑
i=1

yiCi(µ), Ceff8 (µ) = C8(µ) +
6∑
i=1

ziCi(µ). (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, Ceff7,8 depend on regularization scheme. The effective Hamiltonian in this case will be

expressed in the following form

Heff (b→ s) =
4GF√

2

(
λus

2∑
i=1

CiOui + λcs

2∑
i=1

CiOci − λts
10∑
i=8

CiOi + h.c

)
. (2.50)

Here λqs = VqbV
∗
qs and the quark operators are defined as,

O1 = (sLγµT
aqL)(qLγ

µT abL), O2 = (sLγµqL)(qLγ
µbL),

O3 = (sLγµbL)
∑
q

(qγµq), O4 = (sLγµT
abL)

∑
q

(qγµT aq),

O5 = (sLγµγνγσbL)
∑
q

(qγµγνγσq), O6 = (sLγµγνγσT
abL)

∑
q

(qγµγνγσT aq),

O7 =
e

16π2
mb(sLσ

µνbR)Fµν , O8 =
gs

16π2
mb(sLσ

µνT abR)Gaµν , (2.51)

O9 =
e2

16π2
(sLγ

µbL)
∑
`

(`γµ`), O10 =
e2

16π2
(sLγ

µbL)
∑
`

(`γµγ5`).

In Eq. (2.51), O1 and O2 are the current-current operators, O3−6 are QCD penguin operators, O7

is the EM dipole operator, O8 is a chromomagnetic dipole operator, O9 and O10 are semileptonic

operators and the light quarks are denoted by q. 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 O2 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

O′7 =
e

16π2
mb(sRσ

µνbL)Fµν , O′8 =
gs

16π2
mb(sRσ

µνT abL)Gaµν ,

O′9 =
e2

16π2
(sRγ

µbR)(`γµ`), O′10 =
e2

16π2
(sRγ

µbR)(`γµγ5`).

The semileptonic unprimed and primed operators with different lepton flavors are

O(′)
9 =

e2

16π2
(sL,Rγ

µbL,R)(`1γµ`2), O(′)
10 =

e2

16π2
(sL,Rγ

µbL,R)(`1γµγ5`2).

The corresponding WCs of four-quark operators hold some symmetry relations such as Minimal

flavor violation (MFV) of quarks give (Ci)d = (Ci)s and C ′i ≈ 0. LFU gives (C ′i)
e
q = (C ′i)

µ
q = (C ′i)

τ
q

and lepton flavor conservation gives (C ′k)
`1`2
q . The unitarity of CKM matrix leads to λus+λcs+λts =

0 which further implies that λcs,ts ∼ λ2 � λus ∼ λ4. Its consequence is that current-current

operators Ou1 and Ou2 can be neglected and also λts ∼ −λcs can be predicted which leads to

small CP asymmetries in the SM. Including the electroweak corrections, the generalized effective

Hamiltonian can be written as

Heff =
GF√

2

∑
V i
CKMCi(µ)Oi(µ) (2.52)

where V i
CKM are the elements of CKM matrix. Decay amplitude for hadron H is

A(Hi → X) = 〈X|Heff |Hi〉 =
GF√

2

∑
V i
CKMCi(µ)〈X|Oi(µ)|Hi〉 (2.53)

where X is the possible final state and Ci(µ) and Oi(µ) are the functions of MW , coupling constant

αs and renormalization scale µ. 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+, B0, B0
s

and B+
c , 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+
c → J/ψπ+ its mass was determined by the CDF collaboration in 2006 [185]. However, the

most accurate determination of its mass mB+
c

= 6274.28 ± 1.40 ± 0.32MeV/c2 is made by LHCb

through the decay B+
c → J/ψD0K+ [186]. One of the b-quark bound state among baryons is Λb

which consists of udb is of prime importance.

The FCNC decays governed by b→ s`+`− are studied as a function of dilepton mass squared

s. In measurements, the regions J/ψ and ψ(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 µb for (pp → bX) with pseudorapidity η < 1 at
√
s = 1.96 TeV whereas LHCb produce about 72 µb at 7 TeV and about 144 µb at 13 TeV with

pseudorapidity 2 < η < 5. Among the weak decays of b-hadrons, the dominant decay process is

b → cW ∗+ as b → u decay is suppressed by a factor of |Vub|/|Vus| ∼ (0.1)2 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)2 because color of both quarks has to be the same. Decay mode B → Xc`ν is a good way

to measure the CKM matrix element Vcb and B → Xu`ν for Vub 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→ u`ν give |Vub| = (4.41±0.15+0.15
−0.17)×10−3 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 |Vub| = (3.28± 0.29)× 10−3 which is the average obtained from semileptonic B decays [188].

An unexpected result was obtained in 2015 when LHCb measured CKM matrix element Vub by

the ratio [189]

|Vub|2

|Vcb|2
=
Br(Λ0

b → pµ−νµ)

Br(Λ0
b → Λ+

c µ−νµ)
RFF ,

where RFF is the ratio of relevant FFs calculated using LQCD approach. Using RFF = 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 |Vcb| = (39.5±0.8)×10−3

, |Vub| is (3.27± 0.15± 0.16± 0.06)× 10−3 where third uncertainty belongs to Vcb normalization.

According to world average presented in [189]

Vcs = 0.9746± 0.0026, Vcd = 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

• Small ratio of decay width of KL → µ+µ− to K+ → µ+ν predicted charm quark.

• The third generation was predicted by CP violation in the neutral kaon mixing.

• Masses of charm and top quark were successfully predicted by the size of ∆mK = mKL−mKS

and ∆mB = mB0
H
−mB0

L
, respectively.

• Measurement of flavor transition of neutrino leads towards massive neutrinos.

The very well studied and measured process is the rare Bs → µ+µ−, τ+τ−. 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(B̄s → `+`−) = (8.34± 0.36)× 10−14, B(B0 → `+`−) = (2.63± 0.32)× 10−15,

B(B̄s → µ+µ−) = (3.52± 0.15)× 10−9, B(B0 → µ+µ−) = (1.12± 0.12)× 10−10,

B(B̄s → τ+τ−) = (7.46± 0.30)× 10−7, B(B0 → τ+τ−) = (2.35± 0.24)× 10−8.

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

comes out to be [191]

B(Bs → µ+µ−) = (2.8+0.7
−0.6)× 10−9

B(B0 → µ+µ−) = (3.9+1.6
−1.4)× 10−10

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 → sγ [192]. Later, BaBar and Belle collected a dataset of 467M

and 772M B0B0 pairs in 2008 and 2010, respectively and their combined dataset produced an

integrated luminosity of 1ab−1 operating at Γ(4S). At the most efficient B factory, Large Hadron

Collider (LHC), bb cross-section is about 300µb at center of mass energy
√
s = 7 TeV [193] and

500µb at
√
s = 14 TeV. This provides about 1011 hadrons produced in a dataset of 1fb−1. 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

24



to average over neutral and charged B−mesons and also between µ+µ− and `+`− final states.

The LHCb, CMS, ATLAS and CDF experiments measure the decays with µ+µ− final states

mostly instead of `+`− final states. In last two decades, the processes B → K∗(892)0`+`− and

B0 → K+`+`− have been widely studied. The CDF and LHCb also observed other b−hadron

decays such as Λ0
b → Λµ+µ− [47, 50], Λ0

b → pK−µ+µ− [51] and B0
s → φµ+µ− [18, 19]. The

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

B(B+ → K+`+`−) = (5.5± 0.7)× 10−7,

B(B+ → K+µ+µ−) = (4.43± 0.24)× 10−7,

B(B0 → K∗(892)0`+`−) = (1.03+0.19
−0.17)× 10−6,

B(B0 → K∗(892)0µ+µ−) = (1.03± 0.06)× 10−6,

B(B0
s → φµ+µ−) = (8.3± 1.2)× 10−7,

B(Λ0
b → Λµ+µ−) = (1.08± 0.28)× 10−6.

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∗(→ Kπ)`+`− in detail both from the

theoretical and experimental point of view.

2.9 Physical Observables in B → K∗(→ Kπ)µ+µ−

A lot of information can be extracted from observables constructed from the angular distribution

of the hadron decays. Although a renormalization scale µb 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 6= 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∗(→ Kπ)`+`− and some of them have been measured experimentally too. The goal

of the present dissertation is to work out the analogues observables for Λb → Λ(→ pπ)`+`− 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∗(→ Kπ)`+`− and then apply a

similar procedure to obtain some of them for Λb 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 q2 = s namely 4m2
` < s < (mH1 −mH2)2, where H1 and H2 stands for the parent and

the daughter hadrons, respectively. No single method used to calculate the FFs is best working for
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Figure 2.4: The SM predictions vs experimental measurements of branching ratio for
B → K∗µ+µ− [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 cc resonances when

dilepton invariant mass squared s approaches to mass of J/ψ (s = M2
J/ψ ∼ 9.6GeV 2) 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 ρ, ω 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∗(→ Kπ)`+`− with

decay rate [195,196]

d4Γ

dsd cos θ`d cos θ∗dξ
=

9

32π

[
I1s sin2 θ∗ + I1c cos2 θ∗ + (I2s sin2 θ∗ + I2c cos2 θ∗) cos 2θ`

+ I3 sin2 θ∗ sin2 θ` cos 2ξ + I4 sin 2θ∗ sin 2θ` cos ξ + I5 sin 2θ∗ sin θ` cos ξ

+ (I6s sin2 θ∗ + I6c cos2 θ∗) cos θ` + I7 sin 2θ∗ sin θ` sin ξ

+ I8 sin 2θ∗ sin 2θ` sin ξ + I9 sin2 θ∗ sin2 θ` sin 2ξ

]
. (2.55)

where I ′is are angular coefficients, θ∗ is the angle of K in the CM system of K and π with respect

to direction of flight of (K,π) in B rest frame, θ` is the angle of `+ in the CM system of `+ and `−

with respect to direction of flight of (`+, `−) in B rest frame and ξ is the azimuthal angle between

the decaying planes of Kπ and `+`−. 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]:

I1s =
2 + v2

4

[
|AL⊥|2 + |AL‖ |

2 + (L→ R)

]
+

4m2
`

s
Re

(
AL⊥ +AR∗⊥ +AL‖ +AR∗‖

)
,

I1c = |AL0 |
2

+ |AR0 |
2

+
4m2

`

s

[
|At|2 + 2Re(AL0 +AR∗0 )

]
,

I2s =
v2

4

[
|AL⊥|2 + |AL‖ |

2 + (L→ R)

]
,

I2c = −v2

[
|AL0 |2 + (L→ R)

]
,

I3 =
v2

2

[
|AL⊥|2 − |AL‖ |

2 + (L→ R)

]
,

I4 =
v2

√
2

[
Re(AL0A

L∗
‖ + (L→ R)

]
,

I5 =
√

2v

[
Re(AL0A

L∗
⊥ − (L→ R))

]
,

I6 = 2v

[
Re(AL‖A

L∗
⊥ )− (L→ R)

]
,

I7 =
√

2v

[
Im(A0LA

∗
‖L)− (L→ R))

]
,

I8 =
v2

√
2

[
Im(AL0A

L∗
⊥ ) + (L→ R)

]
,

I9 = v2

[
Im(AL∗‖ A

L
⊥) + (L→ R)

]
(2.56)

where

AL,R⊥ = 4N
√

2MB|P2|
[
(Ceff9 ∓ C10)

V (s)

MB +MK∗
+

2mbC
eff
7

s
T1(s)

]
,

AL,R‖ = −N
√

2(M2
B −M2

K∗)

[
(Ceff9 ∓ C10)

A1(s)

MB −MK∗
− 2Ceff7

mb

s
T2(s)

]
,

AL,R0 = −N (Ceff9 ∓ C10)

2MK∗
√
s

[
(M2

B −M2
K∗ − s)(MB +MK∗)A1(s)−

4M2
B|P2|2V2(s)

(MB +MK∗)

]
,

+N 2mbC
eff
7

2MK∗
√
s

[
− (M2

B + 3M2
K∗ − s)T2(s) +

4M2
B|P2|2

(M2
B −M2

K∗)
T3(s)

]
,

At = N |P2|MBC10√
s

A0(s) (2.57)

and

N = VtbV
∗
ts

(
G2
Fα

2

(2π)5

|P2| sυ
24M2

B

)1/2

,

v =

√
1−

4m2
`

s

Vij is CKM matrix element, GF is Fermi coupling constant, α is EM coupling constant and P2 is
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the momentum of K∗ meson defined as

|P2| =

√
M4
B +M4

K∗ + s2 − 2(M2
BM

2
K∗ +M2

Bs+M2
K∗s)

2MB
.

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 FT (s) for B → K∗(→ Kπ)µ+µ− decay reads as [24]

FT (s) = v2 |A⊥(s)|2 + |A‖(s)|2

dΓ/ds
, (2.58)

where |A⊥,‖(s)|2 = |AL⊥,‖(s)|
2 + |AR⊥,‖(s)|

2 with

AL,R⊥ = N
√

2λ

[(
Ceff9 ∓ C10

) V (s)

mB +mK∗
+

2mb

s
C7effT1(s)

]
,

AL,R‖ = N
√

2(m2
B −m2

K∗)

[(
Ceff9 ∓ C10

) A1(s)

mB −mK∗
+

2mb

s
Ceff7 T2(s)

]
. (2.59)

The CP conserving transverse asymmetry A
(2)
T (s) is given as:

A
(2)
T (s) =

|A⊥(s)|2 − |A‖(s)|2

|A⊥(s)|2 + |A‖(s)|2
. (2.60)

This asymmetry satisfies the above conditions of a good observable as it does not include A0,s,t

therefore, easy to handle in the QCD. A
(Im)
T (s) is defined as

A
(Im)
T (s) = −

2Im(AL‖ (s)AL∗‖ (s) +AR‖ (s))AR∗‖ (s))

|A⊥(s)|2 + |A‖(s)|2
. (2.61)

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
(5)
T (s) =

|AL‖ (s)AR∗⊥ (s) +AL⊥(s)AR∗‖ (s)

|A⊥(s)|2 + |A‖(s)|2|
. (2.62)

This observable is independent of A
(2)
T (s) and A

(Im)
T (s). From A⊥(s) and A‖(s), only three inde-

pendent observables can be extracted which are A
(2)
T (s), A

(Im)
T (s) and A

(5)
T (s). It is convenient to
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Figure 2.5: The SM predictions and the measured values of A`FB and FL by the LHCb for
B → K∗µ+µ− decay [198].

introduce one more physical observable

A
(Re)
T (s) =

2Re[AL‖ (s)AL∗⊥ (s)−AR‖ (s)AR∗⊥ (s)]

|A⊥(s)|2 + |A‖(s)|2
(2.63)

such that

(A
(2)
T (s))2 + (A

(Im)
T (s))2 + 2(A

(5)
T (s))2 + (A

(Re)
T (s))2 = 1. (2.64)

2.9.3 Longitudinal polarization fraction

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

ξ which results

FL =
I1c − (1/3)I2c

dΓ/ds
. (2.65)

Knowing this, the transverse polarization fraction can be obtained by using the relation FT +FL =

1. The measured values of FL in appropriate bins are presented in Fig. 2.5 for B → K∗µ+µ−

decay.

2.9.4 Forward-Backward Asymmetries

The forward-backward asymmetry with respect to lepton is [199]

A`FB(s) =

1∫
0

d cos θ`
d2Γ

dsd cos θ`
−

0∫
−1

d cos θ`
d2Γ

dsd cos θ`

dΓ/ds
. (2.66)

The experimental measurements for A`FB for B → K∗µ+µ− 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

P1 =
|AL⊥(s)|2 − |AL‖ (s)|2 + (L↔ R)

|AL⊥(s)|2 + |AL‖ (s)|2 + (L↔ R)
=

I3

2I2s
,

P2 =
Re(AL∗⊥ (s))AL‖ (s)−AR⊥(s))AL∗‖ (s)

|AL⊥(s)|2 + |AL‖ (s)|2 + (L↔ R)
= v

I6s

8I2s
,

P3 =
Im(AL∗⊥ (s))AL‖ (s)−AR⊥(s))AL∗‖ (s)

|AL⊥(s)|2 + |AL‖ (s)|2 + (L↔ R)
= v

I6s

8I2s
= − I9

4I2s
,

P ′4 =

√
2Re(AL∗0 AL‖ +AR0 A

R∗
‖ )

(|AL⊥(s)|2 + |AL‖ (s)|2 + (L↔ R))(|AL0 |2 + (L↔ R))
=

I4√
−I2cI2s

,

P ′5 =

√
2Re(AL∗0 AL⊥ −AR0 AR∗⊥ )

(|AL⊥(s)|2 + |AL‖ (s)|2 + (L↔ R))(|AL0 |2 + (L↔ R))
=
v

2

I5√
−I2cI2s

,

P ′6 =

√
2Im(AL∗0 AL‖ +AR0 A

R∗
‖ )

(|AL⊥(s)|2 + |AL‖ (s)|2 + (L↔ R))(|AL0 |2 + (L↔ R))
= −v

2

I7√
−I2cI2s

. (2.67)

The expressions of AL,R‖ (s) AL,R⊥ (s), and AL,R0 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 ′5 [10] that shows deviation from the SM prediction and

therefore, a sensitive tool towards the NP scenarios.

2.9.6 Asymmetry parameter α(′)s

From the four-folded angular decay distribution (2.55) the following asymmetry parameters can

be extracted [202]:

W (cos2 θ∗) = 1 + αθ∗ cos2 θ∗, (2.68)

which is obtained by integrating decay distribution over θ` ∈ [0, π] and ξ ∈ [0, 2π]. Likewise, by

integrating over θ∗ ∈ [0, π] and ξ ∈ [0, 2π], one obtains:

W (cos2 θ`) = 1 + αθ` cos2 θ` + α′θ` cos θ. (2.69)

Similarly, by integrating over θ∗ ∈ [0, π] and θ` ∈ [0, π], the azimuthal asymmetry parameter β can

be defined as:

W (ξ) = 1 + β cos 2ξ. (2.70)

2.9.7 CP symmetries and asymmetries

For the transition b → s`+`−, the relevant CKM matrix element is VtbV
∗
ts 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 VubV
∗
us
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Figure 2.6: The SM predictions along with the LHCb measured values of optimized observables
for the decay B → K∗µ+µ− [201].
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which is also the origin of direct CP asymmetry in B → Xsγ. But one can expect that these effects

would be smaller in B → Xs`
+`− than B → Xsγ because the contributions of the WCs C9 and

C10 are absent in B → Xsγ. The CP averaged angular coefficients are [196]:

S
(a)
i =

(I
(a)
i + I

(a)
i )

d(Γ + Γ)/ds
, (2.71)

and CP asymmetries are:

A
(a)
i =

(I
(a)
i − I

(a)
i )

d(Γ + Γ)/ds
, (2.72)

where Ii with i = 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 I1,2,3,4,7

are even under CP therefore, S1,2,3,4,7 can be obtained directly from angular coefficients and I5,6,8,9

being odd under CP the CP violating observables A5,6,8,9 can be calculated directly from them.

The observables which depend on real part of transversity amplitude are {Ss,c1,2, S3,4, A5,6}. Among

them some of the measured observables are presented in Fig. 2.7 for B → K∗µ+µ− decay.
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Figure 2.7: The SM predictions along with measured values from LHCb experiment for
observables S3, S9 and A9 for the decay B → K∗µ+µ− [198].
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Chapter 3

Helicity Formalism of decay

Λb→ Λ(→ Nπ)`+`− in the SM

The Λb 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 Λb → Λµ+µ− was made in 2011 by CDF Collaboration [47].

Then, at the Tevatron, characteristics (mass and lifetime) of Λb baryon have been measured by

two body decay modes such as Λb → ΛJ/ψ and Λb → Λ+
c π
− [203–205]. Since December 2009,

LHCb is dedicated to the production of b-hadrons with the ratio B0 : Λ0
b : B0

c = 4 : 2 : 1. The high

production rate of b-hadrons at LHCb results in Cabibbo-suppressed decay modes of Λb baryons,

such as Λb → DpK−, Λb → Λ+
c K

− [206], Λb → Λ+
c D
−, Λb → Λ+

c D
−
s [207] and Λb → J/ψpπ− [208].

Later, multi-body decays of Λb were measured by LHCb e.g., Λb → ΛK+π−, Λb → ΛK+K− [209],

Λb → pK−π+π−, Λb → pK−K+K− [210], Λb → ψ(2S)pK− and Λb → J/ψπ+π−pK− [211]. The

most precise measurement of Λb mass was made by LHCb with value 5620.15± 0.31± 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 Λb → Λ(→ pπ)`+`− 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 mW .

The quark level transition governing the

Λb(pΛb , sΛb)→ Λ(pΛ, sΛ)(→ p(pN , sN )π(pπ))`+(q1)`−(q2),

decay is b→ s`+`−. In this cascade decay the final state Λ produced in Λb decay further decays into

pπ and the corresponding topology of decay is described in Fig. (3.1). In effective Hamiltonian,

34



Figure 3.1: Λb → Λ(→ pπ−)µ+µ− decay topology, where θ`, θΛ are the helicity angles and ξ 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]

Heff
SM = −4GF√

2

αe
4π
VtbV

∗
ts

∑
i=7,9,10

[Ci (µ) Oi + C ′i (µ) O′i], (3.1)

where GF is the Fermi coupling constant, VtbV
∗
ts are the CKM matrix elements, αe is the fine struc-

ture constant, Ci (µ) (C ′i (µ)) with i = 7, 9, 10 are the WCs corresponding to the electromagnetic

operator O7 (O′7) and semileptonic operators O9,10 (O′9,10) that are defined as:

O7 =
e

16π2
mb(s̄Lασ

µνbRα)Fµν ,

O′7 =
e

16π2
mb(s̄Rασ

µνbLα)Fµν ,

O9 =
e2

16π2
(s̄Lαγ

µbLα)¯̀γµ`,

O′9 =
e2

16π2
(s̄Rαγ

µbRα)¯̀γµ`,

O10 =
e2

16π2
(s̄Lαγ

µbLα)¯̀γµγ5`,

O′10 =
e2

16π2
(s̄Rαγ

µbRα)¯̀γµγ5`, (3.2)

where e is the electromagnetic coupling constant and mb 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.1 The factorizable non-local matrix elements

1In case of B → K∗µ+µ− 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 O1−6 and Og8 are encoded into effective WCs Ceff7 (s) and Ceff9 (s),

where s is dilepton squared mass s (qµ = pµΛb − p
µ
Λ).

In high s region, the WCs Ceff7 (s) and Ceff9 (s) can be written as follows [29]

Ceff7 (s) = C7 −
1

3

(
C3 +

4

3
C4 + 20C5 +

80

3
C6

)
− αs

4π

[
(C1 − 6C2)F

(7)
1,c (s) + C8F

(7)
8 (s)

]
,

Ceff9 (s) = C9 +
4

3

(
C3 +

16

3
C5 +

16

9
C6

)
− h(0, s)

(
1

2
C3 +

2

3
C4 + 8C5 +

32

3
C6

)
−
(

7

2
C3 +

2

3
C4 + 38C5 +

32

3
C6

)
h(mb, s) +

(
4

3
C1 + C2 + 6C3 + 60C5

)
h(mc, s)

−αs
4π

[
C1F

(9)
1,c (s) + C2F

(9)
2,c + C8F

(9)
8 (s)

]
, (3.3)

where h(mq′ , s) with q′ = b , c correspond to the fermionic loop functions. These h(mq′ , s) along

with the functions F
(7,9)
8 and F

(7,9)
(1,2,c) are calculated in refs. [86, 212].

3.2 Helicity amplitudes and Form Factors for Λb → Λ transitions

The matrix elements for the Λb → Λ 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 i(s1, s2) with i corresponding to vector

(V ), axial-vector (A), tensor (T ) and axial-tensor (T5) currents can be written as [67]:

HV (sΛb , sΛ) ≡ ε∗µ(m) 〈Λ (pΛ, sΛ) |sγµb|Λb (pΛb , sΛb)〉 ,

where m = t, 0,± corresponds to time-like, longitudinal and transverse polarizations of daughter

baryon Λ. In component form, vector hadronic part reads as

HV
t (sΛb , sΛ) = f0 (s)

mΛb −mΛ√
s

[ū (pΛ, sΛ)u (pΛb , sΛ)] ,

HV
0 (sΛb , sΛ) = 2f+ (s)

mΛb +mΛ

s+
(pΛ · ε∗ (0)) [ū (pΛ, sΛ)u (pΛb , sΛb)] ,

HV
± (sΛb , sΛ) = f⊥ (s) [ū (pΛ, sΛ) /ε∗ (±)u (pΛb , sΛb)] . (3.4)

The axial-vector part of Hamiltonian is

HA (sΛb , sΛ) ≡ ε∗µ(m) 〈Λ (pΛ, sΛ) |s̄γµγ5b|Λb (pΛb , sΛb)〉

and its helicity components are

HA
t (sΛb , sΛ) = −g0 (s)

mΛb +mΛ√
s

[ū (pΛ, sΛ) γ5u (pΛb , sΛb)] , (3.5)

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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HA
0 (sΛb , sΛ) = −2g+ (s)

mΛb −mΛ

s−
(pΛ · ε∗ (0)) [ū (pΛ, sΛ) γ5u (pΛb , sΛb)] ,

HA
± (sΛb , sΛ) = g⊥ (s) [ū (pΛ, sΛ) /ε∗ (±) γ5u (pΛb , sΛb)] . (3.6)

Part of Hamiltonian corresponding to dipole operator is:

HT (sΛb , sΛ) ≡ ε∗µ(m) 〈Λ (pΛ, sΛ) |s̄iσµνqνb|Λb (pΛb , sΛb)〉

HT5 (sΛb , sΛ) ≡ ε∗µ(m) 〈Λ (pΛ, sΛ) |s̄iσµνqνγ5b|Λb (pΛb , sΛb)〉 .

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

HT
0 (sΛb , sΛ) = −2h+ (s)

s

s+
(pΛ · ε∗ (0)) [ū (pΛ, sΛ)u (pΛb , sΛb)] ,

HT
± (sΛb , sΛ) = −h⊥ (s) (mΛb +mΛ) [ū (pΛ, sΛ) /ε∗ (±)u (pΛb , sΛb)] ,

HT5
0 (sΛb , sΛ) = −2h̃+ (s)

s

s−
(pΛ · ε∗ (0)) [ū (pΛ, sΛ) γ5u (pΛb , sΛb)] ,

HT5
± (sΛb , sΛ) = h̃⊥ (s) (mΛb −mΛ) [ū (pΛ, sΛ) /ε∗ (±) γ5u (pΛb , sΛb)] , (3.7)

where pΛb(sΛb) and pΛ(sΛ) are the momentum (spin) of Λb and Λ, respectively. In Eqs. (3.4, 3.5,

3.6) and (3.7), the functions fi(s), gi(s), hi(s) and h̃i(s) with i = 0 ,+ ,⊥ are the transition FFs.

The FFs, being the non-perturbative quantities need to be calculated in some model. Λb → Λ

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 ξ1 and ξ2. In the decay under

consideration here, we will use the FFs 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]:

f(s) =
af0 + af1z(s) + af2(z(s))2

1− s/(mf
pole)

2
, (3.8)

where, the inputs af0 , a
f
1 and af2 are summarized in Tables 3.1 and 3.2. The parameter z is defined

as [44]

z(s) =

√
t+ − s−

√
t+ − t0√

t+ − s+
√
t+ − t0

, (3.9)

with t0 = (mΛb −mΛ)2 and t+ = (mB +mK)2.

3.3 Kinematics of Hadronic part

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

pΛ = (mΛb − p0, 0, 0, |p|), ,
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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 Λb → Λ transition [44].

Parameter Input Parameter Input Parameter Input

a
f+

0 0.4229± 0.0274 a
f+

1 −1.3728± 0.3068 a
f+

2 107972± 1.1506

af0
0 0.3604± 0.0277 af0

1 −0.9284± 0.3453 af0
2 0.9861± 1.1988

af⊥0 0.5748± 0.0353 af⊥1 −1.4781± 0.4030 af⊥2 1.2496± 1.6396
a
g+

0 0.3522± 0.5 a
g+

1 −1.2968± 0.2732 a
g+

2 2.7106± 1.0665
ag0

0 0.4059± 0.0267 ag0
1 −1.1622± 0.2929 ag0

2 1.1490± 1.0327
ag⊥0 0.3522± 0.0205 ag⊥1 −1.3607± 0.2949 ag⊥2 2.4621± 1.3711

a
h+

0 0.4753± 0.0423 a
h+

1 −0.8840± 0.3997 a
h+

2 −0.8190± 1.6760

ah⊥0 0.3745± 0.0313 ah⊥1 −0.9439± 0.2766 ah⊥2 1.1606± 1.0757

a
h̃+

0 0.3256± 0.0248 a
h̃+

1 −0.9603± 0.2303 a
h̃+

2 2.9780± 1.0041

ah̃⊥0 0.3256± 0.0248 ah̃⊥1 −0.9634± 0.2268 ah̃⊥2 2.4782± 0.9549

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

f JP mf
pole

f0 0+ 5.711
f+, f⊥, h+, h⊥ 1− 5.416

g0 0− 5.367

g+, g⊥, h̃+, h̃⊥ 1+ 5.750

where mΛb is the mass of the Λb baryon. In the same frame, momenta of dilepton pair is

p = (p0, 0, 0,−|p|) (3.10)

where p0 =
m2

Λb
−m2

Λ+s

2mΛb
and |p| =

√
λ(m2

Λb
,m2

Λ,s)

2mΛb
. Polarization vectors of effective current are written

as

εµ(t) =
1

s
(p0, 0, 0, |p|) ,

εµ(±) =
1√
2

(0,∓1,−i, 0) ,

εµ(0) =
1

s
(|p|, 0, 0, p0) . (3.11)

In Nπ rest frame, the momenta of N and π are defined as

pµN = (EN ,−|k| sin θΛ cos ξ,−|k| sin θΛ sin ξ, |k| cos θΛ) ,

pµπ = (Eπ, |k| sin θΛ cos ξ, |k| sin θΛ sin ξ,−|k| cos θΛ) , (3.12)

where |k| =
√
λ(k2,m2

N ,m
2
π)

2
√
k2

, EN =

√
m2
N +

λ(k2,m2
N ,m

2
π)

4k2 and Eπ =

√
m2
π +

λ(k2,m2
N ,m

2
π)

4k2 . In Nπ rest

frame k2 = m2
Λ, θΛ is the angle between direction of flight of N with respect to z-axis in Nπ rest

frame and ξ is the azimuthal angle between two decaying planes i.e. Nπ and `+`− decaying planes.

A Dirac spinor u(p, s) having momentum

pµ =
(
p0, |p| sin θ cos ξ, |p| sin θ sin ξ, |p| cos θ

)
, (3.13)
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in its rest frame is defined as

u(p,+1/2) =
1√

2(p0 +m)


(p0 +m− |p|) cos(θ/2)

(p0 +m− |p|) sin(θ/2)eiξ

(p0 +m+ |p|) cos(θ/2)

(p0 +m+ |p|) sin(θ/2)eiξ

 , (3.14)

u(p,−1/2) =
1√

2(p0 +m)


−(p0 +m+ |p|) sin(θ/2)e−iξ

(p0 +m+ |p|) cos(θ/2)

−(p0 +m− |p|) sin(θ/2)e−iξ

(p0 +m− |p|) cos(θ/2)

 , (3.15)

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

u(p′,±1/2)γµu(p,±1/2) = (
√
s+, 0, 0,

√
s−), (3.16)

u(p′,∓1/2)γµu(p,∓1/2) =
√

2s−ε
µ(±), (3.17)

u(p′,±1/2)γµγ5u(p,±1/2) = ±(
√
s−, 0, 0,

√
s+), (3.18)

u(p′,±1/2)γµγ5u(p,∓1/2) = ∓
√

2s+ε
µ(∓), (3.19)

3.4 Hadron helicity amplitudes

Using Eqs. (3.16)-(3.19) in Eqs. (3.4)-(3.7), we get the following helicity amplitudes in terms of

Λb → Λ transition FFs [67]:

HV
t(+1/2,+1/2) = HV

t(−1/2,−1/2) = f0 (s)
mΛb −mΛ√

s

√
s+,

HV
0(+1/2,+1/2) = HV

0(−1/2,−1/2) = f+ (s)
mΛb +mΛ√

s

√
s−,

HV
+(−1/2,+1/2) = HV

−(+1/2,−1/2) = −f⊥ (s)
√

2s−,

HA
t(+1/2,+1/2) = −HA

t(−1/2,−1/2) = g0 (s)
mΛb +mΛ√

s

√
s−,

HA
0(+1/2,+1/2) = −HA

0(−1/2,−1/2) = g+ (s)
mΛb −mΛ√

s

√
s+,

HA
+(−1/2,+1/2) = −HA

−(+1/2,−1/2) = −g⊥ (s)
√

2s+

HT
0(+1/2,+1/2) = HT

0(−1/2,−1/2) = −h+ (s)
√
s
√
s−,

HT
+(−1/2,+1/2) = HT

−(+1/2,−1/2) = h⊥ (s) (mΛb +mΛ)
√

2s−,

HT5
0(+1/2,+1/2) = −HT5

0(−1/2,−1/2) = h̃+ (s)
√
s
√
s+,

HT5
+(−1/2,+1/2) = −HT5

−(+1/2,−1/2) = −h̃⊥ (s) (mΛb −mΛ)
√

2s+, (3.20)

where f0(g0), f+(g+) and f⊥(g⊥) denotes time-like, longitudinal, and transverse components of

vector (axial-vector) currents. The kinematic functions used in the above equation are defined as

s± ≡ (mΛb ±mΛ)2 − s.

39



The transversity amplitude can be written in terms of helicity amplitudes as [67]

A
L(R)
⊥1

= +
√

2N
((
C+

9 ∓ C
+
10

)
HV

+(−1/2,+1/2) −
2mbC

+
7

s
HT

+(−1/2,+1/2)

)
,

A
L(R)
‖1 = −

√
2N

((
C−9 ∓ C

−
10

)
HA

+(−1/2,+1/2) +
2mbC

−
7

s
HT5

+(−1/2,+1/2)

)
,

A
L(R)
⊥0

= +
√

2N
((
C+

9 ∓ C
+
10

)
HV

0(+1/2,+1/2) −
2mbC

+
7

s
HT

0(+1/2,+1/2)

)
,

A
L(R)
‖0 = −

√
2N

((
C−9 ∓ C

−
10

)
HA

0(+1/2,+1/2) +
2mbC

−
7

s
HT5

0(+1/2,+1/2)

)
. (3.21)

where N = GFVtbV
∗
tsαe

√
sλ1/2

(
m2

Λb
, m2

Λ, s
)

3·211m3
Λb
π5 and

C+
9 = C9 + C ′9, C−9 = C9 − C ′9, C+

10 = C10 + C ′10

C−10 = C10 − C ′10, C+
7 = C7 + C ′7, C−7 = C7 − C ′7.

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

εµ+ = 1√
2
(0, 1,−i, 0), εµ− = 1√

2
(0,−1,−i, 0),

εµt = (1, 0, 0, 0), εµ0 = (0, 0, 0, 1) (3.22)

and the corresponding Lepton momentum vectors in dilepton rest frame are [67]

qµ1 = (E`,−|q| sin θ`, 0,−|q| cos θ`),

qµ2 = (E`, |q| sin θ`, 0, |q| cos θ`),

with E` =
√
s

2 and |q| =
√
E2
` −m2

` .

Helicity amplitudes for leptons are defined as

LL(R),r
m,n = ε̄µ(r)〈¯̀1(m)`2(n)|¯̀1γµ(1∓ γ5)`2|0〉

= ε̄µ(r)ū`1(−→p ,m)γµ(1∓ γ5)v`2(−p′, n), (3.23)

where `1 = `+ and `2 = `−. The dilepton polarization vector is written as ε∗µ(m) with m = t , 0 ,±
and their explicit definitions are given in Eq. (3.22) [67]. In dilepton rest frame, spinors are written

as:

u`−(s) =

( √
E` +m`χu(s)

2s
√
E` −m`χu(s)

)
, (3.24)

v`+(s) =

( √
E` −m`χv(s)

−2s
√
E` +m`χv(s)

)
, (3.25)
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where

χu(+1/2) =

(
cos θ`/2

sin θ`/2

)
, χu(−1/2) =

(
− sin θ`/2

cos θ`/2

)
, (3.26)

χv(+1/2) =

(
sin θ`/2

cos θ`/2

)
, χv(−1/2) =

(
− cos θ`/2

sin θ`/2

)
. (3.27)

Using above spinors in Eq. (3.23), we get

LL+(+1/2,+1/2) = LR+(+1/2,+1/2) = LL−(−1/2,−1/2) = LR−(−1/2,−1/2) =
√

2m` sin θ`,

LL+(−1/2,−1/2) = LR+(−1/2,−1/2) = LL−(+1/2,+1/2) = LR−(+1/2,+1/2) = −
√

2m` sin θ`,

LL+(+1/2,−1/2) = −LR−(−1/2,+1/2) = −
√
s

2
(1− v)(1− cos θ`),

LL+(−1/2,−1/2) = −LR−(+1/2,−1/2) =

√
s

2
(1 + v)(1 + cos θ`),

LR+(+1/2,−1/2) = −LL−(−1/2,+1/2) = −
√
s

2
(1 + v)(1− cos θ`),

LR+(−1/2,+1/2) = −LL−(+1/2,−1/2) =

√
s

2
(1− v)(1 + cos θ`),

LL0 (+1/2,+1/2) = −LL0 (−1/2,−1/2) = LR0 (+1/2,+1/2) = −LR0 (−1/2,−1/2) = −2m` cos θ`,

LL0 (+1/2,−1/2) = LR0 (−1/2,+1/2) = −
√
s(1− v) sin θ`,

LL0 (−1/2,+1/2) = LR0 (+1/2,−1/2) =
√
s(1 + v) sin θ`,

LLt (+1/2,+1/2) = −LRt (+1/2,+1/2) = LLt (−1/2,−1/2) = −LRt (−1/2,−1/2) = 2m`. (3.28)

3.6 Cascade Decay Λ→ Nπ

The daughter baryon Λ produced in decay Λb → Λ`+`− subsequently decays to pπ− and governed

by the effective Hamiltonian [67]

Heff
Λ =

4GF√
2
VusV

∗
ud(d̄γ

µPLu)(ūγµPLs). (3.29)

Matrix element for this decay is given as

H2(sΛ, sN ) = 〈N(pN , sN )π(pπ)|(d̄γµPLu)(ūγµPLs)|Λ(pΛ, sΛ)〉 = [u(kN , sN )(ξγ5 + ω)u(pΛ, sΛ)] .

It involves two independent parameters, ξ and ω, extracted from Λ→ Nπ 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:

Γ′(sΛ, s
′
Λ) = |N ′|2

√
r+r−

16πm3
Λ

∑
sN

H ′(sΛ, sN )H ′∗(s′Λ, sN ) (3.30)
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with r± = (mΛ ±mN )2 −m2
π and

H ′(±1/2,±1/2) = (
√
r+ω +

√
r−ξ) cos(θΛ/2),

H ′(+1/2,−1/2) = (
√
r+ω +

√
r−ξ) sin(θΛ/2)eiξ,

H ′(−1/2,+1/2) = (−√r+ω +
√
r−ξ) sin(θΛ/2)e−iξ. (3.31)

By using these relations, Eq. (3.30) gives

Γ′(+1/2,+1/2) = (1 + α cos θΛ)ΓΛ Γ′(+1/2,−1/2) = −α sin θΛe
iξΓΛ,

Γ′(−1/2,−1/2) = (1− α cos θΛ)ΓΛ Γ′(−1/2,+1/2) = −α sin θΛe
−iξΓΛ, (3.32)

with

ΓΛ = |N ′|2
√
r+r−

16πm3
Λ

(r−|ξ|2 + r+|ω|2), (3.33)

and parity violating decay parameter

α =
2<[ω∗ξ]√

r−
r+
|ξ|2 +

√
r+
r−
|ω|2

. (3.34)

3.7 Angular Decay Distribution

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 Eqs. (3.20

and (3.28) in the following way

|M |2 =
1

4

∑
sΛb ,s

(′)
Λ

∑
s`1 ,s`2

Hm(sΛb , sΛ)Hn∗(sΛb , s
′
Λ)gm,m′gn,n′L

m′(s`1 , s`2)Ln
′∗

(s`1 , s`2)Γ′(sΛ, s
′
Λ),

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

written in terms of amplitude square as

d4Γ

ds d cos θΛ d cos θ` dξ
= G2

F |VtbV ∗ts|2αe
sλ1/2

(
m2

Λb
, m2

Λ, s
)

3 · 211m3
Λb
π5

|M |2, (3.35)

which results

d4Γ

ds d cos θΛ d cos θ` dξ
=

3

8π

[
K1ss sin2 θ` +K1cc cos2 θ` +K1c cos θ` +

(
K2ss sin2 θ` +K2cc cos2 θ`

+ K2c cos θ`) cos θΛ + (K3sc sin θ` cos θ` +K3s sin θ`) sin θΛ sin ξ

+ (K4sc sin θ` cos θ` +K4s sin θ`) sin θΛ cos ξ

]
. (3.36)

For angular variable Kl,m, the l and m denote the relative angular momentum and its third

component for pπ and `+`− systems, respectively. In Eq. (3.36), θ` and θΛ are the helicity angles,

ξ 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 (l ,m), e.g., the coefficients of cos2 θ`, sin2 θ` and cos θ`

correspond to K0, 0 whereas coefficients of cos2 θ` cos θΛ, sin2 θ` cos θΛ and cos θ` cos θΛ correspond

to K1, 0 and the last four terms correspond to K1, 1. These angular parameters Ki j , 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:

K1ss (s) =
1

4

[∣∣AR⊥1

∣∣2 +
∣∣∣AR‖1∣∣∣2 + 2

∣∣AR⊥0

∣∣2 + 2
∣∣∣AR‖0∣∣∣2 + (R↔ L)

]
−
m2
`

s

[
|AR⊥0

|2 + |AR‖0 |
2 + (R↔ L)

]
+

2m2
`

s
Re
[
AR⊥0

A∗L⊥0
+AR⊥1

A∗L⊥1
+ (⊥ ↔ ‖)

]
,

K1cc (s) =
1

2

[∣∣AR⊥1

∣∣2 +
∣∣∣AR‖1∣∣∣2 + (R↔ L)

]
+
m2
`

s

[
|AR⊥0

|2 − |AR⊥1
|2 + |AR‖0 |

2 − |AR‖1 |
2 + (R↔ L)

]
+

2m2
`

s
Re
[
AR⊥0

A∗L⊥0
+AR⊥1

A∗L⊥1
+ (⊥ ↔ ‖)

]
,

K1c (s) = −vRe
{
AR⊥1

A∗R‖1 − (R↔ L)
}

K2ss (s) =
α

2
Re
{
AR⊥1

A∗R‖1 + 2AR⊥0
A∗R‖0 + (R↔ L)

}
−

2αm2
`

s
Re
[
AR⊥0

A∗R‖0 +AL⊥0
A∗L‖0

]
+

2αm2
`

s
Re
[
AR⊥0

A∗L‖0 +AR‖0A
∗L
⊥0

+AR⊥1
A∗L‖1 +AR‖1A

∗L
⊥1

]
,

K2cc (s) = αRe
{
AR⊥1

A∗R‖1 + (R↔ L)
}

+
2αm2

`

s
Re
[
AR⊥0

A∗R‖0 −A
R
⊥1
A∗R‖1 + (R↔ L)

]
+

2αm2
`

s
Re
[
AR⊥0

A∗L‖0 +AR⊥1
A∗L‖1 +AR‖0A

∗L
⊥0

+AR‖1A
∗L
⊥1

]
,

K2c (s) = −αv
2

[∣∣AR⊥1

∣∣2 +
∣∣∣AR‖1∣∣∣2 − (R↔ L)

]
,

K3sc (s) =
2
√

2αm2
`

s
Im
{
AR‖1A

∗R
‖0 −A

R
⊥1
A∗R⊥0

+ (R↔ L)
}

+
α√
2
Im
{
AR⊥1

A∗R⊥0
−AR‖1A

∗R
‖0 + (R↔ L)

}
,

K3s (s) =
α√
2
Im
{
AR⊥1

A∗R‖0 −A
R
‖1A

∗R
⊥0
− (R↔ L)

}
,

K4sc (s) =
2
√

2αm2
`

s
Re
{
AR‖1A

∗R
⊥0
−AR⊥1

A∗R‖0 + (R↔ L)
}

+
α√
2
Re
{
AR⊥1

A∗R‖0 −A
R
‖1A

∗R
⊥0

+ (R↔ L)
}
,

K4s (s) =
α√
2
Re
{
AR⊥1

A∗R⊥0
−AR‖1A

∗R
‖0 − (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 θ`, θΛ, ξ 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 θ` ∈ [0, π], θΛ ∈ [0, π] and ξ ∈ [0, 2π], the
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expression for the differential decay rate becomes

dΓ

ds
= K1cc + 2K1ss. (3.38)

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 θ` ∈ [0, π] and ξ ∈ [0, 2π], the expression for the differential decay rate takes the

form
dΓ

dsd cos θΛ
= (K1cc + 2K1ss)[1 + αθΛ cos θΛ], (3.39)

where αθΛ is the asymmetry parameter for the longitudinal polarization of the Λ baryon. It can

be noticed that if we integrate Eq. (3.39) on θΛ ∈ [0, π], we get back the Eq. (3.38). In terms of

the helicity parameters Ki j , the asymmetry parameter αθΛ can be expressed as follows:

αθΛ =
K̃2cc + 2K̃2ss

K1cc + 2K1ss
, (3.40)

with K̃i,j =
Ki,j
αΛ

. Here αΛ is the asymmetry parameter corresponding to the parity violating

Λ→ pπ− decay and its experimental value is αΛ = 0.642± 0.013 [216].

Similarly, by performing an integration on θΛ ∈ [0, π] and ξ ∈ [0, 2π] and leaving the angle

θ`, we will have asymmetries corresponding to angle θ`. In terms of αθ` and α′θ` , the differential

decay rate can be formulated as

dΓ

dsd cos θ`
= K1ss[1 + αθ` cos2 θ` + α′θ` cos θ`], (3.41)

with

αθ` =
K1cc −K1ss

K1ss
, α′θ` =

K1c

K1ss
. (3.42)

On the same lines, if we perform integration on the helicity angles θ` ∈ [0, π] and θΛ ∈ [0, π], Eq.

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

dΓ

dsdξ
= (K1cc + 2K1ss)[1 + αξ cos ξ + α′ξ sin ξ], (3.43)

where

αξ =
3π2K̃4s

16(K1cc + 2K1ss)
, α′ξ =

3π2K̃3s

16(K1cc + 2K1ss)
. (3.44)

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

parameters are written in the following form [218]:

αU =
K̃2cc

K1cc
, αL =

K̃2ss

K1ss
. (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 Λb → Λµ+µ− [217].

s Br FL A`FB AΛ
FB

[0.1, 2]

[15, 16]

[16, 18]

[18, 20]

[15, 20]

0.36+0.012+0.02
−0.011−0.02 ± 0.07

1.12+0.019+0.05
−0.018−0.05 ± 0.23

1.22+0.14+0.03
−0.14−0.06 ± 0.25

1.24+0.14+0.06
−0.14−0.05 ± 0.26

1.20+0.09+0.02
−0.09−0.04 ± 0.25

0.56+0.23
−0.56 ± 0.08

0.49+0.30
−0.30 ± 0.05

0.68+0.15
−0.21 ± 0.05

0.62+0.24
−0.27 ± 0.04

0.61+0.11
−0.14 ± 0.03

0.37+0.37
−0.48 ± 0.03

−0.10+0.18
−0.16 ± 0.03

−0.07+0.13
−0.12 ± 0.04

0.01+0.15
−0.14 ± 0.04

−0.05+0.09
−0.09 ± 0.03

−0.12+0.31
−0.28 ± 0.15

−0.19+0.14
−0.16 ± 0.03

−0.44+0.10
−0.05 ± 0.03

−0.13+0.09
−0.12 ± 0.03

−0.29+0.07
−0.07 ± 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 Λb decays [62,67–70]. The forward-

backward asymmetries corresponding to the lepton angle θ` is defined as A`FB = (F −B)/(F +B).

Similarly, the hadron-side forward-backward asymmetry, i.e., the asymmetry corresponding to the

hadronic angle θΛ is AΛ
FB = (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

A`FB =
3K1c

4K1ss + 2K1cc
, AΛ

FB =
2K2ss +K2cc

4K1ss + 2K1cc
. (3.46)

We take this opportunity to mention that in case of the Λb → Λ(→ pπ)µ+µ− decay, the sequential

decay Λ→ pπ is parity-violating. Therefore, the helicity components with the polarizations of the

proton to be ±1
2 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∗(→ Kπ)µ+µ−

decay. In addition to this, the combined lepton-hadron forward-backward asymmetry can be

expressed as

A`ΛFB =
3K2c

8K1ss + 4K1cc
. (3.47)

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

of longitudinal (FL) and transverse (FT ) polarized dimuons in Λb → Λµ+µ− decay and FL 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 θΛ ∈ [0, π] and ξ ∈ [0, 2π]. Their explicit expressions in terms

of Ki j are

FT =
2K1cc

2K1ss +K1cc
, FL = 1− FT =

2K1ss −K1cc

2K1ss +K1cc
. (3.48)

Experimentally measured values of observables are given in Table 3.3.

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 P
(′)
5 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 ξ while taking θ` ∈ [0, π2 ] and θΛ ∈ [0, π2 ], these foldings can be

expressed in terms of different angular coefficients as:

dΓ1

Γ̂
=

3

8π

[
2
K1cc

Γ̂
+ P1 sin2 θ` +

1

2
P9 cos θΛ + P2 sin2 θ` cos θΛ +

1

2
P8 cos θ` + P3 cos θ` cos θΛ

]
,

dΓ2

Γ̂
=

3

8π

[
4
K1cc

Γ̂
+ 2P1 sin2 θ` + P6 sin θ` sin θΛ cos ξ + 2P4 sin θ` cos θ` sin θΛ sin ξ

]
,

dΓ3

Γ̂
=

3

8π

[
4
K1cc

Γ̂
+ 2P1 sin2 θ` + P6 sin θ` sin θΛ cos ξ + 2P5 sin θ` cos θ` sin θΛ cos ξ + P8 cos θ`

]
,

dΓ4

Γ̂
=

3

8π

[
4
K1cc

Γ̂
+ 2P1 sin2 θ` + P6 sin θ` sin θΛ cos ξ + P7 sin θ` sin θΛ sin ξ

]
,

dΓ5

Γ̂
=

3

8π

[
4
K1cc

Γ̂
+ 2P1 sin2 θ` + P6 sin θ` sin θΛ cos ξ + 2P3 cos θ` cos θΛ

]
,

dΓ6

Γ̂
=

3

8π

[
4
K1cc

Γ̂
+ 2P1 sin2 θ` + P9 cos θΛ + 2P2 sin2 θ` cos θΛ + P6 sin θ` sin θΛ cos ξ

]
. (3.49)

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

• The coefficients of sin2 θ` and sin2 θ` cos θΛ correspond to the angular coefficients named as

P1 and P2, respectively.

• The coefficient of cos θ` cos θΛ corresponds to the angular coefficient P3 and that of sin θ` cos θ` sin θΛ sin ξ

is P4.

• P5 is the coefficient of sin θ` cos θ` sin θΛ cos ξ, where as P6 is the coefficient of sin θ` sin θΛ cos ξ.

• P7, P8 and P9 are the coefficients of sin θ` sin θΛ sin ξ, cos θ` and cos θΛ, respectively.

In terms of the different helicity components, the angular coefficients Pi, i = 1, ..., 9 are

P1 =
2

Γ̂
(K1ss −K1cc) , P2 =

2

Γ̂
(K2ss −K2cc) , P3 =

2K2c

Γ̂
,

P4 =
2K3sc

Γ̂
, P5 =

2K4sc

Γ̂
, P6 =

4K4s

Γ̂

P7 =
4K3s

Γ̂
, P8 =

4K1c

Γ̂
, P9 =

4K2cc

Γ̃
, (3.50)

where Γ̂ = dΓ
ds . It is worth mentioning that while obtaining the different Pi’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 = q2.

The normalized branching ratio, various asymmetry observables, and different angular coefficients

can be calculated as

〈X〉 =

smax∫
smin

X ds

smax∫
smin

(dΓ
ds )ds

. (3.51)
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Table 3.4: Foldings required for Pi’s for which θΛ ∈ [0, π2 ], θ` ∈ [0, π2 ] and ξ vary in different range
corresponding to different observables [201].

Folding ξ Range
1- dΓ (ξ, θl, θΛ) + dΓ (ξ − π, θl, θΛ) [0, π]
2- dΓ (ξ, θl, θΛ) + dΓ (ξ, θl, π − θΛ) + dΓ (−ξ, π − θl, θΛ) + dΓ (−ξ, π − θl, π − θΛ) [0, π]
3- dΓ (ξ, θl, θK) + dΓ (ξ, θl, π − θΛ) + dΓ (−ξ, θl, θΛ) + dΓ (−ξ, θl, π − θΛ) [0, π]
4- dΓ (ξ, θl, θΛ) + dΓ (ξ, θl, π − θΛ) + dΓ (ξ, π − θl, θΛ) + dΓ (ξ, π − θl, π − θΛ) [0, π]
5- dΓ (ξ, θl, θΛ) + dΓ (−ξ, θl, θΛ) + dΓ (ξ, π − θl, π − θΛ) + dΓ (−ξ, π − θl, π − θΛ) [0, π]
6- dΓ (ξ, θl, θΛ) + dΓ (−ξ, θl, θΛ) + dΓ (ξ, π − θl, θΛ) + dΓ (−ξ, π − θl, θΛ) [0, π]
7- dΓ (ξ, θl, θΛ) + dΓ (π − ξ, θl, θΛ) + dΓ (ξ, π − θl, θΛ) + dΓ (π − ξ, π − θl, θΛ) [−π/2, π/2]
8- dΓ (ξ, θl, θΛ) + dΓ (π − ξ, θl, θΛ) + dΓ (ξ, π − θl, π − θΛ) + dΓ (π − ξ, π − θl, π − θΛ) [−π/2, π/2]

In the next chapters 4 and 5 we perform the numerical analysis of these observables in the SM,

Z ′, 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

Λb→ Λ(→ pπ)µ+µ− 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 Λb → Λ(→ pπ−)`+`− 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−Z ′

mixing angle. The Lagrangian of neutral current in gauge eigenstate basis [220]

LNC = −eJemµ Aµ − g1J
(1)
µ Zµ1 − g2J

(2)
µ Zµ2 , (4.1)

where Z1 and Z2 are gauge bosons of SU(2)×U(1) and additional U(1)′ gauge groups, respectively

and g1 and g2 are their corresponding gauge couplings. The current corresponding to U(1)′ gauge

symmetry reads as:

J2
µ =

∑
i,j

ψiγµ

[
ε
(2)
ψLij

PL + ε
(2)
ψRij

PR

]
ψj , (4.2)
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where ε
(2)
ψL,Rij

is a chiral coupling between U(1)′ gauge boson and fermions and indices i, j denote

quark or lepton flavors. Flavor changing currents can arise either from non-diagonal couplings ε(2)

or non-universal diagonal couplings with fermion mixing. Current in gauge eigenstate basis can

be transformed into fermion mass eigenstate basis by diagonalizing ε(2) by unitary matrices V ψ
L,R

and can be rewritten as

J (2)
µ =

∑
i,j

χiγµ

[
BψL
ij PL +BψR

ij PR

]
χj , (4.3)

where

BψL,R
ij =

(
V ψ
L,Rε

(2)
ψL,RV

ψ†

L,R

)
ij
. (4.4)

These off-diagonal elements BψL,R
ij 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

BL,R
sb = |BL,R

sb |e
iφL,Rs where φL,Rs 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 Plümacher 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]:

HZ′eff (b→ s`+`−) = −2GF√
2
VtbV

∗
ts

[
BsbS

L
``

VtbV
∗
ts

(s̄b)V−A(¯̀̀ )V−A +
BsbS

R
``

VtbV
∗
ts

(s̄b)V−A(¯̀̀ )V+A

]
. (4.5)

In Eq. (4.5), SL`` and SR`` represent the couplings of 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 Bsb = |Bsb|e−iφsb , with φsb a new weak phase. In a more sophisticated

form, Eq. (4.5) can be written as

HZ′eff (b→ s`+`−) = −4GF√
2
VtbV

∗
ts

[
ΛsbC

Z′
9 O9 + ΛsbC

Z′
10O10

]
, (4.6)

where

Λsb =
4πe−iφsb

αEMVtbV
∗
ts

; CZ
′

9 = |Bsb|SLL ; CZ
′

10 = |Bsb|DLL (4.7)

and

SLL = SL`` + SR`` ; DLL = SL`` − SR`` . (4.8)

By comparing Eq. (3.1) and Eq. (4.6) it can be noticed that except Ceff7 , 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 µb = 4.2 GeV to NNLL accuracy in the SM [111].

GF 1.16638× 10−5 αs(mZ) 0.1182 mpole
b 4.78

µ 4.2 mZ 91.1876 αe
1

128
mπ 0.135 mK 0.494 mΛb 5.619
mB 5.279 VtbV

∗
ts 0.04152 mΛ 1.116

τΛb 1.466ps αΛ 0.64 C1 −0.294
C2 1.017 C3 −0.0059 C4 -0.087
C5 0.0004 C6 0.001 C7 −0.324
C8 −0.176 C9 4.114 C10 −4.193

for O9 ,10. Hence the contribution arising due to the extra Z ′ boson is absorbed in the WCs Ceff9

and C10 leaving the operator basis to be the same as that of the SM.

The total amplitude for the decay Λb → Λ`+`− is the sum of the SM and Z ′ contributions, and

it can be formulated in terms of Λb → Λ matrix elements as

Mtot(Λb → Λ`+`−) = − GFα

2
√

2π
VtbV

∗
ts[〈Λ(pΛ)|s̄γµ(1− γ5)b|Λb(pΛb)〉{C

tot
9 (¯̀γµ`) + Ctot10 (¯̀γµγ5`)}

−2mb

s
Ceff7 〈Λ(pΛ)|s̄iσµνqν(1 + γ5)b|Λb(pΛb)〉¯̀γ

µ`], (4.9)

where Ctot9 = Ceff9 +ΛsbC
Z′
9 and Ctot10 = CSM10 +ΛsbC

Z′
10 , with Ceff9 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 Ceff9 and C10 are replaced with Ctot9 and Ctot10 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 Λb → Λ(→ pπ−)µ+µ− decay. In Λb → Λ

decays, the final state Λ → pπ− is a parity-violating decay and the corresponding asymmetry

parameter (αΛ) has been measured experimentally [216]. This is really helpful in disentangling

the direct Λb → pπ−µ+µ− from the one that occurs through the intermediate Λ decay that

subsequently decays to pπ−. This is contrary to B → K∗(→ Kπ)µ+µ− decay, where the final

state K∗ meson decays to Kπ via the strong interaction. Therefore, the angular analysis of

Λb → Λ(→ pπ−)µ+µ− 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 Λb decays is the FFs. In the numerical calculation, we will use

one of the most accurately calculated FFs at the QCD lattice [44] with 2+1 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 FFs, 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].

|Bsb| × 10−3 φsb (in degrees) SLL × 10−2 DLL × 10−2

S1 1.09± 0.22 −72± 7 −2.8± 3.9 −6.7± 2.6
S2 2.20± 0.15 −82± 4 −1.2± 1.4 −2.5± 0.9
S3 4.0± 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:

〈Br〉SM = (0.466+0.760
−0.394)× 10−7,

〈Br〉Z′ = (0.709+0.115
−0.601)× 10−7, (4.10)

whereas the measured value at the LHCb experiment in this particular bin is [217]

〈Br〉exp = (0.09+0.06
−0.05)× 10−7. (4.11)

By looking at Eqs. (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:

〈Br〉SM = (0.731+0.198
−0.187)× 10−7

〈Br〉Z′ = (1.179+0.271
−0.233)× 10−7. (4.12)

The experimentally measured value in this bin is [217]

〈Br〉exp = (1.20± 0.25)× 10−7. (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 3.2σ and 0.1σ 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 Λ baryon forward-
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backward asymmetry (AΛ
FB) and lepton forward-backward asymmetry (A`FB) that are measured

with respect to the baryon angle θΛ and lepton angle θ`, respectively. The asymmetry AΛ
FB can be

expressed in terms of the ratio of a linear combination of the angular coefficients K2ss and K2cc to

a linear combination of the angular coefficients K1ss and K1cc, as given in Eq. (3.46). Owing to

change in the value of Wilson coefficient C9 in the Z ′ model, K2ss and K2cc get more contribution

as compared to K1ss and K1cc. Hence, this will result in significantly different values of AΛ
FB in

the SM and Z ′ model. In the first large-recoil bin s ∈ [0.1, 2] GeV2, our results for AΛ
FB in the SM

and Z ′ model are

〈AΛ
FB〉SM = −0.311+0.002

−0.001 , 〈AΛ
FB〉Z′ = −0.067+0.009

−0.002 ,

whereas the experimental result in this bin is [217]

〈AΛ
FB〉exp = −0.12+0.31

−0.28 .

It can be noticed that in comparison with the central values of the experimental measurements

in s ∈ [0.1, 2] GeV2, 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] GeV2) the calculated values of AΛ
FB are

〈AΛ
FB〉SM = −0.273+0.003

−0.002 , 〈AΛ
FB〉Z′ = −0.137+0.001

−0.001

and the experimental value in this particular bin is [217]

〈AΛ
FB〉exp = −0.29+0.07

−0.07 .

It can be seen easily that at low-recoil, the SM prediction is close to the experimentally measured

value and the deviation is 0.2σ. The Z ′ value of AΛ
FB exceeds the experimental result by 2.2σ.

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`FB, which is an asymmetry with respect to the lepton scattering angle (θ`); its

mathematical expression is given in Eq. (3.46). Here, it can be noticed that A`FB depends on the

angular coefficient K1c and its denominator is the same as that of AΛ
FB. The angular coefficient

K1c is higher for the SM than the Z ′ model for s < 4 GeV2, whereas its behavior reverses when

s > 4 GeV2. For s < 4 GeV2, K1c is dominated by CZ
′

9 whereas for s > 4 GeV2, the terms

containing CZ
′

7 dominate over the one that contains CZ
′

9 . Therefore, A`FB increases with s at the

start of the large-recoil and then it starts decreasing and crosses the zero point at around 4 GeV2.

Our results for 〈A`FB〉 in the SM and Z ′ model calculated in the experimentally set-up bin [0.1, 2]

GeV2 are

〈A`FB〉SM = 0.083+0.001
−0.035 , 〈A`FB〉Z′ = 0.040+0.003

−0.024 .
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The experimental value of A`FB in the corresponding bin is [217]:

〈A`FB〉exp = 0.37+0.37
−0.48. (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] GeV2) the results for this asymmetry are:

〈A`FB〉SM = −0.180+0.007
−0.005 , 〈A`FB〉Z′ = −0.135+0.003

−0.002

and for comparison the corresponding experimental value in this bin is

〈A`FB〉exp = −0.05+0.09
−0.09.

It can be deduced that in this particular bin the average value of A`FB 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`ΛFB which mainly depends on

the angular coefficient K2c (c.f. Eq. (3.47)). Compared to the SM, the value of K2c is higher in

the Z ′ model. At large-recoil our results in the SM and Z ′ model are

〈A`ΛFB〉SM = −0.011+0.003
−0.006 , 〈A`ΛFB〉Z′ = −0.009+0.002

−0.003 ,

whereas at the low-recoil, the combined lepton-hadron forward-backward asymmetry is

〈A`ΛFB〉SM = 0.069+0.002
−0.002 , 〈A`ΛFB〉Z′ = 0.087+0.001

−0.002 .

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 (FL) of the

dilepton system. Due to linear combinations of the same angular coefficients (K1ss and K1cc) in

both numerator and denominator of FL, 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:

〈FL〉SM = 0.576+0.031
−0.174 , 〈FL〉Z′ = 0.463+0.018

−0.095

and the corresponding experimental result is:

〈FL〉exp = 0.56+0.23
−0.56 .

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:

〈FL〉SM = 0.713+0.010
−0.008 , 〈FL〉Z′ = 0.590+0.007

−0.005
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and the corresponding experimental result for this bin is:

〈FL〉exp = 0.61+0.11
−0.14 .

In contrast to the large-recoil, at low-recoil, the results of FL 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 Λb → Λ(→ pπ)µ+µ− 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 FL, the fraction of transverse

polarization FT depends on K1cc and K1ss and its value at the large-recoil is:

〈FT 〉SM = 0.136+0.021
−0.002 , 〈FT 〉Z′ = 0.134+0.012

−0.000 ,

where it can be seen that the value in the Z ′ is very close to the SM result. However, at low-recoil,

〈FT 〉SM = 0.287+0.008
−0.010 , 〈FT 〉Z′ = 0.410+0.005

−0.007 ,

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 α′s

It is well known that in the case of the Λb → ΛJ/ψ the different asymmetries have been experi-

mentally measured. Motivated by this fact, let us explore the asymmetries corresponding to the

hadronic angle θΛ and θ` one by one. The asymmetry arising due to the angle θΛ is defined as αθΛ
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] GeV2 the value reads:

〈αθΛ〉SM = −0.984+0.007
−0.001 , 〈αθΛ〉Z′ = −0.390+0.027

−0.006 .

Similarly, in the low-recoil bin s ∈ [15 , 20] GeV2, our calculated results for this observable are:

〈αθΛ〉SM = −0.851+0.010
−0.007 , 〈αθΛ〉Z′ = −0.427+0.001

−0.001 .

Here we can see that αθΛ differs in the Z ′ model from the SM results significantly in both low-

and large-recoil bins.

Likewise, the asymmetry α′θ` that corresponds to angle θ` given in Eq. (3.42) depends on the

angular coefficient K1c, and therefore its behavior is similar to A`FB. The results in the large-recoil

bin s ∈ [1, 6] GeV2 for the SM and Z ′ model are:

〈α′θ`〉SM = 0.047+0.039
−0.016 , 〈α′θ`〉Z′ = 0.027+0.001

−0.002 ,

where the value of α′θ` 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] GeV2) the results are:

〈α′θ`〉SM = −0.280+0.012
−0.010 , 〈α′θ`〉Z′ = −0.225+0.006

−0.004 .

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 αθ` , which depends upon the angular coefficients K1ss and K1cc. 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:

〈αθ`〉SM = −0.854+0.024
−0.002 , 〈αθ`〉Z′ = −0.857+0.014

−0.001,

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:

〈αθ`〉SM = −0.665+0.010
−0.014 , 〈αθ`〉Z′ = −0.485+0.008

−0.011.

In comparison to the low-s region, here the values of α′θ` in the SM and Z ′ model differ significantly.

Therefore, to establish the possible new physics arising in the Z ′ model, an analysis of αθ` in the

high-s region will serve as a useful probe.

Looking at αξ discloses that it depends upon K4s. At very low-s, C7 term dominates in the

SM which results in negative K4s but for s > 2 GeV2, the Wilson Coefficient C9 term dominates,

giving positive results. For the Z ′ model CZ
′

9 gets affected much more than CZ
′

7 for the entire range

of s and hence αξ is expected to change significantly with s in the Z ′ model from the corresponding

SM result. The values of αξ in the bin s ∈ [1, 6] GeV2 for the SM and Z ′ model are:

〈αξ〉SM = 0.040+0.070
−0.016 〈αξ〉Z′ = 0.130+0.015

−0.060

and for the low-recoil region s ∈ [15, 20] GeV2, the values of the observable are:

〈αξ〉SM = 0.047+0.003
−0.004 , 〈αξ〉Z′ = −0.448+0.004

−0.006 .

Hence, it can be revealed that in the SM the value of αξ 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 αξ will act as a useful observable.

The longitudinal (transverse) asymmetry parameter αL (αU ) is the ratio of the helicity com-

binations K2ss (K2cc) to K1ss as depicted in Eq. (3.45). Their values in the large-recoil region

are:

〈αL(αU )〉SM = −0.989+0.006
−0.000(−0.916+0.010

−0.004) 〈αL(αU )〉Z′ = −0.386+0.016
−0.003(−0.445+0.168

−0.040)

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 K1ss lesser than

K2ss(K2cc). Now, in the low-recoil region

〈αL(αU )〉SM = −0.852+0.011
−0.008(−0.844+0.003

−0.002) 〈αL(αU )〉Z′ = −0.458+0.001
−0.001(−0.307+0.002

−0.002).

It can be deduced that the value of αL(αU ) 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

Λb → Λµ+µ− decays.

4.2.5 Angular observables from foldings

It is a well-established fact that certain asymmetries, such as P(′)
5 , that correspond to different

foldings inB → K∗µ+µ− 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 P1 which behaves very similar to FT . The average values of P1

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

〈P1〉SM = 0.796+0.002
−0.031 , 〈P1〉Z′ = 0.799+0.001

−0.018

and at low-recoil, the values are

〈P1〉SM = 0.569+0.017
−0.009 , 〈P1〉Z′ = 0.386+0.010

−0.008 .

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.

P2 is the ratio of a linear combination of K2ss and K2cc 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:

〈P2〉SM = 0.512+0.001
−0.022 , 〈P2〉Z′ = 0.193+0.001

−0.002 .

The situation persists similarly at the low-recoil:

〈P2〉SM = 0.316+0.003
−0.002 , 〈P2〉Z′ = 0.153+0.004

−0.003 .

The behavior of P3 is similar to AΛ
FB. The average values of P3 at large-recoil are:

〈P3〉SM = −0.030+0.009
−0.015 , 〈P3〉Z′ = −0.025+0.004

−0.009 ,
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whereas the results at low-recoil become:

〈P3〉SM = 0.184+0.004
−0.007 〈P3〉Z′ = 0.232+0.003

−0.004

It can be observed that just like P1, for the asymmetry defined by P3 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−1 of data, the LHCb collaboration has measured the AhFB 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:

〈P5〉SM = 0.030+0.048
−0.013 , 〈P5〉Z′ = 0.034+0.013

−0.004 ,

and results at low-recoil are

〈P5〉SM = 0.163+0.001
−0.000 〈P5〉Z′ = 0.091+0.002

−0.001

This case is similar to P1 and P3 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 P6, which depends on the angular coefficient K4s and hence behaves as αξ.

The values of the observable in the SM and Z ′ at large-recoil become

〈P6〉SM = 0.056+0.097
−0.023 , 〈P6〉Z′ = 0.180+0.021

−0.083 ,

and the results at low-recoil are

〈P6〉SM = 0.066+0.002
−0.007 , 〈P6〉Z′ = 0.621+0.005

−0.008 .

From the above results, it can be easily deduced that the value of P6 in the Z ′ model differs

significantly from the SM results both at large- and low-recoil, which is also the case for αξ. 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 P8 which mainly depends on the angular coefficient K1c

and therefore its behavior is exactly the same as A`FB. Its results in large-recoil bin are:

〈P8〉SM = 0.088+0.070
−0.032 , 〈P8〉Z′ = 0.051+0.003

−0.003 ,

and at low-recoil:

〈P8〉SM = −0.480+0.020
−0.012 , 〈P8〉Z′ = −0.359+0.007

−0.006.

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 K2cc. Its
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values at large-recoil are:

〈P9〉SM = −0.160+0.001
−0.023 , 〈P9〉Z′ = −0.076+0.024

−0.007 ,

and at low-recoil the results become:

〈P9〉SM = −0.308+0.013
−0.008 , 〈P9〉Z′ = −0.161+0.003

−0.004.

We can see that the value of the SM is almost twice of the Z ′ model in both regions.

In the case of Λb → Λ(→ pπ)µ+µ− 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 LHCb, 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 Λb → Λ(→ pπ)µ+µ− in low and large-recoil
regions.

〈αθΛ〉
〈
α′θl

〉
〈αθl〉 〈αξ〉

[1, 6]
SM
Z ′

−0.984+0.007
−0.001

−0.390+0.027
−0.006

0.047+0.039
−0.016

0.027+0.001
−0.002

−0.854+0.024
−0.002

−0.857+0.014
−0.001

0.040+0.070
−0.016

0.130+0.015
−0.060

[15, 20]
SM
Z ′

−0.851+0.010
−0.007

−0.427+0.001
−0.001

−0.280+0.012
−0.010

−0.225+0.006
−0.004

−0.665+0.010
−0.014

−0.485+0.008
−0.011

0.047+0.003
−0.004

0.448+0.004
−0.006〈

α′ξ

〉
〈αU 〉 〈αL〉 〈dB/ds〉 × 10−7

[1, 6]
SM
Z ′

0.000+0.000
−0.001

−0.002+0.001
−0.000

−0.916+0.010
−0.004

−0.445+0.168
−0.040

−0.989+0.006
−0.000

−0.386+0.016
−0.003

0.466+0.760
−0.394

0.709+0.115
−0.601

[15, 20]
SM
Z ′

−0.056+0.001
−0.002

−0.049+0.002
−0.002

−0.844+0.003
−0.002

−0.307+0.002
−0.002

−0.852+0.011
−0.008

−0.458+0.001
−0.001

0.7310.198
0.187

1.1790.271
0.233

〈FT 〉 〈FL〉
〈
A`ΛFB

〉
〈P1〉

[1, 6]
SM
Z ′

0.136+0.021
−0.002

0.134+0.012
−0.000

0.864+0.002
−0.021

0.866+0.000
−0.012

−0.011+0.003
−0.006

−0.009+0.002
−0.003

0.796+0.002
−0.031

0.799+0.001
−0.018

[15, 20]
SM
Z ′

0.287+0.008
−0.010

0.410+0.005
−0.007

0.713+0.010
−0.008

0.590+0.007
−0.005

0.069+0.002
−0.002

0.087+0.001
−0.002

0.569+0.017
−0.009

0.386+0.010
−0.008

〈P2〉 〈P3〉 〈P5〉 〈P6〉

[1, 6]
SM
Z ′

0.512+0.001
−0.022

0.193+0.001
−0.002

−0.030+0.009
−0.015

−0.025+0.004
−0.009

0.030+0.048
−0.013

0.034+0.013
−0.004

0.056+0.097
−0.023

0.180+0.021
−0.083

[15, 20]
SM
Z ′

0.316+0.003
−0.002

0.153+0.004
−0.003

0.184+0.004
−0.007

0.232+0.003
−0.004

0.163+0.001
−0.000

0.091+0.002
−0.001

0.066+0.002
−0.007

0.621+0.005
−0.008

〈P8〉 〈P9〉

[1, 6]
SM
Z ′

0.088+0.070
−0.032

0.051+0.003
−0.003

−0.160+0.001
−0.023

−0.076+0.024
−0.007

[15, 20]
SM
Z ′

−0.480+0.020
−0.012

−0.359+0.007
−0.006

−0.308+0.013
−0.008

−0.161+0.004
−0.003
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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, FL, FT and P1 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 P2,··· ,9, 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 Λb → Λ(→ pπ)µ+µ− for the SM and Z ′

model in appropriate bins.

〈αθΛ〉
〈
α′θl

〉
〈αθl〉 〈αξ〉

[0.1, 2]
SM
Z ′

−0.970+0.012
−0.014

−0.209+0.028
−0.005

0.140+0.001
−0.049

0.073+0.005
−0.042

−0.463+0.315
−0.049

−0.265+0.191
−0.033

−0.058+0.129
−0.026

−0.208+0.003
−0.001

[1, 2]
SM
Z ′

−0.983+0.005
−0.002

−0.318+0.054
−0.010

0.141+0.008
−0.013

0.086+0.003
−0.040

−0.788+0.223
−0.028

−0.710+0.193
−0.030

−0.032+0.110
−0.020

−0.137+0.020
−0.074

[2, 4]
SM
Z ′

−0.987+0.006
−0.001

−0.397+0.040
−0.008

0.076+0.048
−0.020

0.046+0.001
−0.004

−0.887+0.046
−0.001

−0.899+0.048
−0.003

0.030+0.064
−0.013

0.100+0.029
−0.120

[4, 6]
SM
Z ′

−0.984+0.012
−0.002

−0.423+0.023
−0.006

−0.030+0.079
−0.028

−0.018+0.028
−0.011

−0.858+0.016
−0.035

−0.892+0.014
−0.034

0.086+0.046
−0.013

0.308+0.022
−0.083

[6, 8]
SM
Z ′

−0.977+0.014
−0.004

−0.420+0.016
−0.005

−0.128+0.075
−0.028

−0.078+0.034
−0.014

−0.789+0.020
−0.049

−0.809+0.020
−0.050

0.200+0.041
−0.014

0.418+0.012
−0.038

[14, 16]
SM
Z ′

−0.922+0.002
−0.001

−0.409+0.004
−0.003

−0.338+0.014
−0.009

−0.231+0.010
−0.006

−0.596+0.008
−0.012

−0.482+0.008
−0.012

0.114+0.007
−0.005

0.484+0.000
−0.001

[16, 18]
SM
Z ′

−0.889+0.002
−0.001

−0.420+0.001
−0.001

−0.312+0.007
−0.005

−0.235+0.004
−0.003

−0.627+0.006
−0.008

−0.461+0.006
−0.008

0.067+0.001
−0.001

0.462+0.001
−0.002

[18, 20]
SM
Z ′

−0.747+0.010
−0.008

−0.459+0.002
−0.002

−0.195+0.005
−0.004

−0.198+0.002
−0.001

−0.767+0.006
−0.007

−0.544+0.006
−0.007

−0.023+0.002
−0.003

0.382+0.005
−0.006〈

α′ξ

〉
〈αU 〉 〈αL〉

〈dB/ds〉
×10−7

[0.1, 2]
SM
Z ′

0.002+0.000
−0.001

0.000+0.000
−0.000

−0.933+0.034
−0.051

−0.063+0.001
−0.001

−0.980+0.008
−0.004

−0.262+0.027
−0.004

0.251+0.451
−0.222

0.479+0.880
−0.430

[1, 2]
SM
Z ′

0.001+0.000
−0.001

0.000+0.000
−0.001

−0.932+0.036
−0.051

−0.140+0.061
−0.024

−0.986+0.001
−0.003

−0.344+0.036
−0.005

0.095+0.172
−0.084

0.158+0.283
−0.140

[2, 4]
SM
Z ′

0.000+0.000
−0.001

−0.001+0.000
−0.001

−0.923+0.007
−0.005

−0.561+0.333
−0.088

−0.991+0.006
−0.000

−0.389+0.022
−0.004

0.178+0.302
−0.153

0.268+4.490
−0.231

[4, 6]
SM
Z ′

−0.001+0.000
−0.001

−0.002+0.000
−0.001

−0.908+0.110
−0.020

−0.754+0.060
−0.008

−0.989+0.008
−0.001

−0.404+0.015
−0.004

0.193+0.286
−0.157

0.283+0.041
−0.229

[6, 8]
SM
Z ′

−0.002+0.000
−0.001

−0.002+0.000
−0.000

−0.897+0.100
−0.023

−0.556+0.010
−0.000

−0.986+0.009
−0.002

−0.407+0.013
−0.004

0.220+0.275
−0.164

0.325+0.040
−0.240

[14, 16]
SM
Z ′

−0.038+0.000
−0.000

−0.030+0.000
−0.001

−0.851+0.009
−0.006

−0.321+0.006
−0.004

−0.936+0.001
−0.001

−0.432+0.004
−0.002

0.353+0.153
−0.127

0.720+0.217
−0.178

[16, 18]
SM
Z ′

−0.052+0.000
−0.000

−0.044+0.000
−0.000

−0.843+0.002
−0.002

−0.304+0.002
−0.002

−0.896+0.002
−0.001

−0.451+0.001
−0.001

0.328+0.095
−0.086

0.562+0.129
−0.112

[18, 20]
SM
Z ′

−0.072+0.002
−0.002

−0.078+0.003
−0.003

−0.840+0.000
−0.000

−0.302+0.001
−0.001

−0.735+0.011
−0.009

−0.494+0.002
−0.002

0.226+0.033
−0.042

0.270+0.043
−0.040
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Table 4.5: Average values of observables in the SM and Z ′ model for Λb → Λ(→ pπ)µ+µ− in
appropriate bins.

〈FT 〉 〈FL〉
〈
A`ΛFB

〉
〈P1〉

[0.1, 2]
SM
Z ′

0.424+0.174
−0.031

0.537+0.095
−0.018

0.576+0.031
−0.174

0.463+0.018
−0.095

−0.028+0.013
−0.001

−0.021+0.008
−0.001

0.364+0.047
−0.260

0.194+0.027
−0.143

[1, 2]
SM
Z ′

0.192+0.166
−0.023

0.253+0.136
−0.023

0.808+0.023
−0.166

0.747+0.023
−0.136

−0.034+0.009
−0.001

−0.030+0.007
−0.000

0.711+0.035
−0.248

0.620+0.035
−0.203

[2, 4]
SM
Z ′

0.107+0.040
−0.001

0.096+0.042
−0.003

0.893+0.001
−0.040

0.904+0.003
−0.042

−0.019+0.004
−0.008

−0.017+0.002
−0.006

0.839+0.001
−0.061

0.856+0.005
−0.064

[4, 6]
SM
Z ′

0.133+0.014
−0.031

0.102+0.013
−0.031

0.867+0.031
−0.014

0.897+0.031
−0.013

0.007+0.005
−0.015

0.009+0.004
−0.012

0.801+0.047
−0.021

0.846+0.046
−0.019

[6, 8]
SM
Z ′

0.191+0.016
−0.041

0.175+0.016
−0.042

0.809+0.041
−0.016

0.825+0.042
−0.016

0.031+0.005
−0.013

0.034+0.003
−0.010

0.714+0.061
−0.025

0.738+0.063
−0.024

[14, 16]
SM
Z ′

0.336+0.005
−0.008

0.411+0.005
−0.008

0.664+0.008
−0.005

0.589+0.008
−0.005

0.080+0.001
−0.002

0.088+0.001
−0.002

0.496+0.013
−0.006

0.383+0.012
−0.008

[16, 18]
SM
Z ′

0.315+0.004
−0.005

0.424+0.004
−0.005

0.685+0.005
−0.004

0.576+0.005
−0.004

0.076+0.001
−0.001

0.090+0.001
−0.001

0.528+0.011
−0.003

0.363+0.008
−0.006

[18, 20]
SM
Z ′

0.209+0.004
−0.005

0.371+0.004
−0.004

0.791+0.005
−0.004

0.629+0.004
−0.004

0.051+0.001
−0.001

0.079+0.001
−0.001

0.686+0.012
−0.002

0.443+0.007
−0.005

〈P2〉 〈P3〉 〈P5〉 〈P6〉

[0.1, 2]
SM
Z ′

0.240+0.034
−0.176

0.102+0.004
−0.024

−0.076+0.036
−0.002

−0.056+0.021
−0.002

−0.011+0.054
−0.014

0.019+0.005
−0.002

−0.079+0.178
−0.038

−0.288+0.005
−0.001

[1, 2]
SM
Z ′

0.458+0.024
−0.166

0.1700.004
0.030

−0.090+0.024
−0.002

−0.079+0.020
−0.001

0.001+0.057
−0.014

0.027+0.008
−0.003

−0.044+0.151
−0.029

−0.191+0.028
−0.102

[2, 4]
SM
Z ′

0.539+0.001
−0.041

0.202+0.001
−0.003

−0.050+0.011
−0.020

−0.045+0.007
−0.015

0.025+0.050
−0.012

0.033+0.013
−0.004

0.042+0.088
−0.019

0.138+0.040
−0.167

[4, 6]
SM
Z ′

0.516+0.030
−0.013

0.196+0.013
−0.005

0.020+0.015
−0.041

0.024+0.010
−0.031

0.049+0.038
−0.010

0.037+0.013
−0.004

0.119+0.064
−0.018

0.427+0.030
−0.115

[6, 8]
SM
Z ′

0.463+0.041
−0.016

0.176+0.014
−0.005

0.082+0.014
−0.035

0.089+0.009
−0.025

0.067+0.027
−0.009

0.040+0.010
−0.003

0.166+0.057
−0.020

0.579+0.016
−0.053

[14, 16]
SM
Z ′

0.318+0.009
−0.005

0.136+0.002
−0.002

0.214+0.003
−0.006

0.234+0.003
−0.004

0.135+0.002
−0.001

0.066+0.001
−0.000

0.158+0.008
−0.008

0.672+0.000
−0.001

[16, 18]
SM
Z ′

0.317+0.005
−0.002

0.146+0.002
−0.001

0.202+0.002
−0.003

0.240+0.002
−0.003

0.163+0.000
−0.000

0.085+0.000
−0.000

0.090+0.002
−0.001

0.641+0.002
−0.003

[18, 20]
SM
Z ′

0.313+0.001
−0.002

0.187+0.002
−0.002

0.135+0.000
−0.005

0.210+0.002
−0.003

0.180+0.002
−0.003

0.127+0.000
−0.000

−0.032+0.001
−0.007

0.531+0.007
−0.008
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Table 4.6: Numerical results of P8 and P9 for the decay Λb → Λ(→ pπ)µ+µ− for the SM and Z ′

model in appropriate bins.

〈P8〉 〈P9〉

[0.1, 2]
SM
Z ′

0.221+0.003
−0.093

0.107+0.008
−0.065

−0.511+0.056
−0.247

−0.043+0.001
−0.009

[1, 2]
SM
Z ′

0.257+0.012
−0.048

0.150+0.007
−0.076

−0.231+0.036
−0.222

−0.046+0.006
−0.003

[2, 4]
SM
Z ′

0.145+0.084
−0.039

0.089+0.003
−0.006

−0.126+0.000
−0.050

−0.069+0.028
−0.008

[4, 6]
SM
Z ′

−0.055+0.149
−0.051

−0.034+0.053
−0.021

−0.155+0.051
−0.020

−0.100+0.036
−0.011

[6, 8]
SM
Z ′

−0.231+0.133
−0.049

−0.143+0.060
−0.024

−0.220+0.066
−0.025

−0.125+0.032
−0.011

[14, 16]
SM
Z ′

−0.564+0.022
−0.012

−0.368+0.013
−0.009

−0.365+0.014
−0.007

−0.169+0.007
−0.004

[16, 18]
SM
Z ′

−0.527+0.013
−0.005

−0.371+0.006
−0.004

−0.338+0.008
−0.003

−0.165+0.003
−0.002

[18, 20]
SM
Z ′

−0.350+0.013
−0.002

−0.323+0.002
−0.002

−0.222+0.009
−0.002

−0.143+0.001
−0.001
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Chapter 5

The Λb → Λ (→ pπ−)µ+µ− decay in

the RSc 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 Λb 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 Λb decays entertaining the RS model. Firstly, we sum-

marize the main features of the RS model with custodial symmetry (RSc). Secondly, we consider

the current constraints on the parameter space of the RSc 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 Mg(1) , 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 Λb → Λ 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 (x, y) is given as [97,232]

ds2 = e−2kyηµνdx
µdxν − dy2, (5.1)
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where k ∼ O(MPl) ' 1019 GeV is the curvature scale, ηµν = 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

MKK ≡ ke−kL ∼ 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(3)c × SU(2)L × U(1)X × SU(2)R × PLR. (5.3)

This gauge group along with metric (5.1) describes the model. PLR is discrete left-right symmetry

that implies mirror action of two symmetry groups SU(2)L and SU(2)R and protects ZbLbL 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 RSc 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)c ×O(4)× U(1)X ∼ SU(3)c × SU(2)L × U(1)X × SU(2)R × PLR
−→ SU(3)c × SU(2)L × 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 (xµ, y) is KK decomposed to generic form

F (xµ, y) =
1√
L

∞∑
n=0

F (n)(xµ)f (n)(y), (5.5)

where F (n)(xµ) represent the effective four-dimensional fields and f (n)(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 υ/Mg(1) of the Higgs VEV υ and the mass of the
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lowest KK excitation mode of gauge bosons Mg(1) can be taken as perturbation.1 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(υ2/M2
g(1)) 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(υ2/M2
g(1)) modifications of the relevant couplings.

Next, we discuss the particle content of the gauge sector of the RSc 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)c, we have GAµ (A = 1, ..., 8) corresponding to the SM gluons with

5D coupling gs. The gauge bosons corresponding to SU(2)L and SU(2)R are denoted as W a
Lµ,

and W a
Rµ (a = 1, 2, 3), respectively, with 5D gauge coupling g where the equality of the SU(2)L

and SU(2)R couplings is imposed by PLR symmetry. The gauge field corresponding to U(1)X is

denoted as Xµ with 5D coupling gX . All 5D gauge couplings are dimensionful and the relation

between 5D and its 4D counterpart is given by g4D
s = gs/

√
L, with similar expressions also existing

for g4D and g4D
X . Charged gauge bosons are defined as

W±L(R)µ =
W 1
L(R)µ ∓ iW

2
L(R)µ√

2
. (5.6)

Mixing between the bosons W 3
Rµ and Xµ results in fields ZXµ and Bµ,

ZXµ = cosφ W 3
Rµ − sinφ Xµ,

Bµ = sinφ W 3
Rµ + cosφ Xµ, (5.7)

where

cosφ =
g√

g2 + g2
X

, sinφ =
gX√
g2 + g2

X

. (5.8)

Further, mixing between W 3
Lµ and Bµ yields the fields Zµ and Aµ in analogy to the SM,

Zµ = cosψ W 3
Lµ − sinψ Bµ,

Aµ = sinψ W 3
Lµ + cosψ Bµ, (5.9)

with

cosψ =
1√

1 + sin2 φ
, sinψ =

sinφ√
1 + sin2 φ

. (5.10)

Along with eight gluons GAµ (++), after the mixing pattern, we have four charged bosons which are

specified as W±L (++) and W±R (−+) 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

1Here 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 .
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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 (−+) 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 g̃(y) and the mass of such modes is denoted as M−+ before EWSB. The expressions are given

by [240],

g(y) =
eky

N1

[
J1

(
Mg(1)

k
eky
)

+ b1(Mg(1))Y1

(
Mg(1)

k
eky
)]

, (5.11)

g̃(y) =
eky

N1

[
J1

(
M̃g(1)

k
eky

)
+ b̃1(M̃g(1))Y1

(
M̃g(1)

k
eky

)]
, (5.12)

where J1 and Y1 are the Bessel functions of first and second kinds, respectively. The coefficients

b1(Mg(1)) , b̃1(M̃g(1)) and N1 are

b1(Mg(1)) = −
J1

(
Mg(1)/k

)
+Mg(1)/kJ ′1

(
Mg(1)/k

)
Y1

(
Mg(1)/k

)
+Mg(1)/kY ′1

(
Mg(1)/k

) , (5.13)

b̃1(M̃g(1)) = −
J1

(
M̃g(1)/k

)
Y1

(
M̃g(1)/k

) , (5.14)

N1 =
ekL/2√
πLMg(1)

. (5.15)

The masses of the lowest KK gauge excitations are numerically given to be Mg(1) ' 2.45MKK ≡
M++ and M̃g(1) ' 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)Q, 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±H
W ′±

 = GW

 W
±(0)
L

W
±(1)
L

W
±(1)
R

 ,

 Z

ZH

Z ′

 = GZ

 Z(0)

Z(1)

Z
(1)
X

 . (5.16)

The expressions of the orthogonal mixing matrices GW 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)L × 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 RSc 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)L × 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
(0)
L,R(y, cΨ) and their expressions are given by

f
(0)
L (y, cΨ) =

√
(1− 2cΨ)kL

e(1−2cΨ)kL − 1
e−cΨky, f

(0)
R (y, cΨ) = f

(0)
L (y,−cΨ). (5.17)

The bulk mass parameter cΨ controls the localization of the fermionic zero modes such as for

cΨ > 1/2, the left-handed fermionic zero mode is localized towards the UV brane, while for

cΨ < 1/2, it is localized towards the IR brane. Similarly, from the expression of the f
(0)
R (y, cΨ), the

localization of the right-handed fermion zero mode depends on whether cΨ < −1/2 or cΨ > −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)L×SU(2)R, 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 ciu,d, respectively.

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]

Y
u(d)
ij = λ

u(d)
ij

ekL

kL
f

(0)
L (y = L, ciQ)f

(0)
R (y = L, cju(cjd)) ≡ λ

u(d)
ij

ekL

kL
fQi f

u(d)
j , (5.18)

where λu(d) 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 λ
u(d)
ij . The transformation from the quark flavor eigenbasis to the

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

and DL(R) for the up-type left (right) and down-type left (right) quarks, respectively. Moreover,

the CKM matrix is given by VCKM = U†LDL 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

69



ZH 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 UL(R), DL(R) are given explicitly in terms of the

quark profiles and the five-dimensional Yukawa couplings λ
u(d)
ij in [230].

Moreover, for this particular scenario, it has been shown that all existing ∆F = 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→ sµ+µ− transition in the RSc model can be written as

HRSc
eff = −4GF√

2
VtbV

∗
ts

[
CRSc

7 O7 + C ′RSc
7 O′7 + CRSc

9 O9 + C ′RSc
9 O′9

+ CRSc
10 O10 + C ′RSc

10 O′10

]
, (5.19)

where GF is the Fermi coupling constant and Vtb, V
∗
ts are the elements of the CKM mixing matrix.

In the RSc model the WCs in the above effective Hamiltonian can be written as

C
(′)RSc
i = C

(′)SM
i + ∆C

(′)
i , (5.20)

where i = 7, 9, 10. In the SM case, ignoring tiny contribution, when present, the primed coefficients

are zero while the unprimed WCs Ci incorporating short-distance physics are evaluated through

perturbative approach. The factorizable contributions from operators O1−6,8 have been absorbed

in the effective WCs Ceff
7 and Ceff

9 (c.f. Eq. (3.3) [29]. The expressions of these effective coefficients

involve the functions h(mq, s), F
(7,9)
8 (s) defined in [86], and the functions F

(7,9)
1,c (q2), F

(7,9)
1,c (q2)

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 Ceff
7 to some extent particularly in the region of charmonium resonances.

Modifications ∆C
(′)
9,10, in the RSc model, evaluated at the scale O(Mg(1)) are given by [231]

∆C9 =
∆Ys

sin2 θW
− 4∆Zs,

∆C ′9 =
∆Y ′s

sin2 θW
− 4∆Z ′s,

∆C10 = − ∆Ys

sin2 θW
,

∆C ′10 =
∆Y ′s

sin2 θW
, (5.21)
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where

∆Ys = − 1

VtbV
∗
ts

∑
X

∆µµ
L (X)−∆µµ

R (X)

4M2
Xg

2
SM

∆bs
L (X),

∆Y ′s = − 1

VtbV
∗
ts

∑
X

∆µµ
L (X)−∆µµ

R (X)

4M2
Xg

2
SM

∆bs
R (X),

∆Zs =
1

VtbV
∗
ts

∑
X

∆µµ
R (X)

8M2
Xg

2
SM sin2 θW

∆bs
L (X),

∆Z ′s =
1

VtbV
∗
ts

∑
X

∆µµ
R (X)

8M2
Xg

2
SM sin2 θW

∆bs
R (X). (5.22)

The sums run over the neutral gauge bosons X = Z,Z ′, ZH and A(1) with g2
SM = GF√

2
α

2π sin2 θW
.

∆C
(′)
9 and ∆C

(′)
10 evaluated at the scale Mg(1) do not need to be evolved to µb scale. In the case of

∆C
(′)
7 , detailed calculation with the set of assumptions consistent with the calculations of ∆C

(′)
9,10

is given in Appendix C of ref. [235], where ∆C7 and ∆C ′7 are evaluated at the Mg(1) scale. The

evolution at the scale µb is given by the following master formula [234]

∆C
(′)
7 (µb) = 0.429∆C

(′)
7 (Mg(1)) + 0.128∆C

(′)
8 (Mg(1)). (5.23)

The decay amplitude for Λb → Λµ+µ− can be obtained by sandwiching the effective Hamiltonian

displayed in Eq. (5.19) within the baryonic states

MRSc(Λb → Λµ+µ−) =
GFα√

2π
VtbV

∗
ts

[
〈Λ(pΛ)|s̄γµ(CRSc

9 PL + C ′RSc
9 PR)b|Λb(pΛb)〉(µ̄γ

µµ)

+[〈Λ(pΛ)|s̄γµ(CRSc
10 PL + C ′RSc

10 PR)b|Λb(pΛb)〉(µ̄γ
µγ5µ)

−2mb

s
〈Λ(pΛ)|s̄iσµνqν(CRSc

7 PR + C ′RSc
7 PL)b|Λb(pΛb)〉µ̄γ

µµ

]
. (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 RSc

model

In this section, we consider the relevant constraints on the parameter space of the RSc 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 ∆F = 2 flavor observables.

Starting with the direct searches, current measurements at the LHC for resonances decaying

to tt̄ pair constrain the lightest KK gluon mass Mg(1) > 3.3 TeV at 95% confidence level [244].

Further, in the RSc 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 Mg(1) > 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 RSc model with the latest data

from the LHC shows that the signal rates for pp → h → ZZ∗,WW ∗ provide the most stringent

71



bounds, such that KK gluon masses lighter than 22.7 TeV × (y?/3) in the brane-Higgs case and

13.2 TeV× (y?/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 |λu(d)
ij | ≤ 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, Mg(1) = 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 εK . 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 [237], we explore the parameter space of the RSc model

by generating two sets of anarchic 5D Yukawa matrices, whose entries satisfy |λu(d)
ij | ≤ y? with

y? = 1.5 and 3. Further, we choose the nine quark bulk-mass parameters cQ,u,d, which together

with the 5D Yukawa matrices reproduce the correct values of the quark masses evaluated at the

scale µ = 3 TeV, CKM mixing angles and the Jarlskog determinant, all within their respective

2σ ranges. For muon, we take cµ = 0.7 as lepton flavor-conserving couplings are found to be

almost independent of the chosen value as far as cl > 0.5 [231]. Additionally, from the ∆F = 2

flavor observables,we apply the constraints from εK , ∆MK and ∆MBs 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 RSc model. In Fig.

5.1, we show the dependence of |∆C10| Wilson coefficient on the mass of lowest KK gluon Mg(1)

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 Mg(1) give larger deviations. Moreover, for a fixed value of Mg(1) a

range of predictions for possible deviations are present for both cases of y? such that the maximum

allowed deviation for |∆C10| 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 |∆C(′)
i | for Mg(1) > 10 TeV are so small,

as clear from Fig. 5.1 in the case of |∆C10|, that the observables will almost remain unaffected,

we limit the range for Mg(1) 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 |∆C(′)
i |, for a given

allowed value of Mg(1) , so we will take the y? = 1.5 case and by considering five different values
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Figure 5.1: The RSc contribution to |∆C10| as a function of the KK gluon mass Mg(1) for two
different values of y?. The gray region is excluded by the analysis of electroweak precision

measurements.

of Mg(1) ∈ [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 Mg(1) in the next section i.e., Sect. 5.4.2.

In Fig. 5.2, we show the correlation plots between |∆C(′)
7, 9, 10| obtained for the fixed value of

Mg(1) = 4.8 TeV. The maximum possible deviations from the SM values in this case are

|∆C7|max = 0.011, |∆C9|max = 0.006, |∆C10|max = 0.085,∣∣∆C ′7∣∣max = 0.004,
∣∣∆C ′9∣∣max = 0.047,

∣∣∆C ′10

∣∣
max

= 0.621.

It is found that |∆C9| and |∆C10| are linearly correlated, as shown in Fig. 5.2(f), and same is true

for each pair |∆C(′)
i | with i = 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 RSc 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 µb = 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 Mg(1) in the RSc 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 ε {smin = 4m2
µ, smax = (mΛb − mΛ)2}) has not been discussed as the region s ∈ [8, 15]

GeV2 is expected to receive sizable corrections from charmonium loops that violate quark-hadron

duality. Hence the regions s ∈ [0.1, 8] GeV2 and s ∈ [15, 20] GeV2 have been considered in order

to avoid the long-distance effects of charmonium resonances arising when lepton pair momenta
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(a) (b)

(c) (d)

(e) (f)

Figure 5.2: Correlations plots between the WCs |∆C(′)
7, 9, 10| of the RSc model for a fixed value of

Mg(1) = 4.8 TeV. The coefficients ∆C
(′)
7 are calculated at the µb scale. The red and blue points

correspond to y? = 1.5 and 3, respectively.

approaches the masses of J/ψ family. It can be seen that the results in the RSc model for most of

the observables show little deviation from the SM predictions. Maximum deviation from the SM

results has been observed for Mg(1) = 4.8 TeV and the difference gradually decreases as one moves

from Mg(1) = 4.8 TeV to Mg(1) = 10 TeV.

Next, we compare our results of observables in the SM and the RSc model with the measure-

ments from the LHCb experiment [217]. For most of the observables, results in the RSc 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 Λb → Λ(→ pπ)µ+µ− in the RSc model (for

Mg(1) = 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 RSc are 0.199+0.12
−0.12 and 0.190+0.120

−0.119

respectively, which are 1.8σ and 1.9σ away from the measured value 0.09+0.061
−0.051. The situation is

quite similar for all other bins for large-recoil where values of observables do not change much even

for Mg(1) = 4.8 TeV. For low-recoil bin [15, 20], the SM and the RSc model results 0.753+0.069
−0.069 and

0.807+0.069
−0.069 deviate from the measured value by 4.7σ and 4.1σ. It is noted that the differential
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branching ratio in the RSc model is lower than the SM at large-recoil and higher than the SM at

low-recoil.

In case of FL, maximum deviation has been observed for the first bin [0.1, 2] GeV2 where pre-

dictions in the SM and the RSc model are 〈FL〉SM = 0.535+0.065
−0.078 and 〈FL〉RSc

= 0.552+0.069
−0.084,

respectively which vary from the measured value 0.56+0.244
−0.566 by 0.1σ and 0.02σ, respectively. For

most of the bins, deviation of FL in the RSc model from the SM is negligible. For low-recoil bin

[15, 20] GeV2, the values in both models 〈FL〉SM = 0.409+0.033
−0.018, 〈FL〉RSc

= 0.403+0.034
−0.019 deviate from

the experimental result 0.61+0.114
−0.143 in the same bin by 1.6σ. At lower values of s up to 4 GeV2, the

RSc model results deviate from the SM values to a greater extent, whereas almost similar values

of the RSc model are obtained for the rest of the spectrum.

For A`FB, small deviation in the RSc 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 0.6σ. For large s bin [15, 20] GeV2, the values in both models
〈
A`FB

〉
SM

= −0.358+0.012
−0.007 and〈

A`FB
〉

RSc
= −0.332+0.008

−0.009 are very close to each other and are 3.2σ and 3.0σ away from the

measured value −0.05+0.095
−0.095 in the same bin.

For AΛ
FB in the bin [15, 20] GeV2 results of the SM and the RSc model are

〈
AΛ
FB

〉
SM

= −0.271+0.011
−0.011

and
〈
AΛ
FB

〉
RSc

= −0.247+0.011
−0.011 and deviate from the measured value of LHCb −0.29+0.076

−0.081 by 0.2σ

and 0.5σ. For A`ΛFB, no sizable deviation from the SM has been observed in any s bin for the RSc

model.
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Table 5.1: Numerical results of dB
ds , FL and A`FB (low s region) in the Λb → Λ(→ pπ)µ+µ− decay,

obtained for the SM and the RSc model with y? = 1.5 case, in different bins of s. Experimentally
measured values are taken from [217].〈

dB
ds × 10−7

〉
〈FL〉

〈
A`FB

〉

[0.1, 2]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

0.238+0.230
−0.230

0.219+0.218
−0.217

0.225+0.219
−0.217

0.229+0.224
−0.222

0.232+0.224
−0.223

0.233+0.228
−0.225

0.36+0.122
−0.112

0.535+0.065
−0.078

0.552+0.069
−0.084

0.545+0.067
−0.082

0.542+0.067
−0.081

0.540+0.066
−0.080

0.539+0.066
−0.080

0.56+0.244
−0.566

0.097+0.006
−0.007

0.093+0.005
−0.006

0.095+0.005
−0.006

0.095+0.006
−0.007

0.096+0.006
−0.007

0.096+0.006
−0.007

0.37+0.371
−0.481

[2, 4]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

0.180+0.123
−0.123

0.171+0.118
−0.117

0.173+0.118
−0.117

0.175+0.119
−0.118

0.176+0.119
−0.119

0.177+0.120
−0.120

0.11+0.120
−0.091

0.855+0.008
−0.012

0.860+0.008
−0.006

0.859+0.008
−0.008

0.858+0.008
−0.009

0.857+0.008
−0.010

0.857+0.008
−0.011

−

0.054+0.037
−0.030

0.040+0.035
−0.026

0.045+0.036
−0.028

0.048+0.036
−0.028

0.050+0.036
−0.029

0.051+0.037
−0.030

−

[4, 6]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

0.232+0.110
−0.110

0.224+0.108
−0.108

0.227+0.109
−0.108

0.228+0.109
−0.109

0.229+0.109
−0.109

0.230+0.110
−0.110

0.02+0.091
−0.010

0.807+0.018
−0.012

0.806+0.021
−0.016

0.807+0.019
−0.015

0.807+0.019
−0.014

0.807+0.019
−0.013

0.807+0.019
−0.013

−

−0.063+0.038
−0.026

−0.078+0.034
−0.021

−0.072+0.036
−0.022

−0.069+0.037
−0.024

−0.068+0.037
−0.024

−0.067+0.037
−0.025

−

[6, 8]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

0.312+0.094
−0.094

0.306+0.094
−0.093

0.307+0.094
−0.093

0.308+0.094
−0.093

0.309+0.094
−0.094

0.310+0.094
−0.094

0.25+0.120
−0.111

0.724+0.025
−0.014

0.720+0.026
−0.016

0.721+0.026
−0.016

0.722+0.025
−0.015

0.723+0.025
−0.015

0.723+0.025
−0.014

−

−0.162+0.025
−0.017

−0.174+0.021
−0.013

−0.170+0.022
−0.014

−0.168+0.023
−0.015

−0.166+0.024
−0.016

−0.165+0.024
−0.016

−

[1.1, 6]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

0.199+0.120
−0.120

0.190+0.120
−0.119

0.193+0.120
−0.119

0.195+0.120
−0.119

0.196+0.120
−0.119

0.197+0.120
−0.120

0.09+0.061
−0.051

0.818+0.011
−0.011

0.824+0.010
−0.007

0.821+0.010
−0.008

0.820+0.010
−0.010

0.819+0.010
−0.010

0.819+0.011
−0.011

−

0.009+0.027
−0.018

−0.005+0.025
−0.014

0.001+0.026
−0.015

0.003+0.026
−0.016

0.005+0.026
−0.016

0.006+0.026
−0.017

−
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Table 5.2: Numerical results of AΛ
FB and A`ΛFB (low s region) in the Λb → Λ(→ pπ)µ+µ− decay,

obtained for the SM and the RSc model with y? = 1.5 case, in different bins of s. Experimentally
measured values are taken from [217].〈

AΛ
FB

〉 〈
A`ΛFB

〉

[0.1, 2]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

−0.310+0.015
−0.008

−0.313+0.013
−0.004

−0.313+0.014
−0.006

−0.312+0.015
−0.007

−0.312+0.015
−0.007

−0.311+0.015
−0.007

−0.12+0.344
−0.318

−0.031+0.003
−0.002

−0.030+0.003
−0.002

−0.030+0.003
−0.002

−0.030+0.003
−0.002

−0.031+0.003
−0.002

−0.031+0.003
−0.002

−

[2, 4]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

−0.306+0.022
−0.012

−0.311+0.016
−0.005

−0.311+0.018
−0.008

−0.310+0.020
−0.009

−0.310+0.020
−0.010

−0.309+0.021
−0.010

−

−0.016+0.008
−0.009

−0.013+0.009
−0.010

−0.014+0.008
−0.009

0.015+0.008
−0.009

−0.015+0.008
−0.009

−0.016+0.008
−0.009

−

[4, 6]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

−0.311+0.014
−0.008

−0.314+0.008
−0.002

−0.314+0.010
−0.004

−0.314+0.012
−0.005

−0.314+0.012
−0.006

−0.313+0.013
−0.006

−

0.021+0.007
−0.009

0.024+0.008
−0.009

0.023+0.007
−0.009

0.023+0.007
−0.009

0.022+0.007
−0.009

0.022+0.007
−0.009

−

[6, 8]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

−0.317+0.007
−0.004

−0.314+0.002
−0.001

−0.317+0.004
−0.001

−0.317+0.005
−0.002

−0.317+0.006
−0.002

−0.317+0.006
−0.003

−

0.052+0.005
−0.007

0.054+0.005
−0.007

0.054+0.005
−0.007

0.054+0.005
−0.007

0.053+0.005
−0.007

0.053+0.006
−0.007

−

[1.1, 6]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

−0.309+0.018
−0.010

−0.312+0.012
−0.004

−0.312+0.014
−0.006

−0.312+0.016
−0.007

−0.311+0.016
−0.008

−0.311+0.017
−0.008

−

−0.002+0.004
−0.005

0.001+0.005
−0.006

0.000+0.005
−0.006

−0.001+0.005
−0.005

−0.001+0.005
−0.005

−0.001+0.004
−0.005

−
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Table 5.3: Numerical results of dB
ds , FL and A`FB (high s region) in the Λb → Λ(→ pπ)µ+µ−

decay, obtained for the SM and the RSc model with y? = 1.5 case, in different bins of s.
Experimentally measured values are taken from [217].〈

dB
ds × 10−7

〉
〈FL〉

〈
A`FB

〉

[15, 16]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

0.798+0.073
−0.073

0.832+0.073
−0.073

0.816+0.073
−0.073

0.810+0.073
−0.073

0.806+0.074
−0.074

0.804+0.074
−0.074

1.12+0.30
−0.30

0.454+0.032
−0.017

0.447+0.033
−0.017

0.450+0.033
−0.017

0.451+0.032
−0.017

0.452+0.032
−0.017

0.452+0.032
−0.017

0.49+0.304
−0.304

−0.382+0.017
−0.008

−0.365+0.014
−0.006

−0.372+0.015
−0.007

−0.375+0.015
−0.007

−0.377+0.016
−0.007

−0.378+0.016
−0.008

−0.10+0.183
−0.163

[16, 18]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

0.825+0.075
−0.075

0.877+0.075
−0.075

0.855+0.075
−0.075

0.844+0.075
−0.075

0.838+0.075
−0.075

0.835+0.075
−0.075

1.22+0.29
−0.29

0.418+0.033
−0.017

0.411+0.033
−0.017

0.414+0.033
−0.017

0.415+0.033
−0.017

0.416+0.033
−0.017

0.416+0.033
−0.017

0.68+0.158
−0.216

−0.381+0.013
−0.006

−0.356+0.010
−0.004

−0.366+0.011
−0.005

−0.371+0.012
−0.005

−0.374+0.012
−0.005

−0.376+0.012
−0.006

−0.07+0.136
−0.127

[18, 20]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

0.658+0.066
−0.066

0.726+0.066
−0.066

0.698+0.066
−0.066

0.685+0.066
−0.066

0.677+0.066
−0.066

0.672+0.066
−0.066

1.24+0.30
−0.30

0.371+0.034
−0.019

0.367+0.034
−0.020

0.368+0.034
−0.019

0.369+0.034
−0.019

0.370+0.034
−0.019

0.370+0.034
−0.019

0.62+0.243
−0.273

−0.317+0.010
−0.010

−0.286+0.010
−0.010

−0.297+0.010
−0.010

−0.303+0.010
−0.010

−0.307+0.010
−0.010

−0.309+0.010
−0.010

0.01+0.155
−0.146

[15, 20]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

0.753+0.069
−0.069

0.807+0.069
−0.069

0.785+0.069
−0.069

0.774+0.069
−0.069

0.767+0.069
−0.069

0.764+0.069
−0.069

1.20+0.27
−0.27

0.409+0.033
−0.018

0.403+0.034
−0.019

0.405+0.034
−0.019

0.406+0.033
−0.019

0.407+0.033
−0.019

0.407+0.033
−0.019

0.61+0.114
−0.143

−0.358+0.012
−0.007

−0.332+0.008
−0.009

−0.343+0.010
−0.008

−0.348+0.010
−0.007

−0.351+0.011
−0.007

−0.353+0.011
−0.007

−0.05+0.095
−0.095
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Table 5.4: Numerical results of AΛ
FB and A`ΛFB (high s region) in the Λb → Λ(→ pπ)µ+µ− decay,

obtained for the SM and the RSc model with y? = 1.5 case, in different bins of s. Experimentally
measured values are taken from [217].〈

AΛ
FB

〉 〈
A`ΛFB

〉

[15, 16]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

−0.307+0.002
−0.004

−0.287+0.003
−0.005

−0.296+0.003
−0.005

−0.300+0.003
−0.004

−0.302+0.003
−0.004

−0.304+0.002
−0.004

−0.19+0.143
−0.163

0.131+0.004
−0.008

0.132+0.004
−0.008

0.132+0.004
−0.008

0.132+0.004
−0.008

0.132+0.004
−0.008

0.132+0.004
−0.008

−

[16, 18]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

−0.289+0.005
−0.006

−0.265+0.005
−0.006

−0.276+0.005
−0.006

−0.280+0.005
−0.006

−0.283+0.005
−0.006

−0.284+0.005
−0.006

−0.44+0.104
−0.058

0.141+0.004
−0.008

0.140+0.004
−0.009

0.141+0.004
−0.008

0.141+0.004
−0.008

0.141+0.004
−0.008

0.141+0.004
−0.008

−

[18, 20]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

−0.227+0.011
−0.011

−0.201+0.010
−0.010

−0.211+0.010
−0.010

−0.216+0.011
−0.011

−0.219+0.011
−0.011

−0.221+0.011
−0.011

−0.13+0.095
−0.124

0.153+0.005
−0.009

0.151+0.005
−0.009

0.152+0.005
−0.009

0.152+0.005
−0.009

0.153+0.005
−0.009

0.153+0.005
−0.009

−

[15, 20]

SM
RSc|M

g(1)
= 4.8

RSc|M
g(1)

= 6.1

RSc|M
g(1)

= 7.4

RSc|M
g(1)

= 8.7

RSc|M
g(1)

= 10

LHCb

−0.271+0.011
−0.011

−0.247+0.011
−0.011

−0.257+0.011
−0.011

−0.262+0.011
−0.011

−0.264+0.011
−0.011

−0.266+0.011
−0.011

−0.29+0.076
−0.081

0.143+0.005
−0.008

0.142+0.005
−0.009

0.143+0.005
−0.009

0.143+0.005
−0.009

0.143+0.005
−0.009

0.143+0.005
−0.008

−
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Chapter 6

Probing new physics effects in

Λb→ Λ(→ pπ−)`+`− 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 Λb → Λ(→ pπ−)`+`− decay in a model independent

approach where new V A, 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`FB, A
Λ
FB, A

`Λ
FB), longitudinal and transverse

polarization fractions (FL, FT ), asymmetry parameters α′s and some other foldings (Pi). 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 Λb 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 Λb 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 Λb(PΛb) → Λ(PΛ)`+(q1)`−(q2) decay is governed by the quark level b → s`+`−

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 (OS = s̄b), pseudo-scalar (OP = s̄γ5b) and tensor (OT = s̄σµνb) operators along

with their respective WCs (C
(′)
S , C

(′)
P , CT and CT5) 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
(′)
V , C

(′)
A ). The most general Hamiltonian in this case will take

the form

Heff = −GFαe√
2π

VtbV
∗
ts

[(
Ceff9 s̄γµPLb−

2mb

s
Ceff7 s̄iqνσ

µνPRb+ CV s̄γ
µPLb+ C ′V s̄γ

µPRb

)
¯̀γµ`

+
(
C10s̄γ

µPLb+ CAs̄γ
µPLb+ C ′As̄γ

µPRb
)

¯̀γµγ5`+
(
C ′S s̄PLb+ CSP̄Rb

)
¯̀̀

+
(
C ′P s̄PLb+ CP s̄PRb

)
¯̀γ5`+ CT (s̄σµνb) ¯̀σµν`+ CT5 (s̄σµνb) ¯̀σµνγ5`

]
, (6.1)

where GF is Fermi-constant, αe is fine structure constant, VtbV
∗
ts are the corresponding elements

of CKM matrix and s is dilepton mass squared. The new WCs C
(′)
V , C

(′)
A , C

(′)
S , C

(′)
P , CT and

CT5 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

HV A = −GFαe√
2π

VtbV
∗
ts

[(
Ceff9 (Hµ

V −H
µ
A)− 2mb

s
Ceff7 (Hµ

T +Hµ
T5

) + CV (Hµ
V −H

µ
A) + C ′V (Hµ

V +Hµ
A)

)
×¯̀γµ`+

(
Ceff10 (Hµ

V −H
µ
A) + CA(Hµ

V −H
µ
A) + C ′A(Hµ

V +Hµ
A)
)

¯̀γµγ5`

]
, (6.2)

where Hµ
V = 1

2 (s̄γµb) and Hµ
A = 1

2 (s̄γµγ5b). Writing C̃+
9 = Ceff9 +CV +C ′V , C̃−9 = Ceff9 +CV −C ′V ,

C̃+
10 = Ceff10 + CA + C ′A and C̃−10 = Ceff10 + CA − C ′A, Eq. (6.2) takes the form

HV A = −GFαe√
2π

VtbV
∗
ts

[(
Hµ
V C̃

+
9 −H

µ
AC̃
−
9 −

2mb

s
Ceff7 (Hµ

T +Hµ
T5

)

)
¯̀γµ`+

(
Hµ
V C̃

+
10 −H

µ
AC̃
−
10

)
¯̀γµγ5`

]
.

(6.3)

The SP part of effective Hamiltonian is

HSP = −GFαe√
2π

VtbV
∗
ts

[ (
C ′S(HS −HP ) + CS(HS +HP )

)
¯̀̀ +
(
C ′P (HS −HP ) + CP (HS +HP )

)
¯̀γ5`

]
,

(6.4)

with HS = s̄b and HP = s̄γ5b. In a more compact form it becomes

HSP = [C+
SHS + C−SHP ]``+ [C+

PHS + C−PHP ]`γ5`, (6.5)

where C±S,P = CS,P ± C ′S,P . Likewise, we can write the tensor (T ′) part from Eq. (6.1) as

HT ′ = −GFαe√
2π

VtbV
∗
ts

[
(s̄σµνb) ¯̀σµν (CT + CT5γ5) `

]
. (6.6)

81



6.2 Helicity Formalism in model independent approach

As an exclusive process, the matrix elements for Λb → Λ transition for different possible currents

can be parameterized in terms of FFs, fVt,0,⊥, f
A
t,0,⊥, f

T
0,⊥ and fT5

0,⊥ [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

Ht
V (sΛb , sΛ) = εµ∗t 〈Λ(PΛ, sΛ)|s̄γµb|Λ(PΛb , sΛb)〉, (6.7)

where εµ∗t denotes the time-like polarization of the virtual gauge boson and sΛb and sΛ 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 Λb → Λ appearing in Eq. (6.7) become

〈Λ (PΛ, sΛ) |s̄γµb|Λb (PΛb , sΛb)〉 = ū (PΛb , sΛb)

[
fVt (s) (mΛb −mΛ)

qµ

s
+ fV0 (s)

mΛb +mΛ

s+

×
(
PµΛb + PµΛ −

qµ

s

(
m2

Λb
−m2

Λ

))
+fV⊥ (s)

(
γµ − 2mΛ

s+
PµΛb −

2mΛb

s+
PµΛ

)]
u (PΛ, sΛ) , (6.8)

with s+ = (mΛb +mΛ)2 − s and q = PΛb −PΛ. 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

Ht
V (+1/2,+1/2) = Ht

V (−1/2,−1/2) = f tV (s)
mΛb −mΛ√

s

√
s+. (6.9)

In case of longitudinal polarization (c.f. Eq. (3.11)), the corresponding helicity amplitude becomes

H0
V (sΛb , sΛ) = εµ∗0 〈Λ(PΛ, sΛ)|s̄γµb|Λ(PΛb , sΛb)〉 (6.10)

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

H0
V (+1/2,+1/2) = H0

V (−1/2,−1/2) = f0
V (s)

mΛb +mΛ√
s

√
s−, (6.11)

with s− = (mΛb −mΛ)2 − s. Likewise, for the transverse polarization

H±V (sΛb , sΛ) = εµ∗± 〈Λ(PΛ, sΛ)|s̄γµb|Λ(PΛb , sΛb)〉, (6.12)

the corresponding non-zero helicity components are

H+
V (−1/2,+1/2) = H−V (+1/2,−1/2) = −f⊥V (s)

√
2s−. (6.13)
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Similarly the matrix elements for the axial-vector currents are

〈Λ (PΛ, sΛ) |s̄γµγ5b|Λb (PΛb , sΛb)〉 = −ū (PΛb , sΛb)

[
fAt (s) (mΛb +mΛ)

qµ

s
+ fA0 (s)

mΛb −mΛ

s−

×
(
PµΛb + PµΛ −

qµ

s

(
m2

Λb
−m2

Λ

))
+fV⊥ (s)

(
γµ +

2mΛ

s+
PµΛb −

2mΛb

s−
PµΛ

)]
u (PΛ, sΛ) . (6.14)

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

Ht
A(sΛb , sΛ) = εµ∗t 〈Λ(PΛ, sΛ)|s̄γµγ5b|Λ(PΛb , sΛb)〉, (6.15)

Ht
A(+1/2,+1/2) = −Ht

A(−1/2,−1/2) = f tA(s)
mΛb +mΛ√

s

√
s−. (6.16)

The corresponding longitudinally polarized components are

H0
A(sΛb , sΛ) = εµ∗0 〈Λ(PΛ, sΛ)|s̄γµγ5b|Λ(PΛb , sΛb)〉, (6.17)

H0
A(+1/2,+1/2) = −H0

A(−1/2,−1/2) = f0
A(s)

mΛb −mΛ√
s

√
s+ (6.18)

and the results for the transverse polarization are

H±A (sΛb , sΛ) = εµ?± 〈Λ(PΛ, sΛ)|s̄γµγ5b|Λ(PΛb , sΛb)〉, (6.19)

H+
A (−1/2,+1/2) = −H−A (+1/2,−1/2) = −f⊥A (s)

√
2s+. (6.20)

For the dipole operators is̄qνσ
µνb and is̄qνσ

µνγ5b, the respective transition matrix elements are

〈Λ (PΛ, sΛ) |s̄iσµνqνb|Λb (PΛb , sΛb)〉 = −ū (PΛb , sΛb)

[
fT0 (s)

s

s+

(
PµΛb + PµΛ −

qµ

s

(
m2

Λb
−m2

Λ

))
+fT⊥(s) (mΛb +mΛ)

(
γµ − 2mΛ

s+
PµΛb −

2mΛb

s+
PµΛ

)]
u (PΛ, sΛ)

(6.21)

and

〈Λ (PΛ, sΛ) |s̄iσµνqνγ5b|Λb (PΛb , sΛb)〉 = −ū (PΛb , sΛb) γ5

[
fT5

0 (s)
s

s−

(
PµΛb + PµΛ −

qµ

s

(
m2

Λb
−m2

Λ

))
+fT5
⊥ (s) (mΛb −mΛ)

(
γµ +

2mΛ

s−
PµΛb −

2mΛb

s−
PµΛ

)]
u (PΛ, sΛ) .

(6.22)

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

boson are

H0
T (sΛb , sΛ) = εµ∗0 〈Λ(PΛ, sΛ)|s̄iσµνqνb|Λ(PΛb , sΛb), 〉 (6.23)

H0
T5

(sΛb , sΛ) = εµ∗0 〈Λ(PΛ, sΛ)|s̄iσµνqνγ5b|Λ(PΛb , sΛb), 〉 (6.24)

H0
T (+1/2,+1/2) = H0

T (−1/2,−1/2) = −f0
T (s)
√
ss−, (6.25)

H0
T5

(+1/2,+1/2) = H0
T5

(−1/2,−1/2) = f0
T5

(s)
√
ss+. (6.26)
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The helicity amplitude for the tensor current; i.e., s̄σµνb becomes

Hm,n
T ′ (sΛb,sΛ) = εµ∗m ε

µ∗
n 〈Λ(PΛ, sΛ)|s̄iσµνb|Λ(PΛb , sΛb)〉, (6.27)

where m,n = t, 0,±. Using the expression of 〈Λ (PΛ, sΛ) |s̄iσµνb|Λb (PΛb , sΛb)〉 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

H0t
T ′(+1/2,+1/2) = H0t

T ′(−1/2,−1/2) = −f0
T (s)
√
s−, (6.28)

H+t
T ′ (−1/2,+1/2) = H−tT ′ (+1/2,−1/2) = f⊥T5

(s)
mΛb +mΛ√

s

√
2s−, (6.29)

H+0
T ′ (−1/2,+1/2) = H−0

T ′ (+1/2,−1/2) = f⊥T5
(s)

mΛb −mΛ√
s

√
2s+, (6.30)

H+−
T ′ (+1/2,+1/2) = −H+−

T ′ (−1/2,−1/2) = −f0
T5

(s)
√
s+. (6.31)

The remaining components can be obtained by using the relation Hm,n
T ′ (sΛb , sΛ) = −Hn,m

T ′ (sΛb , sΛ).

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 qµ. Using the Dirac equation and ignoring the mass of

strange quark we have

〈Λ (PΛ, sΛ) |s̄b|Λb (PΛb , sΛb)〉 = fVt (s)
mΛb −mΛ

mb
ū (PΛb , sΛb)u (PΛ, sΛ) , (6.32)

〈Λ (PΛ, sΛ) |s̄γ5b|Λb (PΛb , sΛb)〉 = fAt (s)
mΛb +mΛ

mb
ū (PΛb , sΛb) γ5u (PΛ, sΛ) . (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

Ht
S(sΛb , sΛ) = εµ∗t 〈Λ(PΛ, sΛ)|s̄b|Λ(PΛb , sΛb)〉, (6.34)

Ht
S(+1/2,+1/2) = Ht

S(−1/2,−1/2) = f tV (s)
mΛb −mΛ

mb

√
s+, (6.35)

Ht
P (sΛb , sΛ) = εµ∗t 〈Λ(PΛ, sΛ)|s̄γ5b|Λ(PΛb , sΛb)〉, (6.36)

Ht
P (+1/2,+1/2) = −Ht

P (−1/2,−1/2) = −f tA(s)
mΛb −mΛ

mb

√
s−. (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 ξ1 and ξ2. 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 tV → f0, f
0
V →

f+, f
⊥
V → f⊥, f

t
A → g0, f

0
A → g+, f

⊥
A → g⊥, f

0
T → h+, f

⊥
T → h⊥, f

0
T5 → h̃+, f

⊥
T5 → h̃⊥.
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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 Λb → Λ(→ pπ)`+`− is

d4Γ

ds d cos θd cos θΛdξ
= dΓV A + dΓSP + dΓT ′ + dΓV A−SP + dΓV A−T ′ + dΓSP−T ′ (6.38)

denoting

dΓi =
d4Γi

dsd cos θd cos θΛdξ
(6.39)

with i = V A, SP, T ′, V A− SP, V A− T ′ and SP − T ′. Eq. (6.38) can be written in the form of

different matrix elements as

d4Γ

dsd cos θd cos θΛdξ
= N

[
|MV A|2 + |MSP |2 + |MT ′ |2 + (MV AM

∗
SP +MV AM

∗
T ′ +MSPM

∗
T ′ + h.c.)

]
,

and the normalization constant N is given by

N =
(GFαeVtbV

∗
ts)

2λv

3× 211m3
Λb
π5

, (6.40)

where v =

√
1− 4m2

`
s and λ = (m2

Λb
− m2

Λ − s)2 + 4sm2
Λ. 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 Λb → Λ`+`− 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 Yi which are obtained to be [111]

Y2 =
3(K2cc −K2ss)

8Γ̂
, Y3sc =

K3sc

2Γ̂
, Y4sc =

K4sc

2Γ̂
, (6.41)

where K̃i,j =
Ki,j
αΛ

and Γ̂ = dΓ
ds . The detailed expressions of Ki,j for NP in terms of helicity ampli-

tudes are given in the Appendix C. In Eq. (6.41), αΛ is the asymmetry parameter corresponding

to the parity violating Λ→ pπ− 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 V A, SP and T

operators on the different physical observables discussed above. First we start with dB/ds, FL,

A`FB, and AΛ
FB 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, 4sc, P3, 8, 9 and α
(′)
i where, i = θ`, θΛ, ξ, 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 (µ) 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 Λb → Λ(→ pπ)τ+τ− decay where the mass of final state τ ′s is significantly

large as compared to the µ′s case. Here, we would like to emphasis that all the plots are drawn

for the central values of the FFs 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, V A, SP , and

T could simultaneously accommodate all available data for the observables dB/ds, FL, A`FB and

AΛ
FB of Λb → Λ(→ pπ−)µ+µ− decay, we have plotted them against the new WCs.

6.4.1 Vector and Axial-Vector Part (V A)

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 V A 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 CV = [−1.61,−1], C ′V = 0, CA = 1 and C ′A = −0.4 which

take care of the global fit sign, the observables dB/ds, A`FB and FL 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
(′)
V,A couplings mentioned above, the available data of the branching ratio could

be accommodated only in three low s bins (s ∈ [0.1, 2] GeV2, s ∈ [2, 4] GeV2 and s ∈ [6, 8] GeV2)

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 CV , 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 µ-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 CV = −1.61 and C ′V = CA = C ′A = 0. The blue line is for
CV = −CA = −1 and C ′V = C ′A = 0 and green color is for CV = −1.34, C ′A = −0.4 and

C ′V = CA = 0. The solid and dashed lines are for the massive and massless µ− 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`FB is one of them. In
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Figure 6.3: P3, P8 and P9 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 A`FB 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 Ceff
7 /Ceff

9 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 A`FB in Λb → Λµ+µ− decay will further improve

the constraints on V A couplings. Like the branching ratio, the µ-mass effects are also invisible in

this case too.

The situation is slightly different for FL (Fig. 6.1(b)) and AΛ
FB (Fig. 6.1(d)) where the above

constraints on V A couplings satisfy the data within errors in the measurements especially for FL

in the s ∈ [1, 3] GeV2 and s ∈ [15, 16] GeV2 bins. Again, going from massless to massive µ−case

did not lead to any significant change. It is also worth mentioning that just like A`FB the hadronic

uncertainties due to FFs in FL, and AΛ
FB 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 A` Λ
FB, the fractions of

transverse (FT ) polarized dimuons, the asymmetry parameters α
(′)
θ`
, αθΛ , αξ, αL, αU and angular

coefficients Y2, 3sc, 4sc and P3, 8, 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
(′)
V,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
(′)
V,A

on these observables can be summarized as:

• Fig. 6.1(e) depicts that the value of A`ΛFB is an order of magnitude smaller than the experi-

mentally measured A`FB and AΛ
FB. 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 A`FB its

zero position also shifts to the right and it increases when CV becomes more negative. The

value of this observable is changed throughout the s region due to the change in the value

of V A couplings however, this value is insensitive to the mass of the final state µ. It can be

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

• In case of FT which is plotted in Fig. 6.1(f), the impact of new V A couplings along with

the final state µ−mass effects are visible only in the low s region. Like FL, this observable

has minimal dependence on the FFs especially in the bin [15, 20] GeV2 and this can be seen

clearly from Table 6.6. As we know that FL + FT ≈ 1 therefore, the behavior of FT and FL

are expected to be opposite to each other in the presence of V A couplings and it can be seen

in Fig. 6.1.

• The observables αθ` and α′θ` are plotted in Figs. 6.1(g) and 6.1(h), respectively. From

these plots, one can see that the µ-mass effects are visible in low s region for αθ` but not

for the α′θ` . However, both observables are sensitive to the V A 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 α′θ` is similar to the A`FB 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 CV 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.

• For the observables αθΛ , αξ. αL and αU the maximum deviations from the SM predictions

come only when we set CV = −1.34, C ′A = −0.4 and C ′V = CA = 0 as shown by the

green curves in Fig. 6.2(a,b,c,d). However, in Y2 this is the case for CV = −1.61 and

C ′V = CA = C ′A = 0 which is drawn as an orange curve in Fig. 6.2(e). It can also be

noticed from Table 6.6 that Y2 has negligible uncertainties due to FFs. While the value of

Y4sc 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 µ-mass effect is also insignificant for

all these observables at large-recoil.

• 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 (Pi).

Among them the P
(′)
5 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

Λb baryon, we consider only P3, P8 and P9 which are the coefficients of cos θ` cos θΛ, cos θ`

and cos θΛ, 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 P3 and P8 change maximally from their SM predictions when we set CV = −1.61

and C ′V = CA = C ′A = 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`FB and α′θ` ,

the zero-positions of P3 and P8 also move to the right from their SM zero-positions. But the

effects of V A couplings on P9 are prominent only for low values of s and for this particular

observable, the µ−mass term contribution is also quite visible in this region. In addition,

from Table 6.7, it is clear that the uncertainties in P3, P8 and P9 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 Bs → µ+µ−. In this decay

we do not have any contributions from C ′V and the one proportional to C ′A is helicity suppressed

(O(m2
`/m

2
B)). Therefore, by using the available experimental data of Bs → µ+µ− and B →

Xsµ
+µ− decay channels, the constraints on SP couplings are already obtained in [113] and these

are C
(′)
S,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 V A couplings

mentioned in the previous section, a new angular coefficient arises which corresponds to cos θΛ.

In addition to this coefficient, all the SM angular coefficients are modified except K3sc and K4sc

and hence we expect that most of the physical observables show strong dependence on these SP

couplings. Hence, by taking C
(′)
S,P = [−3.1, 3] with the condition |CS,P − C ′S,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:

• In the massless µ− limit, we can see that our results of the dB/ds, A`FB and FL 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] GeV2

and s ∈ [16, 18] GeV2 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`FB, a good agreement to the data is achieved when we set CS = 3.0

and C ′S = 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`FB 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 cos θ`. On the other hand, after inclusion of SP couplings,

FL agrees with the data only in s ∈ [0.1, 2] GeV2 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 AΛ
FB, in contrast to the V A 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 C ′S = C ′P = −3.1 (for dB/ds orange color is for CS = CP = −1 and

C ′S = C ′P = −1.1) and the green line is drawn when CS = 3 and C ′S = 2.9 (for dB/ds green color
is for CS = 1 and C ′S = 0.9). The solid and dashed lines are for the massive and massless µ−

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]

GeV2. Similar to the FL, in the high s bins, the SM AΛ
FB 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 µ.

• Compared to V A couplings, the profile of A`ΛFB 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`FB, its zero-position is not changed because it is

also proportional to the V A and not to the SP couplings. Also, the massless or massive µ

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

• In the presence of SP couplings, the behavior of FT is opposite to that of FL as it is expected

due to FL + FT = 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, P8 and P9 in the SM and in the presence of SP couplings. The description of
different curves is similar to the Fig. 6.4.

• In contrast to the V A couplings, one can see from Fig. 6.4(g) and the Fig. 6.5(a, c, d) that

αθ` , αθΛ , αL and αU 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 α′θ` , similar to the A`FB and A`ΛFB, 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, α′θ` is

looking more sensitive to the SP coupling as compared to the V A couplings. Particularly,

in s ∈ [15, 20] GeV2 bin the value of α′θ` 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, αξ 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 αξ are even larger than the actual value

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

• For the angular observables Y ’s only the value of Y2 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 α’s the value of Y2 is significantly reduced from its numbers

calculated using the SM operators. Here, we can also see that inspite Y4sc is sensitive to SP

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

• Similar to α’s, P3, 8, 9 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 P3 and P8 are unchanged after the inclusion of SP 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 µ.

Thus, together with the B−meson decays, we hope that it will be interesting to look for the angular

asymmetries of Λb 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 Λb

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 K3sc and K4sc. In [113], it has been

discussed in detail that Bs → Xsµ
+µ− along with B → Xc`ν` 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 C2
T + C2

T5
= 0.55 [113]. As the constraints on these couplings are

quite stringent, therefore, to see their impact on physical observables we vary the values CT and

CT5 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 CT = 0.72 and CT5 = 0.2 [113].
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Figure 6.7: These plots are constructed by taking CT = 0.72 and CT5 = 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 V A 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, FL, A`FB and AΛ
FB 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 FL. 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`FB are mild as compared to FL and AΛ
FB,

particularly in s ∈ [0.1, 3] GeV2 bin where the effects in the AΛ
FB are very prominent. In this region,

after the inclusion of tensor coupling, the value of AΛ
FB 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 FL

and AΛ
FB in the low s region.

6.4.4 Combined effects of V A-SP couplings on angular observables

As the uncertainties in the experimental data of dB/ds, A`FB, FL and AΛ
FB 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:

• The V A coupling accommodate dB/ds data only in three bins of s at large-recoil. The data

of FL and AΛ
FB can be accommodated in low and high s bins except s ∈ [16, 18] GeV2 bin.

The data of A`FB can be taken care of only in s ∈ [0.1, 2] GeV2 bin. It means that the V A

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.

• 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] GeV2 where the SM predictions do

not match with experimental measurements. The data of FL can be taken care of in only

low s bin s ∈ [0.1, 2] GeV2. The LHCb data of A`FB could be fully accommodated but in

case of AΛ
FB it is possible in all bins except for s ∈ [16, 18] GeV2 region.

• Similar to the results of the SM, the T coupling only accommodate dB/ds data in three low

s bins. The data of A`FB is satisfied in s ∈ [0.1, 2] GeV2 bin only however, for that of FL and

AΛ
FB it can be accommodated in all bins except s ∈ [16, 18] GeV2.

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 Λb → Λ(→
pπ−)µ+µ− 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] C
(′)
S = [−4, 4] C

(′)
P = [−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.

O dB/ds FL A`FB AΛ
FB

bins (GeV2) SM V A SP T SM V A SP T SM V A SP T SM V A SP T
[0.1, 2] 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4

[2, 4] 4 4 4 4 – – – – – – – – – – – –

[4, 6] % % % % – – – – – – – – – – – –
[6, 8] 4 4 4 4 – – – – – – – – – – – –

[15, 16] % % 4 % 4 4 4 4 % % 4 % 4 4 4 4

[16, 18] % % 4 % % % % % % % 4 % % % % %

[18, 20] % % % % 4 4 % 4 % % 4 % 4 4 4 4

with |CS,P −C ′S,P | ≤ 0.1. We have not included C ′V , CA, C
′
A, CT and CT5 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 ′S , CV ), (iii) : (CP , CV ), (iv) : (C ′P , CV ), (v) : (CS , CS′) (6.43)

(vi) : (CS , C
′
P ), (vii) : (C ′S , CP ), (viii) : (CS , CP ), (ix) : (CS′ , CP ′), (x) : (CP , C

′
P ).

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, FL, A`FB and AΛ
FB simultaneously in the bins s ∈ [0.1, 2]

GeV2 and s ∈ [15, 16] GeV2 and three observables (excluding dB/ds) in s ∈ [18, 20] GeV2 bin. In

this case, for the bin s ∈ [16, 18] GeV2 only FL and AΛ
FB 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

(i) : (CS , CV ), (ii) : (C ′S , CV ), (iii) : (C ′P , CV ),

(iv) : (CS , C
′
S), (v) : (CS , C

′
P ), (vi) : (C ′S , 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 dB/ds, FL, A`FB and AΛ
FB.

High-recoil region

In this region, we focus only on the bin s ∈ [0.1, 2] GeV2 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)

-4 -2 0 2 4
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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, FL, A`FB and AΛ

FB simultaneously in the bin s ∈ [0.1, 2]
GeV2. 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 , C
′
P ), (C ′S , CV ),

(C ′P , CV ), (C ′S , CP ) and (CS , C
′
S), respectively. The plots (b)-(e) present the predictions of

dB/ds, FL, A`FB and AΛ
FB in the bin s ∈ [0.1, 2] GeV2 against the WCs collected in (a) where the

pink flat curves reflect the measured values of dB/ds, FL, AΛ
FB and A`FB, along with the

uncertainties at the LHCb.

• 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 − C ′S | ≤ 0.1.

The range of CX , 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, FL, A`FB and AΛ
FB in s ∈ [0.1, 2] GeV2 bin.

• By using these allowed values for each combination of new WCs, we predict the values of

dB/ds, FL, A`FB and AΛ
FB by plotting them against the CX 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, FL, A`FB and AΛ
FB are 0.24 × 10−7, 0.54, 0.10 and −0.31,

respectively in s ∈ [0.1, 2] GeV2 as shown in Table 6.5.

• Fig. 6.8(b) shows that the value of dB/ds varies from 0.27× 10−7 to 0.50× 10−7 inside the

experimentally allowed region when CX 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× 10−7 < dB/ds < 0.27× 10−7 is excluded by the present analysis.

• Fig. 6.8(c) represents the variation in the values of FL against each combination of CX and

CY . It can be noticed that the value of FL approximately varies from 0.39 − 0.77 when

we vary the values of CX and CY in their allowed ranges. It means current constraints on

the new WCs suggest that the value of FL is 0.39 < FL < 0.77 therefore, it excludes the

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

• Fig. 6.8(d) depicts that the value of A`FB 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.

• In case of AΛ
FB, the combinations (C ′P , CV ) and (CS , C

′
S) (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 AΛ
FB 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, FL, A`FB and AΛ
FB in high recoil region are very interesting

to tell us more about the possible values of the new V A and SP couplings. Particularly, in

this bin, the study of the observables of Λb 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] GeV2, one can make the following observations from Fig. 6.9

• In this bin, the available data of all four observables could be accommodated by the combina-

tions of V A and SP couplings given in Eq. (6.44) with the exception of (C ′P , CV ). 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 , C
′
P ) and (C ′S , CP ), the parametric space of CS is reduced to [±4,±2.6] and when CS

is close to its maximum value, i.e., ±4, then full range of C ′P ∈ [+4,−4] is allowed. On the

other hand when C ′S is close to ±4, the C ′P is allowed to be varied between [±3,±4] (see

brown dots). It can be further seen that if C
(′)
S reaches to ±2.6 then C ′P goes to zero.

• In the combinations of (C
(′)
S , CV ), the parametric space of CV is unchanged which can be

seen from the red and green dots in Fig. 6.9(a) while the parametric ranges of CS , C ′S are

reduced to ±4 < CS < ±0.5 and ±2 < C ′S < ±0.5 which can be observed from the red and

green dots, respectively.

• The constraint on the combination (CS , C
′
S) is already severe due to the condition |CS −

C ′S | ≤ 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−C ′S | ≤
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] GeV2 and plotted them in Fig. 6.9(b-e). In

this bin the SM value of dB/ds is 0.80 × 10−7 and from Fig. 6.9(b) we can see that this

value varies between (0.82−1.42)×10−7 by varying the values of the combinations (CS , C
′
P ),

(C ′S , CP ) and (CS , C
′
S) in their allowed parametric space shown in Fig. 6.9(a). It can also

be noticed that the combinations (CS , C
′
P ), (C ′S , CP ) and (CS , C

′
S) allow full experimental

range of dB/ds which can be seen by blue, brown and black dots. In contrast to this, the

combinations (C
(′)
S , CV ) allow the region (0.82− 1.15)× 10−7 of experimental measurements

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

• Just like dB/ds, the values of FL are also predicted in s ∈ [15, 16] GeV2 bin and plotted

in Fig. 6.9(c). The SM value of FL is 0.45 and it varies in the range 0.19 − 0.32 for the

combinations (CS , C
′
P ), (C ′S , CP ) and (CS , C

′
S) (see blue, brown and black dots). On the

other hand choosing the combinations (C
(′)
S , CV ) the value of FL 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`FB 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
′
P ) and

(C ′S , CP ) it varies between −0.15 to −0.26 which is shown by blue and brown dots. For the

combinations (C
(′)
S , CV ), the predicted range of the value of A`FB is −0.19 to −0.12 (red and

green dots).

• Fig. 6.9(e) represents the predicted values of AΛ
FB 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
′
P ) and (C ′S , CP ) combinations, it changes from −0.22 to −0.13 (blue and brown dots)

and by (C
(′)
S , CV ) combinations the range of the value of AΛ

FB 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 dB/ds, FL, A`FB and AΛ

FB, simultaneously, in the
bin s ∈ [15, 16] GeV2. (b)-(e) are the predictions of dB/ds, FL, A`FB and AΛ

FB in the bin
s ∈ [15, 16] GeV2 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] GeV2 bin:

• The SM values of the dB/ds, FL, A`FB and AΛ
FB in this bin are 0.82× 10−7, 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, FL and A`FB 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.

s = [18, 20]
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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 FL, A`FB and AΛ

FB simultaneously in the bin
s ∈ [18− 20] GeV2. (b)-(d) are the predictions of FL, A`FB and AΛ

FB in the bin s ∈ [18− 20]
GeV2 against the WCs collected in (a). The legends are same as Fig. 6.8.

In s ∈ [18− 20] GeV2 bin:

In this bin, by excluding the data of FL the available data of remaining three observables;

i.e., dB/ds, A`FB and AΛ
FB could be accommodated simultaneously for the combinations of new

WCs given in Eq. (6.44). However, except (CS , C
′
P ) and (C ′P , CV ) 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 FL 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:

• It can be noticed from the brown dots in Fig. 6.10(a) that for the combination (C ′S , CP ) the

parametric space of C ′S is reduced to [±4,±2.4] and that of CP is [+3,−3] with the severe

parabolic condition 5.057(C ′S − 2.384) ' C2
P . On the other hand, for the other combinations

the allowed region of C
(′)
S is further narrow down (black and brown dots) while the region of
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CV still remains the same as restricted by B−physics data (red and green dots). Therefore,

similar to the s ∈ [15, 16] GeV2 bin, the s ∈ [18− 20] GeV2 is also important for the scalar

type new WCs.

• 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`FB and AΛ
FB are plotted in Fig. 6.10(b-d) in s ∈ [18−

20] GeV2 bin. In this bin the SM value of dB/ds is 0.66×10−7 and it can be observed from Fig.

6.10(b) that by using the allowed values of (C ′S , CP ) and (CS , C
′
S) combinations, the value

of dB/ds varies in a very small region of experimental range, i.e., roughly (1.47−1.54)×10−7

(brown and black dots, respectively). In contrast, the combinations (C
(′)
S , CV ) allow the

full region of experimental values and in this case the range of the value is found to be

(0.94− 1.54)× 10−7 that is displayed by the red and green dots in Fig. 6.10(b).

• Similarly, the values of A`FB are predicted and plotted in Fig. 6.10(c). The SM value of

A`FB in this bin is −0.32 and by using the allowed values of the combinations (C ′S , CP ) and

(CS , C
′
S) the value is found to be ' −0.13 which is shown by brown and black dots. For the

combinations (C
(′)
S , CV ) the predicted range of A`FB 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 A`FB 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.

• Fig. 6.10(d) represents the predicted values of AΛ
FB by using the combinations of new WCs.

The SM value of AΛ
FB in this particular bin is −0.23 and by using the allowed values of

(C ′S , CP ) and (CS , C
′
S) combinations, this value is roughly to be −0.10 (see the brown and

black dots) and by (C
(′)
S , CV ) 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] GeV2 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 Λb → Λτ+τ− case. Based on our

analysis of Λb → Λµ+µ− we find that µ−mass effects in the angular observables of the four body

decay Λb → Λ(→ pπ−)µ+µ− 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 Λb → Λ(→ pπ−)τ+τ− 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 Λb → Λ(→ pπ)τ+τ− in the
SM and in different scenarios of NP couplings where the case m` 6= 0 corresponds to m` = mτ in
s ∈ [15, 20] GeV2 bin. Scenario V A− 1 corresponds to CV = −1.61, C ′V = CA = C ′A = 0, V A2

corresponds to CV = −CA = −1, C ′V = C ′A = 0 and V A− 3 represent CV = −1.34,
C ′V = CA = 0, C ′A = −0.4. Similarly, in SP − 1 case we have taken CS = CP = −3,

C ′S = C ′P = −3.1 whereas SP − 2 contains CS = 3, C ′S = 2.9 and CP = C ′P = 0. Tensor couplings
correspond to CT = 0.72 and CT5 = 0.2.

dB
ds × 10−7 FL A`FB AΛ

FB A`ΛFB FT

SMm`=0
0.75 0.41 −0.35 −0.26 0.14 0.60

SMm 6̀=0
0.53 0.35 −0.13 −0.26 0.06 0.65

V A− 1m`=0
0.52 0.40 −0.28 −0.26 0.12 0.60

V A− 1m 6̀=0
0.37 0.35 −0.11 −0.26 0.04 0.65

V A− 2m`=0
0.42 0.41 −0.35 −0.26 0.14 0.59

V A− 2m 6̀=0
0.29 0.35 −0.13 −0.26 0.06 0.65

V A− 3m`=0
0.52 0.41 −0.33 −0.28 0.13 0.59

V A− 3m 6̀=0
0.36 0.35 −0.12 −0.28 0.05 0.65

SP − 1m`=0
0.91 0.22 −0.20 −0.15 0.14 0.59

SP − 1m 6̀=0
0.68 0.15 −0.05 −0.12 0.03 0.85

SP − 2m`=0
0.87 0.16 −0.14 −0.11 0.06 0.84

SP − 2m 6̀=0
0.90 0.21 −0.08 −0.16 0.03 0.79

T ′m`=0
0.79 0.39 −0.33 −0.25

T ′m` 6=0
0.54 0.34 −0.13 −0.26

By using the central values of the FFs 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`FB, FT , Y4sc, αθ` , α
′
θ`

, αξ, α
′
ξ and P8 are

increased due to the non-zero τ ’s mass whereas the values of AΛ
FB and αθΛ do not receive tauon

mass effect. Similar effects can also be noticed in these tables when we include the V A (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 FL, A
`
FB, A

Λ
FB, FT , Y4sc, αθΛ , αθ` , α

′
θ`
, αξ, α

′
ξ, αL, P8 and P9 increase when tau

mass effects are included whereas dB/ds, A`ΛFB, αU and P3 values decrease.

For the second possibility of scalar couplings (SP −2), the values of the observables A`FB,, Y4sc,

αθ` , α
′
θ`

, αξ, α
′
ξ, αU and P8 are increased due to the τ mass while the values of the observables

dB/ds, FL, AΛ
FB, A`ΛFB, FT , αθΛ , αL, P3 and P9 are decreased. However, there are no effects

of non-zero tauon mass observed in the calculated values of Y2 and Y3sc in both scenarios of SP

couplings (c.f. sixth row of Table 6.4). In short, we have found that the effects of τ mass are

significantly large in the decay Λb → Λ(→ pπ)τ+τ− therefore, in contrast to the case of muons, to

pursue the NP effects in the angular observables of Λb → Λ(→ pπ)τ+τ− 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 Λb → Λ(→ pπ)`+`− where ` = e, µ, τ .
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Table 6.3: Observables by taking the massive and massless τ in Λb → Λ(→ pπ)τ+τ− decay in the
SM and also in different NP scenarios. Description of couplings is similar to Table 6.2.

Y3sc × 10−3 Y4sc × 10−2 Y2 αθΛ αθ` α′θ`
SMm`=0

0.02 −0.96 0.02 −0.82 −0.15 −0.67
SMm 6̀=0

0.00 −0.19 0.00 −0.82 −0.03 −0.26

V A− 1m`=0
0.02 −0.94 0.02 −0.82 −0.15 −0.54

V A− 1m 6̀=0
0.00 −0.18 0.00 −0.82 −0.03 −0.21

V A− 2m`=0
0.03 −1.00 0.02 −0.82 −0.16 −0.67

V A− 2m 6̀=0
0.00 −0.19 0.00 −0.82 −0.03 −0.26

V A− 3m`=0
0.02 −1.00 0.02 −0.87 −0.16 −0.62

V A− 3m 6̀=0
0.00 −0.19 0.00 −0.87 −0.03 −0.24

SP − 1m`=0
0.01 −0.10 0.01 −0.46 −0.05 −0.21

SP − 1m 6̀=0
0.00 −0.07 0.00 −0.32 −0.01 −0.05

SP − 2m`=0
0.01 −0.50 0.01 −0.34 −0.03 −0.13

SP − 2m 6̀=0
0.00 −0.11 0.00 −0.51 −0.01 −0.09

Table 6.4: Observables by taking the massive and massless τ in Λb → Λ(→ pπ)τ+τ− decay in the
SM and also in different NP scenarios. Description of couplings is similar to Table 6.2.

αξ α′ξ × 10−3 αU αL P3 P8 P9

SMm`=0
−0.32 −0.20 −0.79 −0.84 0.38 −0.94 −0.60

SMm 6̀=0
−0.13 −0.07 −0.82 −0.83 0.14 −0.35 −0.69

V A− 1m`=0
−0.26 −0.29 −0.79 −0.84 0.31 −0.76 −0.60

V A− 1m 6̀=0
−0.11 −0.11 −0.82 −0.83 0.12 −0.29 −0.69

V A− 2m`=0
−0.32 −0.27 −0.79 −0.84 0.37 −0.94 −0.59

V A− 2m 6̀=0
−0.13 −0.01 −0.82 −0.83 0.15 −0.36 −0.58

V A− 3m`=0
−0.25 −4.69 −0.85 −0.89 0.34 −0.87 −0.64

V A− 3m 6̀=0
−0.10 −1.78 −0.87 −0.88 0.13 −0.33 −0.73

SP − 1m`=0
−0.16 −0.12 −0.21 −0.26 0.20 −0.52 −0.34

SP − 1m 6̀=0
−0.05 −0.03 −0.14 −0.14 0.06 −0.14 −0.27

SP − 2m`=0
−0.12 −0.08 −0.13 −0.16 0.15 −0.37 −0.24

SP − 2m 6̀=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 ′S , CP ) as shown in Fig. 6.11.

This pair satisfies individual observables dB
ds , FL, A

`
FB and AΛ

FB in large-recoil bin s ∈ [0.1, 2] GeV2

and low-recoil bins s ∈ [15, 16] GeV2, [16, 18] GeV2 and [18, 20] GeV2. It means that it can satisfy

all experimental data available for Λb decay observables respecting the B−physics constraints.

Density of plots in Fig. 6.11 shows how the respective parametric space of (C ′S , CP ) is favorable

by these decay observables.
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Figure 6.11: (C ′S , CP ) is the most favorable pair of Wilson coefficients. Green, Black, red and
blue colors denote dB

ds , FL, A
`
FB and AΛ

FB respectively.
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Table 6.5: Observables for the decay Λb → Λ(→ pπ)µ+µ− in the SM and in different scenarios of
NP couplings along with LHCb results in respective bins. Scenario V A− 1 corresponds to

CV = −1.61, C ′V = CA = C ′A = 0, V A− 2 corresponds to CV = −CA = −1, C ′V = C ′A = 0 and
V A− 3 corresponds to CV = −1.34, C ′V = CA = 0, C ′A = −0.4. Similarly, in SP − 1 case we have

taken CS = CP = −3, C ′S = C ′P = −3.1 whereas SP − 2 contains CS = 3, C ′S = 2.9 and
CP = C ′P = 0. The tensor couplings correspond to CT = 0.72 and CT5 = 0.2. The final state

leptons are muons. The experimental results are taken from [217].〈
dB
ds × 10−7

〉
〈FL〉

〈
A`FB

〉 〈
AΛ
FB

〉

[0.1, 2]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2
T ′

LHCb

0.238+0.185
−0.131

0.214+0.163
−0.116

0.187+0.136
−0.100

0.222+0.168
−0.120

0.280+0.255
−0.167

0.268+0.236
−0.157

0.434+0.318
−0.232

0.36+0.14
−0.13

0.535+0.025
−0.051

0.453+0.024
−0.048

0.398+0.025
−0.046

0.459+0.022
−0.042

0.335+0.084
−0.045

0.241+0.116
−0.044

0.293+0.020
−0.039

0.56+0.24
−0.57

0.097+0.006
−0.003

0.122+0.003
−0.010

0.101+0.003
−0.009

0.117+0.002
−0.007

0.060+0.020
−0.010

0.043+0.025
−0.009

0.053+0.002
−0.003

0.37+0.37
−0.48

−0.310+0.011
−0.004

−0.312+0.008
−0.003

−0.312+0.008
−0.003

−0.303+0.010
−0.004

−0.194+0.031
−0.064

−0.139+0.029
−0.081

−0.167+0.016
−0.002

−0.12+0.34
−0.32

[15, 16]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2
T ′

LHCb

0.797+0.172
−0.155

0.558+0.120
−0.108

0.439+0.087
−0.086

0.568+0.168
−0.110

0.960+0.236
−0.208

0.917+0.220
−0.195

0.837+0.172
−0.167

1.12+0.30
−0.30

0.454+0.005
−0.004

0.450+0.004
−0.004

0.460+0.005
−0.004

0.458+0.004
−0.004

0.261+0.025
−0.019

0.187+0.023
−0.017

0.432+0.007
−0.000

0.49+0.30
−0.30

−0.382+0.002
−0.001

−0.301+0.002
−0.002

−0.379+0.002
−0.002

−0.337+0.002
−0.002

−0.220+0.014
−0.018

−0.157+0.012
−0.017

−0.362+0.004
−0.002

−0.10+0.18
−0.16

−0.307+0.001
−0.001

−0.307+0.001
−0.001

−0.307+0.001
−0.001

−0.316+0.001
−0.001

−0.177+0.012
−0.016

−0.126+0.011
−0.014

−0.292+0.001
−0.001

−0.19+0.14
−0.16

[16, 18]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2
T ′

LHCb

0.824+0.141
−0.130

0.576+0.098
−0.091

0.454+0.060
−0.072

0.574+0.098
−0.090

0.998+0.196
−0.177

0.953+0.182
−0.165

0.862+0.130
−0.148

1.22+0.29
−0.29

0.418+0.003
−0.002

0.415+0.002
−0.002

0.422+0.003
−0.002

0.422+0.002
−0.002

0.234+0.018
−0.014

0.168+0.016
−0.012

0.406+0.005
−0.006

0.68+0.16
−0.22

−0.381+0.001
−0.001

−0.306+0.001
−0.001

−0.381+0.001
−0.001

−0.349+0.001
−0.001

−0.213+0.012
−0.014

−0.153+0.010
−0.013

−0.361+0.002
−0.004

−0.07+0.14
−0.13

−0.289+0.001
−0.001

−0.289+0.001
−0.001

−0.289+0.001
−0.001

−0.304+0.000
−0.001

−0.162+0.009
−0.012

−0.116+0.008
−0.011

−0.276+0.001
−0.001

−0.44+0.10
−0.06

[18, 20]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2
T ′

LHCb

0.658+0.078
−0.073

0.459+0.054
−0.051

0.354+0.009
−0.031

0.438+0.052
−0.049

0.808+0.110
−0.103

0.771+0.102
−0.096

0.684+0.029
−0.118

1.24+0.30
−0.30

0.371+0.001
−0.001

0.370+0.001
−0.001

0.373+0.001
−0.001

0.375+0.001
−0.001

0.192+0.010
−0.009

0.141+0.009
−0.008

0.385+0.003
−0.028

0.62+0.24
−0.27

−0.317+0.001
−0.001

−0.260+0.001
−0.001

−0.318+0.001
−0.001

−0.307+0.001
−0.001

−0.164+0.007
−0.008

−0.120+0.006
−0.007

−0.286+0.001
−0.019

0.01+0.16
−0.15

−0.227+0.000
−0.000

−0.227+0.000
−0.000

−0.226+0.000
−0.000

−0.248+0.000
−0.000

−0.117+0.005
−0.006

−0.086+0.004
−0.005

−0.215+0.000
−0.001

−0.13+0.10
−0.12

[15, 20]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2
T ′

LHCb

0.752+0.122
−0.112

0.525+0.085
−0.078

0.415+0.038
−0.062

0.518+0.084
−0.078

0.914+0.169
−0.153

0.873+0.158
−0.143

0.786+0.098
−0.140

1.20+0.27
−0.27

0.409+0.001
−0.001

0.407+0.001
−0.001

0.412+0.001
−0.001

0.414+0.001
−0.001

0.224+0.015
−0.012

0.162+0.014
−0.011

0.404+0.004
−0.016

0.61+0.11
−0.14

−0.359+0.002
−0.002

−0.289+0.002
−0.002

−0.359+0.002
−0.002

−0.332+0.002
−0.002

−0.196+0.009
−0.011

−0.142+0.009
−0.011

−0.337+0.004
−0.003

−0.05+0.09
−0.09

−0.271+0.001
−0.001

−0.271+0.001
−0.001

−0.271+0.001
−0.001

−0.287+0.001
−0.001

−0.149+0.007
−0.009

−0.107+0.007
−0.008

−0.257+0.002
−0.001

−0.29+0.08
−0.08
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Table 6.6: Observables in the SM and in the presence of new V A and SP couplings for which
experimental results are not available. The description of different scenarios is same as in Table

6.5.

〈
A`ΛFB

〉
〈FT 〉

〈
Y3sc × 10−3

〉
〈Y4sc〉

[1.1, 6]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2

−0.002+0.003
−0.004

−0.034+0.002
−0.003

−0.022+0.003
−0.004

−0.026+0.002
−0.003

−0.001+0.001
−0.003

−0.001+0.001
−0.001

0.182+0.002
−0.001

0.266+0.502
−0.011

0.236+0.517
−0.019

0.240+0.008
−0.003

0.581+0.073
−0.165

0.722+0.057
−0.158

0.326+0.101
−0.053

0.238+0.071
−0.037

0.524+0.118
−0.063

0.250+0.071
−0.038

0.167+0.138
−0.051

0.111+0.117
−0.037

0.004+0.008
−0.004

0.003+0.007
−0.004

0.006+0.009
−0.005

0.004+0.007
−0.004

0.002+0.007
−0.002

0.001+0.005
−0.001

[15, 20]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2

0.143+0.000
−0.000

0.116+0.000
−0.000

0.144+0.000
−0.000

0.126+0.000
−0.000

0.078+0.005
−0.004

0.057+0.004
−0.004

0.591+0.001
−0.001

0.593+0.001
−0.001

0.587+0.001
−0.001

0.586+0.001
−0.001

0.776+0.012
−0.015

0.838+0.011
−0.014

0.018+0.001
−0.001

0.020+0.001
−0.001

0.027+0.002
−0.002

0.021+0.002
−0.002

0.010+0.000
−0.000

0.007+0.000
−0.000

−0.010+0.000
−0.000

−0.010+0.000
−0.000

−0.010+0.000
−0.000

−0.010+0.000
−0.000

−0.005+0.000
−0.000

−0.004+0.000
−0.000

〈Y2〉 〈αθΛ〉 〈αθl〉
〈
α′θl

〉

[1.1, 6]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2

0.084+0.001
−0.003

0.071+0.002
−0.004

0.076+0.002
−0.005

0.070+0.002
−0.004

0.043+0.015
−0.007

0.028+0.015
−0.006

−0.961+0.039
−0.015

−0.966+0.034
−0.013

−0.961+0.039
−0.015

−0.920+0.044
−0.020

−0.492+0.078
−0.168

−0.327+0.062
−0.167

−0.800+0.003
−0.001

−0.704+0.011
−0.004

−0.750+0.018
−0.006

−0.727+0.011
−0.004

−0.259+0.058
−0.167

−0.152+0.036
−0.122

0.014+0.031
−0.017

0.163+0.024
−0.015

0.107+0.030
−0.017

0.131+0.027
−0.016

0.004+0.019
−0.005

0.003+0.013
−0.003

[15, 20]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2

0.016+0.000
−0.000

0.015+0.000
−0.000

0.016+0.000
−0.000

0.016+0.000
−0.000

0.009+0.001
−0.001

0.006+0.001
−0.000

−0.844+0.003
−0.002

−0.844+0.003
−0.002

−0.844+0.003
−0.002

−0.895+0.002
−0.002

−0.463+0.023
−0.028

−0.335+0.021
−0.026

−0.161+0.002
−0.002

−0.159+0.002
−0.002

−0.168+0.002
−0.002

−0.171+0.002
−0.002

−0.048+0.004
−0.006

−0.030+0.003
−0.003

−0.679+0.004
−0.004

−0.548+0.004
−0.003

−0.677+0.004
−0.004

−0.626+0.004
−0.004

−0.212+0.017
−0.022

−0.126+0.010
−0.014
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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.

〈αξ〉
〈
α′ξ × 10−2

〉
〈αU 〉 〈αL〉

[1.1, 6]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2

0.087+0.050
−0.030

0.042+0.029
−0.019

0.069+0.042
−0.026

0.053+0.028
−0.018

0.044+0.054
−0.021

0.029+0.044
−0.014

−0.202+0.057
−0.110

−0.260+0.072
−0.138

−0.262+0.073
−0.138

−0.242+0.066
−0.125

−0.103+0.042
−0.120

−0.069+0.029
−0.098

−0.973+0.063
−0.018

−0.983+0.038
−0.011

−0.979+0.046
−0.014

−0.944+0.053
−0.021

−0.084+0.022
−0.087

−0.043+0.011
−0.044

−0.960+0.037
−0.015

−0.963+0.034
−0.013

−0.959+0.038
−0.015

−0.917+0.043
−0.020

−0.310+0.066
−0.182

−0.182+0.041
−0.135

[15, 20]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2

−0.304+0.002
−0.002

−0.251+0.001
−0.001

−0.308+0.002
−0.002

−0.228+0.001
−0.002

−0.167+0.001
−0.012

−0.120+0.008
−0.011

−0.021+0.004
−0.005

−0.030+0.006
−0.007

−0.028+0.006
−0.007

−0.030+0.006
−0.006

−0.012+0.003
−0.004

−0.008+0.002
−0.003

−0.805+0.003
−0.008

−0.807+0.003
−0.002

−0.803+0.002
−0.002

−0.864+0.002
−0.002

−0.211+0.017
−0.022

−0.130+0.011
−0.015

−0.860+0.003
−0.002

−0.860+0.003
−0.002

−0.861+0.003
−0.002

−0.908+0.002
−0.002

−0.256+0.020
−0.025

−0.161+0.013
−0.018

〈P3〉 〈P8〉 〈P9〉

[1.1, 6]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2

−0.005+0.008
−0.011

−0.089+0.007
−0.008

−0.059+0.008
−0.010

−0.070+0.006
−0.007

−0.003+0.004
−0.000

−0.002+0.002
−0.007

0.025+0.055
−0.030

0.284+0.041
−0.025

0.190+0.051
−0.030

0.231+0.046
−0.027

0.013+0.045
−0.015

0.008+0.034
−0.010

−0.226+0.011
−0.005

−0.325+0.002
−0.001

−0.279+0.002
−0.004

−0.291+0.007
−0.003

−0.116+0.018
−0.038

−0.077+0.014
−0.038

[15, 20]

SM
V A− 1
V A− 2
V A− 3
SP − 1
SP − 2

0.382+0.001
−0.001

0.310+0.001
−0.001

0.383+0.001
−0.001

0.336+0.001
−0.001

0.198+0.011
−0.197

0.151+0.012
−0.010

−0.956+0.005
−0.004

−0.770+0.005
−0.004

−0.956+0.005
−0.004

−0.885−0.005
−0.004

−0.523+0.025
−0.030

−0.375+0.023
−0.029

−0.611+0.003
−0.003

−0.614+0.003
−0.003

−0.606+0.003
−0.003

−0.650+0.003
−0.002

−0.335+0.016
−0.019

−0.242+0.015
−0.018
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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 Λb → Λ(→ pπ−)µ+µ− in the SM, Z ′ model, Randall-Sundrum model with

custodial protection (RSc) and using the most general model independent approach. This chapter

summarizes the main findings of our study.

Z ′ model

At the quark level, the decay Λb → Λ(→ pπ−)µ+µ− is mediated by the FCNC b → sµ+µ− tran-

sition, which is same for the well studied B → K∗µ+µ− decay. For Λb → Λ 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 O1−6 and Og8 encoded into

effective WCs Ceff7 (s) and Ceff9 (s). By using them we have numerically calculated the differential

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

metries (A`FB, A
Λ
FB, A

`Λ
FB), the various asymmetry parameters (α

(′)
i ), the fractions of longitudinal

(FL) and transverse (FT ) polarized dimuons and different angular asymmetry observables denoted

by Pi in different bins of s.

• In the low-recoil bin s ∈ [15, 20] GeV2 the FFs from lattice are known most precisely, the

results of dB
ds 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.

• In the large-recoil region the results of hadron-side forward-backward asymmetry (AΛ
FB) 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.

• The experimental measurements of lepton-side forward-backward asymmetry (A`FB) in both

low- and large-recoil regions have significant errors. However, in the bin s ∈ [15, 20] GeV2

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-hardon combined forward-backward asym-

metry (A`ΛFB) 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.

110



• The longitudinal polarization fraction FL 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] GeV2 the central value of the SM is compatible with the

central value of the experimental measurements. However, in the bin s ∈ [15, 20] GeV2,

where uncertainties in the FFs are better controlled, the experimental observations favor the

results of the Z ′ model.

• In line with these asymmetries, we have also calculated the transverse polarization fraction

of the dimuon system FT , the asymmetry parameters α, and different angular asymmetry

observables Pi 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

II.

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 Λb → Λ(→ pπ−)µ+µ− decay, in fine bins of s at the LHCb and Belle II will help

us to test the SM predictions in Λb 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 Λb → Λ(→
pπ−)µ+µ− 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 |∆C(′)
7,9,10| from the SM predictions for

different allowed values of KK gluon mass Mg(1) . The resultant deviations are small and do not

allow for large effects in the angular observables. Although for maximum possible deviations in

WCs, for Mg(1) = 4.8 TeV, in the RSc model, some of the observables receive considerable change

in particular bins such as dB
ds and A`FB in low-recoil bin [15, 20] GeV2 and FL in the bin [0.1, 2]

GeV2 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 Mg(1) , observables are largely unaffected by the NP arises due to custodially

protected RS model. Hence, the current constraints on the parameters of RSc are too strict to

explain the observed deviations in different observables of Λb → Λ(→ pπ−)µ+µ− 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 V A, SP and tensor

T couplings on above mentioned physical observables in Λb → Λ(→ pπ−)µ+µ− 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`FB, AΛ
FB, A`ΛFB, FL,T , Y2, 3sc, 4sc, P3, 8, 9 and α

(′)
i where,

i = θ`, θΛ, ξ, L, U by considering the non-zero mass for the final state leptons. We deduce that

in case of µ as final state lepton the mass effects are negligible at low-recoil for all the observables

- but mildly affected some observables, such as FT , αθ` , Y2, Y4sc and P9 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 = [−1.61,−1], C ′V = 0, CA = 1, C ′A = −0.4

C
(′)
S = C

(′)
P = [−4, 4], CT = 0.72, CT5 = 0.2, (7.1)

we have the following findings:

• There is a mismatch between the SM predictions and the LHCb data of dB/ds, particularly

in the high s region. Only new V A couplings in three low s bins, [0.1, 2] GeV2, [2, 4]GeV2

and [6, 8]GeV2 are able to accommodate this data.

• The SM values of FL and AΛ
FB fall within the error bars of the LHCb data in all bins except

in s ∈ [16, 18] GeV2 where V A, SP and T couplings are also unable to accommodate the

data.

• The data of A`FB 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 SP couplings.

In case of αθ` , αU and αL when we include V A couplings their values are modified slightly for the

combination CV = −1.34, C ′A = −0.4, C ′V = CA = 0. However, the data of A`FB, particularly in

the high s region favors the new V A couplings in comparison to the SM couplings alone. Now

compared to V A 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 dB/ds, A`FB and

AΛ
FB in some high s bins favors the SP couplings. In the case of the WCs corresponding to the

tensor currents, the value of AΛ
FB 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 V A, SP , and T operators that can simultaneously accommodate

the whole available LHCb data of these four observables in all s bins.

To overcome this difficulty, we have also examined the impact of CV , CS , C ′S , CP and C ′P
by considering these couplings in pairs (CX , CY ) where X,Y = V, S, S′, 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] GeV2

and in low-recoil bins s ∈ [15, 16], [16, 18] GeV2 and s ∈ [18, 20] GeV2 or not. We observed that

at large-recoil s ∈ [0.1, 2] GeV2 region, the measured values of dB/ds, FL, A`FB and AΛ
FB 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] GeV2, 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 V A 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] GeV2 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 FL and AΛ
FB simultaneously

but none of them satisfies A`FB. In last bin of low-recoil region; i.e., s ∈ [18, 20] GeV2 we tried to

accommodate the data of A`FB, AΛ
FB 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] GeV2 bin while

the range of V A 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

Λb 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

Λb → Λτ+τ− 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 Λb → Λ(→ pπ−)τ+τ− 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]

LS(+1/2,+1/2) = −LS(−1/2,−1/2) = sβ`

LP (+1/2,+1/2) = LP (−1/2,−1/2) = −s

L±V (+1/2,+1/2) = L∓V (−1/2,−1/2) = ∓
√

2m` sin θ`

L0
V (+1/2,+1/2) = −L0

V (−1/2,−1/2) = −2m` cos θ`

L0
V (+1/2,−1/2) = L0

V (−1/2,+1/2) = s sin θ`

L+
V (+1/2,−1/2) = −L−V (−1/2,+1/2) =

s√
2

(1− cos θ`)

L−V (+1/2,−1/2) = −L+
V (−1/2,+1/2) =

s√
2

(1 + cos θ`)

LtA(+1/2,+1/2) = LtA(−1/2,−1/2) = −2m`

L+
A(+1/2,−1/2) = L−A(−1/2,+1/2) =

sv√
2

(1− cos θ`)

L−A(+1/2,−1/2) = L+
A(−1/2,+1/2) =

sv√
2

(1 + cos θ`)

L0
A(+1/2,−1/2) = −L0

A(−1/2,+1/2) = sv sin θ`. (2)

Tensor part of leptonic current read as

Lt,±T ′ (+1/2,+1/2) = −Lt,±T ′ (−1/2,−1/2) = ∓ s√
2

sin θ`,

Lt,+T ′ (−1/2,+1/2) = −Lt,−T ′ (+1/2,−1/2) =
√

2(1− cos θ`)m`,

Lt,−T ′ (−1/2,+1/2) = −Lt,+T ′ (+1/2,−1/2) =
√

2m`(1 + cos θ`),

Lt,0T ′ (+1/2,+1/2) = −Lt,0T ′ (−1/2,−1/2) = −s cos θ`,

L+,−
T ′ (+1/2,+1/2) = L+,−

T ′ (−1/2,−1/2) = −s cos θ`β`,

L±,0T ′ (+1/2,+1/2) = L±,0T ′ (−1/2,−1/2) = − s√
2

sin θ`β`,

Lt,0T ′ (−1/2,+1/2) = Lt,0T ′ (+1/2,−1/2) = 2m` sin θ`

Lt,±T5′(+1/2,+1/2) = −Lt,±T5′(−1/2,−1/2) = ± s√
2

sin θ`β`

Lt,0T5′(+1/2,+1/2) = Lt,0T5′(−1/2,−1/2) = s cos θ`β`

L+,−
T5′ (+1/2,+1/2) = −L+,−

T5′ (−1/2,−1/2) = s cos θ`,

L−,+T5′ (+1/2,−1/2) = L−,+T5′ (−1/2,+1/2) = 2m` sin θ`,

L+,0
T5′(+1/2,−1/2) = −L−,0T5′(−1/2,+1/2) =

√
2(1 + cos θ`)m`,

L±,0T5′(+1/2,+1/2) = −L±,0T5′(−1/2,−1/2) =
s√
2

sin θ`,

L−,0T5′(+1/2,−1/2) = L+,0
T5′(−1/2,+1/2) = −

√
2(1− cos θ`)m`, (3)

where β = 2m`√
s

and v =
√

1− β2. It can be seen that if we put the lepton mass m` to be zero, we

can get back the relations given in [113].
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.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

|MV A|2 =
1

4

∑
sΛb ,sΛ

∑
s′Λ

∑
s`1 ,s`2

∑
m,n

∑
m′,n′

Hm(sΛb , sΛ)Hn∗(sΛb , sΛ′)gm,m′gn,n′L
m′(s`1 , s`2)

×Ln′
∗
(s`1 , s`2)Γ′(sΛ, s

′
Λ), (4)

where λ = (m2
Λb
−m2

Λ − s)2 + 4sm2
Λ and Lm

′, n′ are the helicity amplitudes for the leptonic part

given in Eq. (??). Likewise

|MSP |2 =
1

4

∑
sΛb ,sΛ

∑
s′Λ

∑
s`1 ,s`2

H(sΛb , sΛ)H∗(sΛb , sΛ′)L(s`1 , s`2)L∗(s`1 , s`2)Γ′(sΛ, s
′
Λ)

|MT ′ |2 =
∑
sΛb ,sΛ

∑
s′Λ

∑
s`1 ,s`2

Hmn(sΛb , sΛ)Hrs∗(sΛb , sΛ′)gmm′gnn′grr′gss′L
m′n′(s`1 , s`2)

×Lr′s′∗(s`1 , s`2)Γ′(sΛ, s
′
Λ) (5)

MV AM
∗
SP =

1

4

∑
sΛb ,sΛ

∑
s′Λ

∑
s`1 ,s`2

[
Hm(sΛb , sΛ)H∗(sΛb , sΛ′)L

m′(s`1 , s`2)L∗(s`1 , s`2)
]

Γ′(sΛ, s
′
Λ)

MV AM
∗
T ′ =

1

2

∑
sΛb ,sΛ

∑
s′Λ

∑
s`1 ,s`2

[
Hm(sΛb , sΛ)H∗rs(sΛb , sΛ′)L

m′(s`1 , s`2)Lr
′s′∗(s`1 , s`2)

]
Γ′(sΛ, s

′
Λ)

MSPM
∗
T ′ =

1

2

∑
sΛb ,sΛ

∑
s′Λ

∑
s`1 ,s`2

[
H(sΛb , sΛ)Hmn∗(sΛb , sΛ′)L(s`1 , s`2)Lr

′s′∗(s`1 , s`2)
]

Γ′(sΛ, s
′
Λ)

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

K̂1ss = |C̃+
9 |

2H0,+
1V + |C̃−9 |

2H0,+
1A + |C+

7 |
2H0,+

1T + |C−7 |
2H0,+

1T5 + |C̃+
10|

2Ht,0,+
V + |C̃−10|

2Ht,0,+
A

+<
[
C+

7 C
+∗
9

]
H4(V,T ) + <

[
C−7 C

−∗
9

]
H4(A,T5),

K̂1cc = |C̃+
9 |

2H0,+
2V + |C̃−9 |

2H0,+
2A + |C̃+

10|
2Ht,+

3V + |C̃−10|
2Ht,+

3A +
(
|C+

7 |
2 + |C−7 |

2
)
H0,+

2T

+2<
[
C+

7 C
+∗
9

]
H5(V,T ) + 2<

[
C−7 C

−∗
9

]
H5(A,T5),

K̂2ss = α
[
<
[
C̃+

10C̃
−∗
10

] (
2β2Ht,t

A,V (+1/2,+1/2) + 2v2H0,0
A,V (+1/2,+1/2) + v2H+,+

A,V (−1/2,+1/2)
)

+ <
[
C̃+

9 C̃
−∗
9

]
H4(A,V ) + <

[
C+

7 C
−∗
7

]
H4(T,T5) + <

[
C+

7 C̃
−∗
9

]
H4(A,T ) + <

[
C−7 C̃

+∗
9

]
H4(V,T5)

]
K̂2cc = 2α<

[
C̃+

9 C̃
−∗
9

]
H5(A,V ) + 2α<

[
C̃+

10C̃
−∗
10

] (
β2Ht,t

A,V (+1/2,+1/2) + v2H+,+
A,V (−1/2,+1/2)

)
+2α

(
<
[
C+

7 C
−∗
7

]
H5(T,T5) + <

[
C+

7 C̃
−∗
9

]
H5(A,T ) + <

[
C−7 C̃

+∗
9

]
H5(V,T5)

)
, (6)
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K̂1c = −2v
[
<
[
C+

7 C̃
−∗
10

]
H+,+
A,T (−1/2,+1/2) + <

[
C−7 C̃

+∗
10

]
H+,+
V,T5(−1/2,+1/2)

+ <
[
C̃+

9 C̃
−∗
10

]
H+,+
A,V (−1/2,+1/2) + <

[
C̃−9 C̃

+∗
10

]
H+,+
A,V (−1/2,+1/2)

]
,

K̂2c = −2vα
[
<
[
C+

7 C̃
+∗
10

]
H+,+
V,T (−1/2,+1/2) + <

[
C−7 C̃

−∗
10

]
H+,+
A,T5(−1/2,+1/2)

+ <
[
C̃+

9 C̃
+∗
10

]
|H+

V (−1/2,+1/2)|2 + <
[
C̃−9 C̃

−∗
10

]
|H+

A (−1/2,+1/2)|2
]

K̂3s =
√

2vα
(
Im
[
C+

7 C̃
−∗
10

]
HR

6(A,T ) + =
[
C−7 C̃

+∗
10

]
HR

6(V,T5) + =
[
C̃+

9 C̃
−∗
10

]
HR

6(A,V )

+=
[
C̃+

10C̃
−∗
9

]
HR

6(A,V )

)
,

K̂4s =
√

2vα
[
Re
[
C+

7 C̃
+∗
10

]
HR

6(T,V ) + 2<
[
C̃+

9 C̃
+∗
10

]
H0
V (+1/2,+1/2)H+∗

V (−1/2,−1/2)

− Re
[
C−7 C̃

−∗
10

]
HR

6(A,T5) − 2<
[
C̃−9 C̃

−∗
10

]
H0
A(+1/2,+1/2)H+∗

A (−1/2,−1/2)
]

K̂3sc =
√

2v2α
(
−=

[
C̃+

9 C
+∗
7

]
HL

6(V,T ) + =
[
C̃−9 C

−∗
7

]
HL

6(A,T5)

)
,

K̂4sc = −
√

2v2α
[
<
[
C+

7 C
−∗
7

]
HL

6(T,T5) + <
[
C̃+

9 C
−∗
7

]
HL

6(T5,V )

− <
[
C̃+

9 C̃
−∗
9

]
HL

6(A,V ) −<
[
C̃−9 C

+∗
7

]
HL

6(A,T )

]
(7)

where v′ =
√

1 + β2, K̂ij = NKi,j (N is defined in Eq. (6.40)) and

Hm,n
x,y (sΛb , sΛ) = Hm

x (sΛb , sΛ)Hn∗
y (sΛb , sΛ)

H0,+
1x = |H0

x(+1/2,+1/2)|2 +
1

2
v′

2 |H+
x (−1/2,+1/2)|

H0,+
2x = β2|H0

x(+1/2,+1/2)|2 + |H+
x (−1/2,+1/2)|2

Ht,+
3x = β2|Ht

x(+1/2,+1/2)|2 + v2|H+
x (−1/2,+1/2)|2

H4(x,y) = 2H0,0
x,y(+1/2,+1/2) + v′

2
H+,+
x,y (−1/2,+1/2) (8)

H5(x,y) = β2H0,0
x,y(+1/2,+1/2) +H+,+

x,y (−1/2,+1/2)

HR,L
6(x,y) = H0

x(+1/2,+1/2)H+∗
y (−1/2,+1/2)±H+

x (−1/2,+1/2)H0∗
y (+1/2,+1/2),

Ht,0,+
x = β2|Ht

x(+1/2,+1/2)|2 + v2|H0
x(+1/2,+1/2)|2 +

1

2
v2|H+

x (−1/2,+1/2)|2

with x, y = V,A, T, T5 and

H7,T ′ = v′
2 |Ht,−

T ′ (+1/2,−1/2)|2 + v2|H0,−
T ′ (+1/2,−1/2)|2 + β2|Ht,0

T ′ (+1/2,+1/2)|2

H8,T ′ = v2|Ht,−
T ′ (+1/2,−1/2)|2 + v′

2 |H0,−
T ′ (+1/2,−1/2)|2 + β2|H+,−

T ′ (+1/2,+1/2)|2

H9,T ′ = v2|H+,−
T ′ (+1/2,+1/2)|2 + |Ht,0

T ′ (+1/2,+1/2)|2 + β2|Ht,−
T ′ (+1/2,−1/2)|2

H10,T ′ = |H+,−
T ′ (+1/2,+1/2)|2 + v2|Ht,0

T ′ (+1/2,+1/2)|2 + β2|H0,−
T ′ (+1/2,−1/2)|2

H11,T ′ = β2H+,−
T ′ (+1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗ −H0,−
T ′ (+1/2,−1/2)(Ht,−

T ′ (+1/2,−1/2))∗

H12,T ′ =

(
1− β2

2

)
H+,−
T ′ (+1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗

−β
2

2
H0,−
T ′ (+1/2,−1/2)(Ht,−

T ′ (+1/2,−1/2))∗ (9)

H13,T ′ = H+,−
T ′ (+1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗ +H0,−
T ′ (+1/2,−1/2)(Ht,0

T ′ (+1/2,+1/2))∗
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Angular coefficients defined in Eq. (7) correspond to the SM when one use C
(′)
V = C

(′)
A = 0 as they

have been absorbed in C̃±9 and C̃±10. 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:

K̂NP
1ss = 8

[
|CT |2H7,T ′ + |CT5|2H8,T ′

]
K̂NP

1cc = 16
[
|CT |2H9,T ′ + |CT5|2H10,T ′

]
K̂NP

2ss = 32α< [CT5C
∗
T ]H11,T ′

K̂NP
2cc = 64α< [CT5C

∗
T ]H12,T ′

K̂NP
1c = 2vβ

[
<[C+

S C̃
+∗
9 ]H0

S,V (+1/2,+1/2) + <[C−S C̃
−∗
9 ]H0

P,A(+1/2,+1/2)
]

+2vβ
[
<[C+

S C̃
+∗
7 ]H0

S,T (+1/2,+1/2) + <[C−S C̃
−∗
7 ]H0

P,T5(+1/2,+1/2)
]

+8v
[
<[CTC

−∗
P + CT5C

−∗
S ]HP (+1/2,+1/2)(H+,−

T ′ (+1/2,+1/2))∗

+ <[CTC
+∗
S + CT5C

+∗
P ]HS(+1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗

+β <[CT C̃
−∗
10 ]
(
Ht
A(+1/2,+1/2)(H+,−

T ′ (+1/2,+1/2))∗ (10)

−H+
A (−1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗
)

+β <[CT5C̃
+∗
10 ]
(
Ht
V (+1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗

+H+
V (−1/2,+1/2)(H0,−

T ′ (+1/2,−1/2))∗
)]

K̂NP
2c = 2αvβ

[
<[C+

S C̃
−∗
9 ]H0

S,A(+1/2,+1/2) + <[C−S C̃
+∗
9 ]H0

P,V (+1/2,+1/2)
]

+2αvβ
[
<[C+

S C̃
−∗
7 ]H0

S,T5(+1/2,+1/2) + <[C−S C̃
+∗
7 ]H0

P,T (+1/2,+1/2)
]

+8αv
[
<[CTC

−∗
S + CT5C

−∗
P ]HP (+1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗

+ <[CTC
+∗
P + CT5C

+∗
S ]HS(+1/2,+1/2)(H+,−

T ′ (+1/2,+1/2))∗

+β <[CT C̃
+∗
10 ]
(
Ht
V (+1/2,+1/2)(H+,−

T ′ (+1/2,+1/2))∗

− H+
V (−1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗
)

+β <[CT5C̃
−∗
10 ]
(
Ht
A(+1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗

+ H+
A (−1/2,+1/2)(H0,−

T ′ (+1/2,−1/2))∗
)]

K̂NP
3s =

√
2αvβ

[
=[C+

S C̃
+∗
9 ]HS(+1/2,+1/2)(H+

V (−1/2,+1/2))∗

− =[C−S C̃
−∗
9 ]HP (+1/2,+1/2)(H+

A (−1/2,+1/2))∗

+ =[C+
S C̃

+∗
7 ]HS(+1/2,+1/2)(H+

T (−1/2,+1/2))∗

− =[C−S C̃
−∗
7 ]HP (+1/2,+1/2)(H+

T5(−1/2,+1/2))∗
]

−4
√

2αv
[
=[CTC

−∗
P + CT5C

−∗
S ]HP (+1/2,+1/2)(H0,−

T ′ (+1/2,−1/2))∗

+ =[CTC
+∗
S + CT5C

+∗
P ]HS(+1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗

+β =[CT C̃
−∗
10 ]
(
Ht
A(+1/2,+1/2)(H0,−

T ′ (+1/2,−1/2))∗

+ H0
A(+1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗

− βH+
A (−1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗
)
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+ =[CT5C̃
+∗
10 ]
(
Ht
V (+1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗

−β H0
V (+1/2,+1/2)(H0,−

T ′ (+1/2,−1/2))∗ − βH+
V (−1/2,+1/2)(H+,−

T ′ (+1/2,+1/2))∗
)]

K̂NP
4s =

√
2αvβ

[
<[C+

S C̃
−∗
9 ]HS(+1/2,+1/2)(H+

A (−1/2,+1/2))∗

− <[C−S C̃
+∗
9 ]HP (+1/2,+1/2)(H+

V (−1/2,+1/2))∗

+ <[C+
S C̃
−∗
7 ]HS(+1/2,+1/2)(H+

T5(−1/2,+1/2))∗

− <[C−S C̃
+∗
7 ]HP (+1/2,+1/2)(H+

T (−1/2,+1/2))∗
]

+4
√

2αv
[
−<[CTC

−∗
S + CT5C

−∗
P ]HP (+1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗

− <[CTC
+∗
P + CT5C

+∗
S ]HS(+1/2,+1/2)(H0,−

T ′ (+1/2,−1/2))∗

+β <[CT C̃
+∗
10 ]
(
−Ht

V (+1/2,+1/2)(H0,−
T ′ (+1/2,−1/2))∗

+ H0
V (+1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗

+ H+
V (−1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗
)

+ β<[CT5C̃
−∗
10 ]
(
−Ht

A(+1/2,+1/2)(Ht,−
T ′ (+1/2,−1/2))∗

+ H0
A(+1/2,+1/2)(H0,−

T ′ (+1/2,−1/2))∗ −H+
A (−1/2,+1/2)(H+,−

T ′ (+1/2,+1/2))∗
)]

K̂NP
4sc = −32

√
2v2α< [CT5C

∗
T ]H13,T ′ (11)

Other terms which do not correspond to any angular coefficient of Eq. (3.36) but contribute to

differential decay distribution are

K̂NP =
[
(v2|C+

S |
2 + |C+

P |
2)|HS(+1/2,+1/2)|2 + (v2|C−S |

2 + |C−P |
2)|HP (+1/2,+1/2)|2

]
+2α

[
<
[
C+
P C
−∗
P + C+

S C
−∗
S

]
HS(+1/2,+1/2)H∗P (+1/2,+1/2)

]
cos θΛ

+2β
[
<
[
C+
P C̃

+∗
10

]
HS(+1/2,+1/2)Ht∗

V (+1/2,+1/2)

+ <
[
C−P C̃

−∗
10

]
HP (+1/2,+1/2)Ht∗

A (+1/2,+1/2)
]

+2αβ
[
<
[
C+
P C̃
−∗
10

]
HS(+1/2,+1/2)Ht∗

A (+1/2,+1/2)

+ <
[
C−P C̃

+∗
10

]
HP (+1/2,+1/2)Ht∗

V (+1/2,+1/2)
]

cos θΛ

+8β<
[
CT C̃

+∗
9

] (
H+
V (−1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗

+ H0
V (+1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗
)

+8β<
[
CT5C̃

−∗
9

] (
−H+

A (−1/2,+1/2)(H0,−
T ′ (+1/2,−1/2))∗

+ H0
A(+1/2,+1/2)(H+,−

T ′ (+1/2,+1/2))∗
)

+8αβ<
[
CT C̃

−∗
9

] (
H+
A (−1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗

+ H0
A(+1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗
)

cos θΛ

+8αβ<
[
CT5C̃

+∗
9

] (
−H+

V (−1/2,+1/2)(H0,−
T ′ (+1/2,−1/2))∗

+ H0
V (+1/2,+1/2)(H+,−

T ′ (+1/2,+1/2))∗
)

cos θΛ (12)
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+8β<
[
CT C̃

+∗
7

] (
H+
T (−1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗

+ H0
T (+1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗
)

(13)

+8β<
[
CT5C̃

−∗
7

] (
−H+

T (−1/2,+1/2)(H0,−
T ′ (+1/2,−1/2))∗

+ H0
T (+1/2,+1/2)(H+,−

T ′ (+1/2,+1/2))∗
)

+8αβ<
[
CT C̃

−∗
7

] (
H+
T (−1/2,+1/2)(Ht,−

T ′ (+1/2,−1/2))∗

+ H0
T (+1/2,+1/2)(Ht,0

T ′ (+1/2,+1/2))∗
)

cos θΛ

+8αβ<
[
CT5C̃

+∗
7

] (
−H+

T (−1/2,+1/2)(H0,−
T ′ (+1/2,−1/2))∗

+ H0
T (+1/2,+1/2)(H+,−

T ′ (+1/2,+1/2))∗
)

cos θΛ
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In 2015, the LHCb collaboration measured the differential branching ratio dB

dq2 , the lepton- and

hadron-side forward–backward asymmetries, denoted by A�FB and A�FB, respectively, in the range
15 < q2(= s) < 20 GeV2 with 3 fb−1 of data. Motivated by these measurements, we perform an
analysis of q2-dependent �b → �(→ pπ)μ+μ− angular observables at large- and low-recoil
in the standard model (SM) and in a family non-universal Z ′ model. The exclusive �b → �

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 GeV2 bin. Using the full four-folded angular distribution of�b → �(→ pπ)μ+μ−

decay, first of all we focus on calculations of the experimentally measured dB
ds , A�FB, and A�FB 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 GeV2 the value of dB

ds and central value of A�FB in the Z ′ model
is compatible with the measured values. In addition, the fraction of longitudinal polarization of
the dimuon FL was measured to be 0.61+0.11

−0.14 ± 0.03 in 15 < s < 20 GeV2 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 αi and α(′)i with
i = θ�, θ�, φ, L, U and coefficients of different foldings P1,...,9 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�b → �(→ pπ)μ+μ− decays.
.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Subject Index B56, B57, C18

1. Introduction

Rare decays involving b-quarks, such as b → (s , d)γ , b → (s , d)�+�−, 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 |	Q| = 0 and |	B| = 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. mt and mW in the 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

© The Author(s) 2018. Published by Oxford University Press on behalf of the Physical Society of Japan.
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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 (∗)μ+μ− and B → K (∗)e+e−, defined as

RK (∗) = B → K (∗)μ+μ−

B → K (∗)e+e− , (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
LHCb collaboration observed more than a 2 σ mismatch between experimental observations and
SM predictions in different bins of the square of momentum transfer s = q2 [7]. This hints at the
breakdown of the SM LFU, i.e., the couplings of gauge bosons with μ 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 P5 anomaly (3.5 σ in one bin s ∈ [4.30, 8.68] GeV2 [10], which
corresponds to a certain coefficient in the angular distribution of the B → K∗(→ Kπ)μ+μ− decay
[10–12]. This anomaly was again observed at 3 σ in the data with 3 fb−1 luminosity in the two
bins s ∈ [4, 6] GeV2 and s ∈ [6, 8] GeV2 [13], and this was later confirmed by Belle in the bin
s ∈ [4, 8] GeV2 [14]. This anomaly was accompanied by a 2.9 σ tension in the second bin of another
angular observable called P2 [15]. In addition, a small but noticeable difference was found in the
branching ratio of B → K∗μ+μ− [16–18] and Bs → φμ+μ− (2.0 σ larger than the SM prediction
both in low- and large-φ 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 C9 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�+�− (� = μ, τ) transitions.

In the present study, we have considered the�b → �(→ pπ)�+�− decay that is interesting to its
own regard. On the experimental side, this decay was first studied by the CDF collaboration [41],
and the LHCb later published the first measurement of the differential branching ratio as well as
the forward–backward asymmetry of the final state muon, i.e., AFB [42,43]. Recently, the LHCb
collaboration has made an observation of CP violation and the asymmetries arising due to the angle
between the μ+μ− and pK− planes (aT̂odd

CP ) in�b → pK−μ+μ− by analyzing the data available at
an integrated luminosity of 3 fb−1 [44]. On the theoretical front, at first in the decay�b → ��+�−,
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 �b →
�(→ pπ)μ+μ− is expected to complement the different angular asymmetries in the corresponding
B → K∗(→ Kπ)�+�− decays [48–50]. One important aspect is the stability of � under strong
interactions, and the decay �b → �(→ pπ)�+�− is theoretically cleaner than the decay B →
K∗(→ Kπ)�+�−. Hence, the decay �b → ��+�− has been theoretically studied in a number of
papers [51–88].

Just like the exclusive decays of B-mesons, the decay �b → ��+�− is prone to the uncertainties
arising due to form factors. However, at present the �b → � transition form factors are calculated
using lattice QCD calculations with high precision [89]; to have their profile in the full q2 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∗(→ Kπ)μ+μ− decays, we have calculated combinations of different
angular observables in �b → �(→ pπ)μ+μ− decays, namely, forward–backward asymmetries
(A�FB, A�FB, A��FB), the longitudinal (FL) and transverse (FT ) fractions of the dimuon, the longitudinal
asymmetry αL, the transverse asymmetry αU , and the observables named as Pi that are derived from
different foldings, in the SM at its first right.

It has been observed that in order to explain the RK 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 E6 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 Bs–B̄s 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 �b 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�b → �(→
pπ)�+�− 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 �b → �(→ pπ)μ+μ− is b → sμ+μ−. 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

H eff
SM = −4GF√

2

αe

4π
VtbV ∗

ts

∑
i=7,9,10

Ci (μ) Oi, (2)

where GF is the Fermi coupling constant, VtbV ∗
ts are the CKM matrix elements, αe is the fine structure

constant, and Ci (μ)with i = 7, 9, 10 are theWilson coefficients corresponding to the electromagnetic
operator O7 and semi-leptonic operators O9,10 that are defined as

O7 = mb

e

[
sσμνPRb

]
Fμν , O9 = [

sγ μPLb
] [
�γμ�

]
, O10 = [

sγ μPLb
] [
�γμγ5�

]
.

It has already been mentioned that QCD factorization at low-q2 is not fully developed for the hadronic
b-baryon decay; therefore, we have ignored the non-factorizable contributions here.1 The factorizable
non-local matrix elements of the four-quark operators O1–6 and Og

8 are encoded into effective Wilson
coefficients Ceff

7 (s) and Ceff
9 (s), where s is the dilepton squared mass q2 (qμ = pμ1 − pμ2 ). In the

high-q2 region, the Wilson coefficients Ceff
7 (s) and Ceff

9 (s) can be written as [31]

Ceff
7 (s) = C7 − 1

3

(
C3 + 4

3
C4 + 20C5 + 80

3
C6

)
− αs

4π

[
(C1 − 6C2)F

(7)
1,c (s)+ C8F (7)8 (s)

]
,

Ceff
9 (s) = C9 + 4

3

(
C3 + 16

3
C5 + 16

9
C6

)
− h(0, s)

(
1

2
C3 + 2

3
C4 + 8C5 + 32

3
C6

)
−
(

7

2
C3 + 2

3
C4 + 38C5 + 32

3
C6

)
h(mb, s)+

(
4

3
C1 + C2 + 6C3 + 60C5

)
h(mc, s)

− αs

4π

[
C1F (9)1,c (s)+ C2F (9)2,c + C8F (9)8 (s)

]
, (3)

where h(mq′ , s) with q′ = b, c corresponds to the fermionic loop functions. These h(mq′ , s) along
with the functions F (7,9)

8 and F (7,9)
(1,2,c) are calculated in Refs. [54,141].

Long ago, Langacker and Plümacher 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,

1 In the case of B → K∗μ+μ− 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-q2 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-q2 are affected
by the uncertainities due to these contributions. In the whole q2 range, the effective Wilson coefficients are
given in Eq. (3). According to Ref. [89], we use Eq. (3) in the low- and high-q2 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.
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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 [142–146]

HZ ′
eff (b → s�+�−) = −2GF√

2
VtbV ∗

ts

[
BsbSL

��

VtbV ∗
ts
(s̄b)V−A(�̄�)V−A + BsbSR

��

VtbV ∗
ts
(s̄b)V−A(�̄�)V+A

]
. (4)

In Eq. (4), SL
�� and SR

�� 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 Bsb = |Bsb|e−iφsb , with φsb a new weak phase. In a more sophisticated form,
Eq. (4) can be written as

HZ ′
eff (b → s�+�−) = −4GF√

2
VtbV ∗

ts

[
�sbCZ ′

9 O9 +�sbCZ ′
10O10

]
, (5)

where

�sb = 4πe−iφsb

αEM VtbV ∗
ts

, CZ ′
9 = |Bsb|SLL, CZ ′

10 = |Bsb|DLL, (6)

and

SLL = SL
�� + SR

��, DLL = SL
�� − SR

��. (7)

By comparing Eqs. (2) and (5) it can be noticed that except for Ceff
7 , 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 O9,10.
Hence, the contribution arising due to the extra Z ′ boson is absorbed in the Wilson coefficients Ceff

9
and C10.

The total amplitude for the decay �b → ��+�− is the sum of the SM and Z ′ contributions, and
it can be formulated in terms of �b → � matrix elements as

Mtot(�b → ��+�−) = − GFα

2
√

2π
VtbV ∗

ts[〈�(k)|s̄γμ(1 − γ5)b|�b(p)〉{C tot
9 (�̄γ

μ�)+ C tot
10 (�̄γ

μγ 5�)}

− 2mb

q2 Ceff
7 〈�(k)|s̄iσμνqν(1 + γ 5)b|�b(p)〉�̄γ μ�], (8)

where C tot
9 = Ceff

9 +�sbCZ ′
9 and C tot

10 = CSM
10 +�sbCZ ′

10, with Ceff
9 defined in Eq. (3).

3. Helicity amplitudes and form factors for �b → � transitions

The matrix elements for the �b → � 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 i(s1, s2) with i corresponding to

5/30

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2018/4/043B08/4987038 by guest on 01 M

arch 2021



PTEP 2018, 043B08 A. Nasrullah et al.

vector (V ), axial-vector (A), tensor (T ), and axial-tensor (T5) currents can be written as [48]

H V (s1, s2) ≡ ε∗μ(λ)
〈
�(p2, s2) |sγ μb|�b (p1, s1)

〉
= f0 (s)

m�b − m�√
s

[ū (p2, s2) u (p1, s1)]

+ 2f+ (s)
m�b + m�

s+
(
p2 · ε∗ (0)) [ū (p2, s2) u (p1, s1)]

+ f⊥ (s)
[
ū (p2, s2) /ε

∗ (±) u (p1, s1)
]
, (9)

H A (s1, s2) ≡ ε∗μ(λ)
〈
�(p2, s2) |s̄γ μγ5b|�b (p1, s1)

〉
= −g0 (s)

m�b + m�√
s

[ū (p2, s2) γ5u (p1, s1)]

− 2g+ (s)
m�b − m�

s−
(
p2 · ε∗ (0)) [ū (p2, s2) γ5u (p1, s1)]

+ g⊥ (s)
[
ū (p2, s2) /ε

∗ (±) γ5u (p1, s1)
]
, (10)

H T (s1, s2) ≡ ε∗μ(λ)
〈
�(p2, s2) |s̄iσμνqνb|�b (p1, s1)

〉
= −2h+ (s)

s

s+
(
p2 · ε∗ (0)) [ū (p2, s2) u (p1, s1)]

− h⊥ (s)
(
m�b + m�

) [
ū (p2, s2) /ε

∗ (±) u (p1, s1)
]
, (11)

H T5 (s1, s2) ≡ ε∗μ(λ)
〈
�(p2, s2) |s̄iσμνqνγ5b|�b (p1, s1)

〉
= −2̃h+ (s)

s

s−
(
p2 · ε∗ (0)) [ū (p2, s2) γ5u (p1, s1)]

+ h̃⊥ (s)
(
m�b − m�

) [
ū (p2, s2) /ε

∗ (±) γ5u (p1, s1)
]
, (12)

where p1(s1) and p2(s2) are the momentum (spin) of�b and�, respectively. The dilepton polarization
vector is written as ε∗μ(λ) with λ = t, 0, ±; their explicit definitions are given in Ref. [48] and
summarized in the appendix.

In Eqs. (9)–(12), the functions fi(s), gi(s), hi(s), and h̃i(s) with i = 0, +, ⊥ 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 ξ1 and ξ2; 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]

f (s) = af
0 + af

1z(s)+ af
2(z(s))

2

1 − s/(mf
pole)

2
, (13)

where the inputs af
0, af

1, and af
2 are summarized in Tables 1 and 2. The parameter z is defined as [89]

z(s) =
√

t+ − s − √
t+ − t0√

t+ − s + √
t+ − t0

, (14)

with t0 = (m�b − m�)2 and t+ = (mB + mK )
2.
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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 �b → � transition [89].

Parameter Input Parameter Input Parameter Input

af+
0 0.4229 ± 0.0274 af+

1 −1.3728 ± 0.3068 af+
2 107972 ± 1.1506

af0
0 0.3604 ± 0.0277 af0

1 −0.9284 ± 0.3453 af0
2 0.9861 ± 1.1988

af⊥
0 0.5748 ± 0.0353 af⊥

1 −1.4781 ± 0.4030 af⊥
2 1.2496 ± 1.6396

ag+
0 0.3522 ± 0.0205 ag+

1 −1.2968 ± 0.2732 ag+
2 2.7106 ± 1.0665

ag0
0 0.4059 ± 0.0267 ag0

1 −1.1622 ± 0.2929 ag0
2 1.1490 ± 1.0327

ag⊥
0 0.3522 ± 0.0205 ag⊥

1 −1.3607 ± 0.2949 ag⊥
2 2.4621 ± 1.3711

ah+
0 0.4753 ± 0.0423 ah+

1 −0.8840 ± 0.3997 ah+
2 −0.8190 ± 1.6760

ah⊥
0 0.3745 ± 0.0313 ah⊥

1 −0.9439 ± 0.2766 ah⊥
2 1.1606 ± 1.0757

ah̃+
0 0.3256 ± 0.0248 ah̃+

1 −0.9603 ± 0.2303 ah̃+
2 2.9780 ± 1.0041

ah̃⊥
0 0.3256 ± 0.0248 ah̃⊥

1 −0.9634 ± 0.2268 ah̃⊥
2 2.4782 ± 0.9549

Table 2. Pole masses for different form factors [89].

f J P mf
pole

f0 0+ 5.711
f+, f⊥, h+, h⊥ 1− 5.416
g0 0− 5.367
g+, g⊥, h̃+, h̃⊥ 1+ 5.750

4. Angular distribution and physical observables

The four-folded angular distribution of the four-body �b → �(→ pπ)μ+μ− decay, with an unpo-
larized �b, can be written in terms of Kl,m, where l and m denote the relative angular momentum
and its third component for pπ and μ+μ− systems, respectively, as [48]

d4�

ds d cos θ� d cos θ� dφ
= 3

8π

[
K1s′s′ sin2 θ� + K1cc cos2 θ� + K1c cos θ�

+ (K2s′s′ sin2 θ� + K2cc cos2 θ� + K2c cos θ�) cos θ�

+ (K3s′c sin θ� cos θ� + K3s′ sin θ�) sin θ� sin φ

+ (K4s′c sin θ� cos θ� + K4s′ sin θ�) sin θ� cosφ
]

. (15)

In Eq. (15), θ� and θ� are the helicity angles, φ 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 (l, m): e.g., the coefficients of cos2 θl ,
sin2 θl , and cos θ� correspond to K0,0, whereas the coefficients of cos2 θ� cos θ�, sin2 θ� cos θ�, and
cos θ� cos θ� correspond to K1,0 and the last four terms correspond to K1,1. These angular parameters
Kij, where i = 1, . . . , 4 and j = s′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 θ�, θ�, φ, and s.
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Fig. 1. �b → �(→ pπ)μ+μ− decay topology, where θ�, θ = θ� are the helicity angles and φ 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 θ� ∈ [0,π ], θ� ∈ [0,π ], and φ ∈ [0, 2π ],
the expression for the differential decay rate becomes

d�

ds
= K1cc + 2K1s′s′ . (16)

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 θ� ∈ [0,π ] and φ ∈ [0, 2π ], the expression for the differential decay rate
takes the form

d�

dsd cos θ�
= (K1cc + 2K1s′s′)[1 + αθ� cos θ�], (17)

where αθ� is the asymmetry parameter for the longitudinal polarization of the � baryon. It can be
noticed that if we integrate Eq. (17) on θ� ∈ [0,π ], we get back Eq. (16). In terms of the helicity
parameters Kij, the asymmetry parameter αθ� can be expressed as follows:

αθ� = K̃2cc + 2K̃2s′s′

K1cc + 2K1s′s′
, (18)

with K̃ij = Kij
α�

. Here,α� is the asymmetry parameter corresponding to the parity-violating� → pπ−
decay, and its experimental value is α� = 0.642 ± 0.013 [151].

Similarly, by performing an integration on θ� ∈ [0,π ] and φ ∈ [0, 2π ] and leaving the angle θ�,
we will have asymmetries corresponding to the angle θ�. In terms of αθ� and α′

θ�
, the differential

decay rate can be formulated as

d�

dsd cos θ�
= K1s′s′ [1 + αθ� cos2 θ� + α′

θ�
cos θ�], (19)

with

αθ� = K1cc − K1s′s′

K1s′s′
, α′

θ�
= K1c

K1s′s′
. (20)
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On the same lines, if we perform integration on the helicity angles θ� ∈ [0,π ] and θ� ∈ [0,π ],
Eq. (15) can be written in terms of asymmetries corresponding to the angle φ as

d�

dsdφ
= (K1cc + 2K1s′s′)[1 + αφ cosφ + α′

φ sin φ], (21)

where

αφ = 3π2K̃4s′

16(K1cc + 2K1s′s′)
, α′

φ = 3π2K̃3s′

16(K1cc + 2K1s′s′)
. (22)

From Eq. (15), the s dependence of the transverse (αU ) and longitudinal (αL) asymmetry parameters
is written in the following form [147]:

αU = K̃2cc

K1cc
, αL = K̃2s′s′

K1s′s′
. (23)

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 �b

decays [48–50,75,76]. The forward–backward asymmetries corresponding to the lepton angle θ� is
defined as A�FB = (F−B)/(F+B). Similarly, the hadron-side forward–backward asymmetry, i.e., the
asymmetry corresponding to the hadronic angle θ�, is A�FB = (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

A�FB = 3K1c

4K1s′s′ + 2K1cc
, A�FB = 2K2s′s′ + K2cc

4K1s′s′ + 2K1cc
. (24)

We take this opportunity to mention that in the case of the �b → �(→ pπ)μ+μ− decay, the
sequential decay � → pπ is parity violating. Therefore, the helicity components with the polar-
izations of the proton being ±1

2 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∗(→ Kπ)μ+μ− decay. In addition to this, the combined lepton–hadron forward–backward
asymmetry can be expressed as

A��FB = 3K2c

8K1s′s′ + 4K1cc
. (25)

According to the experimental point of view, the other interesting observables are the fractions of
longitudinal (FL) and transverse (FT ) polarized dimuons in �b → �μ+μ− 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 θ� ∈ [0,π ] and φ ∈ [0, 2π ]. Their explicit expressions in terms of
Kij are

FT = 2K1cc

2K1s′s′ + K1cc
, FL = 1 − FT = 2K1s′s′ − K1cc

2K1s′s′ + K1cc
. (26)
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Table 3. Foldings required for Pi for which θ� ∈ [0, π2 ], θl ∈ [0, π2 ], and φ vary in different ranges
corresponding to different observables [15].

Sr. no. Folding φ range

1 d� (φ, θl , θ�)+ d� (φ − π , θl , θ�) [0,π ]

2 d� (φ, θl , θ�)+ d� (φ, θl ,π − θ�)+ d� (−φ,π − θl , θ�)+ d� (−φ,π − θl ,π − θ�) [0,π ]

3 d� (φ, θl , θK )+ d� (φ, θl ,π − θ�)+ d� (−φ, θl , θ�)+ d� (−φ, θl ,π − θ�) [0,π ]

4 d� (φ, θl , θ�)+ d� (φ, θl ,π − θ�)+ d� (φ,π − θl , θ�)+ d� (φ,π − θl ,π − θ�) [0,π ]

5 d� (φ, θl , θ�)+ d� (−φ, θl , θ�)+ d� (φ,π − θl ,π − θ�)+ d� (−φ,π − θl ,π − θ�) [0,π ]

6 d� (φ, θl , θ�)+ d� (−φ, θl , θ�)+ d� (φ,π − θl , θ�)+ d� (−φ,π − θl , θ�) [0,π ]

7 d� (φ, θl , θ�)+ d� (π − φ, θl , θ�)+ d� (φ,π − θl , θ�)+ d� (π − φ,π − θl , θ�) [−π/2,π/2]

8 d� (φ, θl , θ�)+ d� (π − φ, θl , θ�)+ d� (φ,π − θl ,π − θ�)+ d� (π − φ,π − θl ,π − θ�) [−π/2,π/2]

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 P(′)5 is the most important
[15]. On the same lines, by using the foldings defined in Table 3, corresponding to different variations
of azimuthal angle φ, while taking θ� ∈ [0, π2 ] and θ� ∈ [0, π2 ], these foldings can be expressed in
terms of different angular coefficients as:

d�1

�̂
= 3

8π

[
2

K1cc

�̂
+ P1 sin2 θ� + 1

2
P9 cos θ� + P2 sin2 θl cos θ� + 1

2
P8 cos θ� + P3 cos θ� cos θ�

]
,

d�2

�̂
= 3

8π

[
4

K1cc

�̂
+ 2P1 sin2 θ� + P6 sin θ� sin θ� cosφ + 2P4 sin θ� cos θ� sin θ� sin φ

]
,

d�3

�̂
= 3

8π

[
4

K1cc

�̂
+ 2P1 sin2 θ� + P6 sin θ� sin θ� cosφ + 2P5 sin θ� cos θ� sin θ� cosφ + P8 cos θ�

]
,

d�4

�̂
= 3

8π

[
4

K1cc

�̂
+ 2P1 sin2 θ� + P6 sin θ� sin θ� cosφ + P7 sin θ� sin θ� sin φ

]
,

d�5

�̂
= 3

8π

[
4

K1cc

�̂
+ 2P1 sin2 θ� + P6 sin θ� sin θ� cosφ + 2P3 cos θ� cos θ�

]
,

d�6

�̂
= 3

8π

[
4

K1cc

�̂
+ 2P1 sin2 θ� + P9 cos θ� + 2P2 sin2 θ� cos θ� + P6 sin θ� sin θ� cosφ

]
. (27)

The following things can be noticed from Eq. (27):

◦ The coefficients of sin2 θ� and sin2 θ� cos θ� correspond to the angular coefficients named as
P1 and P2, respectively.

◦ The coefficient of cos θ� cos θ� corresponds to the angular coefficient P3, and that of
sin θ� cos θ� sin θ� sin φ is P4.

◦ P5 is the coefficient of sin θ� cos θ� sin θ� cosφ, whereas P6 is the coefficient of
sin θ� sin θ� cosφ.

◦ P7, P8, and P9 are the coefficients of sin θ� sin θ� sin φ, cos θ�, and cos θ�, respectively.
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In terms of the different helicity components, the angular coefficients Pi, i = 1, . . . , 9 are

P1 = 2

�̂
(K1ss − K1cc), P2 = 2

�̂
(K2ss − K2cc), P3 = 2K2c

�̂
,

P4 = 2K3sc

�̂
, P5 = 2K4sc

�̂
, P6 = 4K4s

�̂

P7 = 4K3s

�̂
, P8 = 4K1c

�̂
, P9 = 4K2cc

�̃
, (28)

where �̂ = d�
ds . It is worth mentioning that while obtaining the different Pi 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 = q2. The normalized branching ratio, various asymmetry observables, and different angular
coefficients can be calculated as

〈X 〉 =

smax∫
smin

X ds

smax∫
smin

(d�
ds )ds

. (29)

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 �b → �(→ pπ)μ+μ− decay. In �b → �

decays, the final state � → pπ− is a parity-violating decay and the corresponding asymmetry
parameter (α�) has been measured experimentally [151]. This is really helpful in disentangling the
direct�b → pπ−μ+μ− from the one that occurs through the intermediate� decay that subsequently
decays to pπ−. This is contrary to B → K∗(→ Kπ)μ+μ− decay, where the final-state K∗ meson
decays to Kπ via the strong interaction. Therefore, the angular analysis of�b → �(→ pπ−)μ+μ−
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
�b 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 S1 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] GeV2 (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 μb = 4.2 GeV to NNLL accuracy in the SM [155].

GF 1.16638 × 10−5 αs(mZ) 0.1182 mpole
b 4.78

μ 4.2 mZ 91.1876 αe
1

128
mπ 0.135 mK 0.494 m�b 5.619
mB 5.279 VtbV ∗

ts 0.04152 m� 1.116
τ�b 1.466ps α� 0.64 C1 −0.294
C2 1.017 C3 −0.0059 C4 −0.087
C5 0.0004 C6 0.001 C7 −0.324
C8 −0.176 C9 4.114 C10 −4.193

Table 5. Numerical values of the parameters corresponding to the different scenarios of the Z ′ model
[139,140].

|Bsb| × 10−3 φsb (degrees) SLL × 10−2 DLL × 10−2

S1 1.09 ± 0.22 −72 ± 7 −2.8 ± 3.9 −6.7 ± 2.6
S2 2.20 ± 0.15 −82 ± 4 −1.2 ± 1.4 −2.5 ± 0.9
S3 4.0 ± 1.5 150 ± 10 0.8 −2.6

Table 6. Average values of different observables for �b → �(→ pπ)μ+μ− in low- and large-recoil regions.〈
αθ�

〉 〈
α′
θl

〉 〈
αθl

〉 〈
αφ
〉 〈

α′
φ

〉 〈αU 〉

[1, 6] SM

Z ′
−0.984+0.007

−0.001

−0.390+0.027
−0.006

0.047+0.039
−0.016

0.027+0.001
−0.002

−0.854+0.024
−0.002

−0.857+0.014
−0.001

0.040+0.070
−0.016

0.130+0.015
−0.060

0.000+0.000
−0.001

−0.002+0.001
−0.000

−0.916+0.010
−0.004

−0.445+0.168
−0.040

[15, 20.25] SM

Z ′
−0.851+0.010

−0.007

−0.427+0.001
−0.001

−0.280+0.012
−0.010

−0.225+0.006
−0.004

−0.665+0.010
−0.014

−0.485+0.008
−0.011

0.047+0.003
−0.004

0.448+0.004
−0.006

−0.056+0.001
−0.002

−0.049+0.002
−0.002

−0.844+0.003
−0.002

−0.307+0.002
−0.002

〈αL〉 〈dB/ds〉 × 10−7 〈FT 〉 〈FL〉
〈
A��FB

〉 〈P1〉

[1, 6] SM

Z ′
−0.989+0.006

−0.000

−0.386+0.016
−0.003

0.466+0.760
−0.394

0.709+0.115
−0.601

0.136+0.021
−0.002

0.134+0.012
−0.000

0.864+0.002
−0.021

0.866+0.000
−0.012

−0.011+0.003
−0.006

−0.009+0.002
−0.003

0.796+0.002
−0.031

0.799+0.001
−0.018

[15, 20.25] SM

Z ′
−0.852+0.011

−0.008

−0.458+0.001
−0.001

0.7310.198
0.187

1.1790.271
0.233

0.287+0.008
−0.010

0.410+0.005
−0.007

0.713+0.010
−0.008

0.590+0.007
−0.005

0.069+0.002
−0.002

0.087+0.001
−0.002

0.569+0.017
−0.009

0.386+0.010
−0.008

〈P2〉 〈P3〉 〈P5〉 〈P6〉 〈P8〉 〈P9〉

[1, 6] SM

Z ′
0.512+0.001

−0.022

0.193+0.001
−0.002

−0.030+0.009
−0.015

−0.025+0.004
−0.009

0.030+0.048
−0.013

0.034+0.013
−0.004

0.056+0.097
−0.023

0.180+0.021
−0.083

0.088+0.070
−0.032

0.051+0.003
−0.003

−0.160+0.001
−0.023

−0.076+0.024
−0.007

[15, 20.25] SM

Z ′
0.316+0.003

−0.002

0.153+0.004
−0.003

0.184+0.004
−0.007

0.232+0.003
−0.004

0.163+0.001
−0.000

0.091+0.002
−0.001

0.066+0.002
−0.007

0.621+0.005
−0.008

−0.480+0.020
−0.012

−0.359+0.007
−0.006

−0.308+0.013
−0.008

−0.161+0.004
−0.003

model read

〈Br〉SM = (0.466+0.760
−0.394)× 10−7,

〈Br〉Z ′ = (0.709+0.115
−0.601)× 10−7, (30)

whereas the measured value at the LHCb experiment in this particular bin is [153]

〈Br〉exp = (0.09+0.06
−0.05)× 10−7. (31)
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Table 7. Numerical results for observables for the decay �b → �(→ pπ)μ+μ− for the SM and Z ′ in
appropriate bins. 〈

αθ�
〉 〈

α′
θl

〉 〈
αθl

〉 〈
αφ
〉 〈

α′
φ

〉 〈αU 〉

[0.1, 2] SM

Z ′
−0.970+0.012

−0.014

−0.209+0.028
−0.005

0.140+0.001
−0.049

0.073+0.005
−0.042

−0.463+0.315
−0.049

−0.265+0.191
−0.033

−0.058+0.129
−0.026

−0.208+0.003
−0.001

0.002+0.000
−0.001

0.000+0.000
−0.000

−0.933+0.034
−0.051

−0.063+0.001
−0.001

[1, 2] SM

Z ′
−0.983+0.005

−0.002

−0.318+0.054
−0.010

0.141+0.008
−0.013

0.086+0.003
−0.040

−0.788+0.223
−0.028

−0.710+0.193
−0.030

−0.032+0.110
−0.020

−0.137+0.020
−0.074

0.001+0.000
−0.001

0.000+0.000
−0.001

−0.932+0.036
−0.051

−0.140+0.061
−0.024

[2, 4] SM

Z ′
−0.987+0.006

−0.001

−0.397+0.040
−0.008

0.076+0.048
−0.020

0.046+0.001
−0.004

−0.887+0.046
−0.001

−0.899+0.048
−0.003

0.030+0.064
−0.013

0.100+0.029
−0.120

0.000+0.000
−0.001

−0.001+0.000
−0.001

−0.923+0.007
−0.005

−0.561+0.333
−0.088

[4, 6] SM

Z ′
−0.984+0.012

−0.002

−0.423+0.023
−0.006

−0.030+0.079
−0.028

−0.018+0.028
−0.011

−0.858+0.016
−0.035

−0.892+0.014
−0.034

0.086+0.046
−0.013

0.308+0.022
−0.083

−0.001+0.000
−0.001

−0.002+0.000
−0.001

−0.908+0.110
−0.020

−0.754+0.060
−0.008

[6, 8] SM

Z ′
−0.977+0.014

−0.004

−0.420+0.016
−0.005

−0.128+0.075
−0.028

−0.078+0.034
−0.014

−0.789+0.020
−0.049

−0.809+0.020
−0.050

0.200+0.041
−0.014

0.418+0.012
−0.038

−0.002+0.000
−0.001

−0.002+0.000
−0.000

−0.897+0.100
−0.023

−0.556+0.010
−0.000

[14, 16] SM

Z ′
−0.922+0.002

−0.001

−0.409+0.004
−0.003

−0.338+0.014
−0.009

−0.231+0.010
−0.006

−0.596+0.008
−0.012

−0.482+0.008
−0.012

0.114+0.007
−0.005

0.484+0.000
−0.001

−0.038+0.000
−0.000

−0.030+0.000
−0.001

−0.851+0.009
−0.006

−0.321+0.006
−0.004

[16, 18] SM

Z ′
−0.889+0.002

−0.001

−0.420+0.001
−0.001

−0.312+0.007
−0.005

−0.235+0.004
−0.003

−0.627+0.006
−0.008

−0.461+0.006
−0.008

0.067+0.001
−0.001

0.462+0.001
−0.002

−0.052+0.000
−0.000

−0.044+0.000
−0.000

−0.843+0.002
−0.002

−0.304+0.002
−0.002

[18, 20.25] SM

Z ′
−0.747+0.010

−0.008

−0.459+0.002
−0.002

−0.195+0.005
−0.004

−0.198+0.002
−0.001

−0.767+0.006
−0.007

−0.544+0.006
−0.007

−0.023+0.002
−0.003

0.382+0.005
−0.006

−0.072+0.002
−0.002

−0.078+0.003
−0.003

−0.840+0.000
−0.000

−0.302+0.001
−0.001

〈αL〉 〈dB/ds〉 × 10−7 〈FT 〉 〈FL〉
〈
A��FB

〉 〈P1〉

[0.1, 2] SM

Z ′
−0.980+0.008

−0.004

−0.262+0.027
−0.004

0.251+0.451
−0.222

0.479+0.880
−0.430

0.424+0.174
−0.031

0.537+0.095
−0.018

0.576+0.031
−0.174

0.463+0.018
−0.095

−0.028+0.013
−0.001

−0.021+0.008
−0.001

0.364+0.047
−0.260

0.194+0.027
−0.143

[1, 2] SM

Z ′
−0.986+0.001

−0.003

−0.344+0.036
−0.005

0.095+0.172
−0.084

0.158+0.283
−0.140

0.192+0.166
−0.023

0.253+0.136
−0.023

0.808+0.023
−0.166

0.747+0.023
−0.136

−0.034+0.009
−0.001

−0.030+0.007
−0.000

0.711+0.035
−0.248

0.620+0.035
−0.203

[2, 4] SM

Z ′
−0.991+0.006

−0.000

−0.389+0.022
−0.004

0.178+0.302
−0.153

0.268+4.490
−0.231

0.107+0.040
−0.001

0.096+0.042
−0.003

0.893+0.001
−0.040

0.904+0.003
−0.042

−0.019+0.004
−0.008

−0.017+0.002
−0.006

0.839+0.001
−0.061

0.856+0.005
−0.064

[4, 6] SM

Z ′
−0.989+0.008

−0.001

−0.404+0.015
−0.004

0.193+0.286
−0.157

0.283+0.041
−0.229

0.133+0.014
−0.031

0.102+0.013
−0.031

0.867+0.031
−0.014

0.897+0.031
−0.013

0.007+0.005
−0.015

0.009+0.004
−0.012

0.801+0.047
−0.021

0.846+0.046
−0.019

[6, 8] SM

Z ′
−0.986+0.009

−0.002

−0.407+0.013
−0.004

0.220+0.275
−0.164

0.325+0.040
−0.240

0.191+0.016
−0.041

0.175+0.016
−0.042

0.809+0.041
−0.016

0.825+0.042
−0.016

0.031+0.005
−0.013

0.034+0.003
−0.010

0.714+0.061
−0.025

0.738+0.063
−0.024

[14, 16] SM

Z ′
−0.936+0.001

−0.001

−0.432+0.004
−0.002

0.353+0.153
−0.127

0.720+0.217
−0.178

0.336+0.005
−0.008

0.411+0.005
−0.008

0.664+0.008
−0.005

0.589+0.008
−0.005

0.080+0.001
−0.002

0.088+0.001
−0.002

0.496+0.013
−0.006

0.383+0.012
−0.008

[16, 18] SM

Z ′
−0.896+0.002

−0.001

−0.451+0.001
−0.001

0.328+0.095
−0.086

0.562+0.129
−0.112

0.315+0.004
−0.005

0.424+0.004
−0.005

0.685+0.005
−0.004

0.576+0.005
−0.004

0.076+0.001
−0.001

0.090+0.001
−0.001

0.528+0.011
−0.003

0.363+0.008
−0.006

[18, 20.25] SM

Z ′
−0.735+0.011

−0.009

−0.494+0.002
−0.002

0.226+0.033
−0.042

0.270+0.043
−0.040

0.209+0.004
−0.005

0.371+0.004
−0.004

0.791+0.005
−0.004

0.629+0.004
−0.004

0.051+0.001
−0.001

0.079+0.001
−0.001

0.686+0.012
−0.002

0.443+0.007
−0.005

By looking at Eqs. (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] GeV2 (low-recoil). In this bin the average
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Table 8. Average values of observables Pi, i = 2, . . . , 9 (for real observables) for �b → �(→ pπ)μ+μ− in
appropriate bins.

〈P2〉 〈P3〉 〈P5〉 〈P6〉 〈P8〉 〈P9〉

[0.1, 2]SM

Z ′
0.240+0.034

−0.176

0.102+0.004
−0.024

−0.076+0.036
−0.002

−0.056+0.021
−0.002

−0.011+0.054
−0.014

0.019+0.005
−0.002

−0.079+0.178
−0.038

−0.288+0.005
−0.001

0.221+0.003
−0.093

0.107+0.008
−0.065

−0.511+0.056
−0.247

−0.043+0.001
−0.009

[1, 2]SM

Z ′
0.458+0.024

−0.166

0.1700.004
0.030

−0.090+0.024
−0.002

−0.079+0.020
−0.001

0.001+0.057
−0.014

0.027+0.008
−0.003

−0.044+0.151
−0.029

−0.191+0.028
−0.102

0.257+0.012
−0.048

0.150+0.007
−0.076

−0.231+0.036
−0.222

−0.046+0.006
−0.003

[2, 4]SM

Z ′
0.539+0.001

−0.041

0.202+0.001
−0.003

−0.050+0.011
−0.020

−0.045+0.007
−0.015

0.025+0.050
−0.012

0.033+0.013
−0.004

0.042+0.088
−0.019

0.138+0.040
−0.167

0.145+0.084
−0.039

0.089+0.003
−0.006

−0.126+0.000
−0.050

−0.069+0.028
−0.008

[4, 6]SM

Z ′
0.516+0.030

−0.013

0.196+0.013
−0.005

0.020+0.015
−0.041

0.024+0.010
−0.031

0.049+0.038
−0.010

0.037+0.013
−0.004

0.119+0.064
−0.018

0.427+0.030
−0.115

−0.055+0.149
−0.051

−0.034+0.053
−0.021

−0.155+0.051
−0.020

−0.100+0.036
−0.011

[6, 8]SM

Z ′
0.463+0.041

−0.016

0.176+0.014
−0.005

0.082+0.014
−0.035

0.089+0.009
−0.025

0.067+0.027
−0.009

0.040+0.010
−0.003

0.166+0.057
−0.020

0.579+0.016
−0.053

−0.231+0.133
−0.049

−0.143+0.060
−0.024

−0.220+0.066
−0.025

−0.125+0.032
−0.011

[14, 16]SM

Z ′
0.318+0.009

−0.005

0.136+0.002
−0.002

0.214+0.003
−0.006

0.234+0.003
−0.004

0.135+0.002
−0.001

0.066+0.001
−0.000

0.158+0.008
−0.008

0.672+0.000
−0.001

−0.564+0.022
−0.012

−0.368+0.013
−0.009

−0.365+0.014
−0.007

−0.169+0.007
−0.004

[16, 18]SM

Z ′
0.317+0.005

−0.002

0.146+0.002
−0.001

0.202+0.002
−0.003

0.240+0.002
−0.003

0.163+0.000
−0.000

0.085+0.000
−0.000

0.090+0.002
−0.001

0.641+0.002
−0.003

−0.527+0.013
−0.005

−0.371+0.006
−0.004

−0.338+0.008
−0.003

−0.165+0.003
−0.002

[18, 20.25]SM

Z ′
0.313+0.001

−0.002

0.187+0.002
−0.002

0.135+0.000
−0.005

0.210+0.002
−0.003

0.180+0.002
−0.003

0.127+0.000
−0.000

−0.032+0.001
−0.007

0.531+0.007
−0.008

−0.350+0.013
−0.002

−0.323+0.002
−0.002

−0.222+0.009
−0.002

−0.143+0.001
−0.001

value of the branching ratio in the SM and Z ′ model become

〈Br〉SM = (0.731+0.198
−0.187)× 10−7,

〈Br〉Z ′ = (1.179+0.271
−0.233)× 10−7. (32)

The experimentally measured value in this bin is [153]

〈Br〉exp = (1.20 ± 0.25)× 10−7. (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 σ and 0.1 σ 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 � baryon
forward–backward asymmetry (A�FB) and lepton forward–backward asymmetry (A�FB) that are mea-
sured with respect to the baryon angle θ� and lepton angle θl , respectively. The asymmetry A�FB can
be expressed in terms of the ratio of a linear combination of the angular coefficients K2ss and K2cc

to a linear combination of the angular coefficients K1ss and K1cc, as given in Eq. (24). Due to the
change in the value of Wilson coefficient C9 in the Z ′ model, K2ss and K2cc get more contribution
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as compared to K1ss and K1cc. Hence, this will result in significantly different values of (A�FB) in the
SM and Z ′ model. In the first large-recoil bin s ∈ [0.1, 2] GeV2, our results for (A�FB) in the SM and
Z ′ model are

〈A�FB〉SM = −0.311+0.002
−0.001, 〈A�FB〉Z ′ = −0.067+0.009

−0.002,

whereas the experimental result in this bin is [153]

〈A�FB〉exp = −0.12+0.31
−0.28.

It can be noticed that in comparison with the central values of the experimental measurements in
s ∈ [0.1, 2] GeV2, 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] GeV2) the calculated values of (A�FB) are

〈A�FB〉SM = −0.273+0.003
−0.002, 〈A�FB〉Z ′ = −0.137+0.001

−0.001,

and the experimental value in this particular bin is [153]

〈A�FB〉exp = −0.29+0.07
−0.07.

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 σ . The Z ′ value of (A�FB) exceeds the experimental result by 2.2 σ .
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 (A�FB), which is an asymmetry with respect
to the lepton scattering angle (θl); its mathematical expression is given in Eq. (24). Here, it can be
noticed that (A�FB) depends on the angular coefficient K1c and its denominator is same as that of
A�FB. The angular coefficient K1c is higher for the SM than the Z ′ model for s < 4 GeV2, whereas
its behavior reverses when s > 4 GeV2. For s < 4 GeV2 K1c is dominated by CZ ′

9 , whereas for
s > 4 GeV2 the terms containing CZ ′

7 dominate over the one that contains CZ ′
9 . Therefore, A�FB

increases with s at the start of the large-recoil and then it starts decreasing and crosses the zero point
at around 4 GeV2. Our results for 〈A�FB〉 in the SM and Z ′ model calculated in the experimentally
set-up bin [0.1, 2] GeV2 are

〈A�FB〉SM = 0.083+0.001
−0.035, 〈A�FB〉Z ′ = 0.040+0.003

−0.024.

The experimental value of (A�FB) in the corresponding bin is [153]

〈A�FB〉exp = 0.37+0.37
−0.48. (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] GeV2) the results for this asymmetry are

〈A�FB〉SM = −0.180+0.007
−0.005, 〈A�FB〉Z ′ = −0.135+0.003

−0.002,
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and for comparison the corresponding experimental value in this bin is

〈A�FB〉exp = −0.05+0.09
−0.09.

It can be deduced that in this particular bin the average value of A�FB 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 A��FB, which mainly depends on the angular coefficient K2c [cf. Eq. (25)]. Compared to
the SM, the value of K2c is higher in the Z ′ model. At large-recoil our results in the SM and Z ′ model
are

〈A��FB〉SM = −0.011+0.003
−0.006, 〈A��FB〉Z ′ = −0.009+0.002

−0.003,

whereas at low-recoil, the combined hadron–lepton forward–backward asymmetry is

〈A��FB〉SM = 0.069+0.002
−0.002, 〈A��FB〉Z ′ = 0.087+0.001

−0.002.

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 (FL) of the
dilepton system. Due to linear combinations of the same angular coefficients (K1ss and K1cc) in both
numerator and denominator of FL, 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

〈FL〉SM = 0.576+0.031
−0.174, 〈FL〉Z ′ = 0.463+0.018

−0.095,

and the corresponding experimental result is

〈FL〉exp = 0.56+0.23
−0.56.

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

〈FL〉SM = 0.713+0.010
−0.008, 〈FL〉Z ′ = 0.590+0.007

−0.005,

and the corresponding experimental result for this bin is

〈FL〉exp = 0.61+0.11
−0.14.

In contrast to the large-recoil, at low-recoil the results of FL 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�b → �(→ pπ)μ+μ− 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 FL, the fraction of transverse
polarization FT depends on K1cc and K1ss and its value at the large-recoil is

〈FT 〉SM = 0.136+0.021
−0.002, 〈FT 〉Z ′ = 0.134+0.012

−0.000,
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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,

〈FT 〉SM = 0.287+0.008
−0.010, 〈FT 〉Z ′ = 0.410+0.005

−0.007,

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�b → �J/ψ the different asymmetries have been experimen-
tally measured. Motivated by this fact, let us explore the asymmetries corresponding to the hadronic
angle θ� and θl one by one. The asymmetry arising due to the angle θ� is defined as αθ� 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] GeV2 the value reads

〈αθ�〉SM = −0.984+0.007
−0.001, 〈αθ�〉Z ′ = −0.390+0.027

−0.006.

Similarly, in the low-recoil bin s ∈ [15, 20] GeV2, our calculated results for this observable are

〈αθ�〉SM = −0.851+0.010
−0.007, 〈αθ�〉Z ′ = −0.427+0.001

−0.001.

Here we can see that αθ� differs in the Z ′ model from the SM results significantly in both low- and
large-recoil bins.

Likewise, the asymmetry α′
θ�

that corresponds to angle θ� given in Eq. (20) depends on the angular
coefficient K1c, and therefore its behavior is similar to A�FB. The results in the large-recoil bin
s ∈ [1, 6] GeV2 for the SM and Z ′ model are

〈α′
θ�

〉SM = 0.047+0.039
−0.016, 〈α′

θ�
〉Z ′ = 0.027+0.001

−0.002,

where the value of α′
θ�

in the SM is 1.7 times that of the Z ′ model. Similarly, in the low-recoil bin
(s ∈ [15, 20] GeV2) the results are

〈α′
θ�

〉SM = −0.280+0.012
−0.010, 〈α′

θ�
〉Z ′ = −0.225+0.006

−0.004.

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 αθ� , which depends upon the angular coefficients K1ss and K1cc. 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

〈αθ�〉SM = −0.854+0.024
−0.002, 〈αθ�〉Z ′ = −0.857+0.014

−0.001,

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

〈αθ�〉SM = −0.665+0.010
−0.014, 〈αθ�〉Z ′ = −0.485+0.008

−0.011.

In comparison with the low-s region, here the values ofα′
θ�

in the SM and Z ′ model differ significantly.
Therefore, to establish the possible new physics arising in the Z ′ model, analysis of αθ� in the high-s
region will serve as a useful probe.
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Looking at αφ discloses that it depends upon K4s. At very low-s, the C7 term dominates in the SM
which results in negative K4s, but for s > 2 GeV2 the Wilson coefficient C9 term dominates, giving
positive results. For the Z ′ model CZ ′

9 gets affected much more than CZ ′
7 for the entire range of s

and hence αφ is expected to change significantly with s in the Z ′ model from the corresponding SM
result. The values of αφ in the bin s ∈ [1, 6] GeV2 for the SM and Z ′ model are

〈αφ〉SM = 0.040+0.070
−0.016, 〈αφ〉Z ′ = 0.130+0.015

−0.060,

and for the low-recoil region s ∈ [15, 20] GeV2, the values of the observable are

〈αφ〉SM = 0.047+0.003
−0.004, 〈αφ〉Z ′ = −0.448+0.004

−0.006.

Hence, it can be revealed that in the SM the value of αφ 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 αφ will act as a useful observable.

The longitudinal (transverse) asymmetry parameterαL (αU ) is the ratio of the helicity combinations
K2ss (K2cc) to K1ss as depicted in Eq. (23). Their values in the large-recoil region are

〈αL(αU )〉SM = −0.989+0.006
−0.000(−0.916+0.010

−0.004), 〈αL(αU )〉Z ′ = −0.386+0.016
−0.003(−0.445+0.168

−0.040),

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 K1ss less r than K2ss

(K2cc). Now, in the low-recoil region

〈αL(αU )〉SM = −0.852+0.011
−0.008(−0.844+0.003

−0.002), 〈αL(αU )〉Z ′ = −0.458+0.001
−0.001(−0.307+0.002

−0.002).

It can be deduced that the value of αL (αU ) 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
�b → �μ+μ− decays.

It is a well-established fact that certain asymmetries, such as P(′)
5 , that correspond to different fold-

ings in B → K∗μ+μ− 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 P1, which behaves very similarly to FT . The average values of P1 at
large-recoil in the SM and Z ′ model are

〈P1〉SM = 0.796+0.002
−0.031, 〈P1〉Z ′ = 0.799+0.001

−0.018,

and at low-recoil, the values are

〈P1〉SM = 0.569+0.017
−0.009, 〈P1〉Z ′ = 0.386+0.010

−0.008.

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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P2 is the ratio of a linear combination of K2ss and K2cc 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

〈P2〉SM = 0.512+0.001
−0.022, 〈P2〉Z ′ = 0.193+0.001

−0.002.

The situation persists similarly at low-recoil:

〈P2〉SM = 0.316+0.003
−0.002, 〈P2〉Z ′ = 0.153+0.004

−0.003.

The behavior of P3 is similar to A�FB. The average values of P3 at large-recoil are

〈P3〉SM = −0.030+0.009
−0.015, 〈P3〉Z ′ = −0.025+0.004

−0.009,

whereas the results at low-recoil become

〈P3〉SM = 0.184+0.004
−0.007, 〈P3〉Z ′ = 0.232+0.003

−0.004.

It can be observed that just like P1, for the asymmetry defined by P3 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−1 of data, the LHCb Collaboration has measured Ah

FB, which is of the same order as
P3. Therefore, it is expected that in future P3 will be measured.

Average values of P5 at large-recoil are

〈P5〉SM = 0.030+0.048
−0.013, 〈P5〉Z ′ = 0.034+0.013

−0.004,

and the results at low-recoil are

〈P5〉SM = 0.163+0.001
−0.000, 〈P5〉Z ′ = 0.091+0.002

−0.001.

This case is similar to P1 and P3 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 P6, which depends on the angular coefficient K4s and hence behaves as αφ . The
values of the observable in the SM and Z ′ at large-recoil become

〈P6〉SM = 0.056+0.097
−0.023, 〈P6〉Z ′ = 0.180+0.021

−0.083,

and the results at low-recoil are

〈P6〉SM = 0.066+0.002
−0.007, 〈P6〉Z ′ = 0.621+0.005

−0.008.

From the above results, it can be easily deduced that the value of P6 in the Z ′ model differs signifi-
cantly from the SM results both at large- and low-recoil, which is also the case for αφ . 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
LHCb experiment.

The next observable to be discussed is P8, which mainly depends on the angular coefficient K1c

and therefore its behavior is exactly the same as Al
FB. Its results in the large-recoil bin are

〈P8〉SM = 0.088+0.070
−0.032, 〈P8〉Z ′ = 0.051+0.003

−0.003,
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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:

〈P8〉SM = −0.480+0.020
−0.012, 〈P8〉Z ′ = −0.359+0.007

−0.006.

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 K2cc. Its values at
large-recoil are

〈P9〉SM = −0.160+0.001
−0.023, 〈P9〉Z ′ = −0.076+0.024

−0.007,

and at low-recoil the results become

〈P9〉SM = −0.308+0.013
−0.008, 〈P9〉Z ′ = −0.161+0.003

−0.004.

We can see that the value of the SM is almost twice that of the Z ′ model in both regions.
In the case of�b → �(→ pπ)μ+μ− 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 α and P1 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 LHCb, 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 �b → �(→ pπ)μ+μ− in the SM and Z ′ model. At the quark level, this decay is
mediated by the quark-level transition b → sμ+μ−, which is same for the well-studied meson decay
B → K∗μ+μ−. For�b → � transitions, we have used the high-precision form factors calculated in
the lattice QCD using 2 + 1 dynamical flavors along with the factorizable non-local matrix elements
of the four-quark operators O1–6 and Og

8 encoded into effective Wilson coefficients Ceff
7 (s) and

Ceff
9 (s). By using them we have numerically calculated the differential branching ratio dB

ds , the
lepton, hadron, and combined hadron–lepton forward–backward asymmetries (A�FB, A�FB, A��FB), the
various asymmetry parameters (α), the fractions of longitudinal (FL) and transverse (FT ) polarized
dimuons, and different angular asymmetry observables denoted by P in different bins of s.

◦ In the low-recoil bin s ∈ [15, 20] GeV2 the form factors from the lattice are known most
precisely, and the results of dB

ds 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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Fig. 4. The folded distributions P2,...,9, except P4, plotted as functions of s. The color coding is the same as in
Fig. 2.

◦ In the large-recoil region the results of hadron-side forward–backward asymmetry (A�FB) 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 (A�FB) in both
low- and large-recoil regions have significant errors. However, in the bin s ∈ [15, 20] GeV2 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
(A��FB) 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 FL 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] GeV2 the central value of the SM is compatible with the central
value of the experimental measurements. However, in the bin s ∈ [15, 20] GeV2, where uncer-
tainties in the form factors are better controlled, the experimental observations favor the results
of the Z ′ model.

◦ In line with these asymmetries, we have also calculated the transverse polarization fraction of the
dimuon system FT , the asymmetry parameters α and different angular asymmetry observables
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Pi for i = 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�b → �(→ pπ)μ+μ− decay, in fine bins of s, at the LHCb and Belle II will
help us to test the SM predictions in �b 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 �b baryon, the momentum of the daughter baryon � is defined as

p2 = (m�b − q0, 0, 0, |q|),

where m�b is the mass of the �b baryon. The lepton polarization vectors in the dilepton rest frame
are given as

ε
μ
+ = 1√

2
(0, 1, −i, 0), ε

μ
− = 1√

2
(0, −1, −i, 0),

ε
μ
t = (1, 0, 0, 0), ε

μ
0 = (0, 0, 0, 1),

and the corresponding lepton momentum vectors are [48]

qμ1 = (E�, −|q| sin θl, 0, −|q| cos θl),

qμ2 = (E�, |q| sin θl, 0, |q| cos θl),

with E� =
√

s
2 and |q| = E2

� − m2
�.

23/30

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2018/4/043B08/4987038 by guest on 01 M

arch 2021



PTEP 2018, 043B08 A. Nasrullah et al.

The helicity amplitudes for the decay �b → � transitions can be expressed in terms of the form
factors as [48]

H V
t(+1/2,+1/2) = H V

t(−1/2,−1/2) = f0 (s)
m�b − m�√

s

√
s+,

H V
0(+1/2,+1/2) = H V

0(−1/2,−1/2) = f+ (s)
m�b + m�√

s

√
s−,

H V+(−1/2,+1/2) = H V−(+1/2,−1/2) = −f⊥ (s)
√

2s−,

H A
t(+1/2,+1/2) = −H A

t(−1/2,−1/2) = g0 (s)
m�b + m�√

s

√
s−,

H A
0(+1/2,+1/2) = −H A

0(−1/2,−1/2) = g+ (s)
m�b − m�√

s

√
s+,

H A+(−1/2,+1/2) = −H A−(+1/2,−1/2) = −g⊥ (s)
√

2s+,

H T
0(+1/2,+1/2) = H T

0(−1/2,−1/2) = −h+ (s)
√

s
√

s−,

H T+(−1/2,+1/2) = H T−(+1/2,−1/2) = h⊥ (s)
(
m�b + m�

)√
2s−,

H T 5
0(+1/2,+1/2) = −H T5

0(−1/2,−1/2) = h̃+ (s)
√

s
√

s+,

H T5+(−1/2,+1/2) = −H T5−(+1/2,−1/2) = −̃h⊥ (s)
(
m�b − m�

)√
2s+,

where f0, 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± ≡ (m�b ± m�)2 − s.

The transversity amplitude can be written in terms of helicity amplitudes as [48]

AL(R)
⊥1

= +√
2N

((
C+

9 ∓ C+
10

)
H V+(−1/2,+1/2) − 2mbC+

7

s
H T+(−1/2,+1/2)

)
,

AL(R)
‖1

= −√
2N

((
C−

9 ∓ C−
10

)
H A+(−1/2,+1/2) + 2mbC−

7

s
H T5+(−1/2,+1/2)

)
, (A.1)

AL(R)
⊥0

= +√
2N

((
C+

9 ∓ C+
10

)
H V

0(+1/2,+1/2) − 2mbC+
7

s
H T

0(+1/2,+1/2)

)
,

AL(R)
‖0

= −√
2N

((
C−

9 ∓ C−
10

)
H A

0(+1/2,+1/2) + 2mbC−
7

s
H T5

0(+1/2,+1/2)

)
,

where N = GFVtbV ∗
tsαe

√
sλ1/2

(
m2
�b

, m2
�, s

)
3·211m3

�b
π5 and C+

9 = C9 + C ′
9, C−

9 = C9 − C ′
9, C+

10 = C10 + C ′
10,

C−
10 = C10 − C ′

10, C+
7 = C7 + C ′

7, and C−
7 = C7 − C ′

7. In the case of the SM and Z ′ model, all the
primed Wilson coefficients are zero.

The angular variable Klm, with l and m denoting the relative angular momentum and its third
component for pπ and μ+μ− systems, respectively, introduced in Eq. (15) can be written in terms

24/30

D
ow

nloaded from
 https://academ

ic.oup.com
/ptep/article/2018/4/043B08/4987038 by guest on 01 M

arch 2021



PTEP 2018, 043B08 A. Nasrullah et al.

of transversality amplitudes as [48]:

K1ss (s) = 1

4

[∣∣AR⊥1

∣∣2 +
∣∣∣AR‖1

∣∣∣2 + 2
∣∣AR⊥0

∣∣2 + 2
∣∣∣AR‖0

∣∣∣2 + (R ↔ L)

]
,

K1cc (s) = 1

2

[∣∣AR⊥1

∣∣2 +
∣∣∣AR‖1

∣∣∣2 + (R ↔ L)

]
,

K1c (s) = −Re
{

AR⊥1
A∗R‖1

− (R ↔ L)
}

,

K2ss (s) = α

2
Re
{

AR⊥1
A∗R‖1

+ 2AR⊥0
A∗R‖0

+ (R ↔ L)
}

,

K2cc (s) = +αRe
{

AR⊥1
A∗R‖1

+ (R ↔ L)
}

,

K2c (s) = −α
2

[∣∣AR⊥1

∣∣2 +
∣∣∣AR‖1

∣∣∣2 − (R ↔ L)

]
,

K2sc (s) = + α√
2

Im
{

AR⊥1
A∗R⊥0

− AR‖1
A∗R‖0

+ (R ↔ L)
}

,

K3s (s) = α√
2

Im
{

AR⊥1
A∗R‖0

− AR‖1
A∗R⊥0

− (R ↔ L)
}

,

K4sc (s) = + α√
2

Re
{

AR⊥1
A∗R‖0

− AR‖1
A∗R⊥0

+ (R ↔ L)
}

,

K4s (s) = α√
2

Re
{

AR⊥1
A∗R⊥0

− AR‖1
A∗R‖0

− (R ↔ L)
}

.
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Abstract
We study the four-body decay p m mL  L  - + -( )pb in the Randall–Sundrum
model with custodial protection (RSc). 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 ΔF=2 flavor observables, we perform a scan
of the parameter space of the RSc model and obtain the maximum allowed
deviations of the Wilson coefficients D ¢( )C7, 9, 10 for different values of the
lightest KK gluon mass ( )Mg 1 . Later, their implications on the observables such
as differential branching fraction, longitudinal polarization of the daughter
baryon Λ, 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 (=q2). It is observed that with the current constraints the Wilson
coefficients in the RSc 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 Λb decays.

Keywords: rare flavor-changing neutral-current decays, beyond standard
model, new physics
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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 sl l processes. In
particular, LHCb measurements [1, 2] of the observables RK and *RK representing the
ratios of branching fractions m m+ + + -B K to + + + -B K e e and * m m + -B K0 0 to

* + -B K e e0 0 , respectively, show deviations from the SM predictions ∼1 and together they
indicate the lepton flavor universality violation with the significance at the 4σ level [3–6].
Further, the LHCb results for the branching fractions of the * m m + -( )B K and fm m + -Bs

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

* m m + -B K0 0 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

* p m m  + -( )B K K 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→sμ+μ−.

Among them, the rare baryonic decay m mL  L + -
b 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 LHCb has reported its measurements for branching ratio and three angular observables
[22] in the p m mL  L  - + -( )pb decay. Theoretically challenging aspect in the study of the

m mL  L + -
b decay is the evaluation of the hadronic L  Lb 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 Λb baryon
L  L + -( )ℓ ℓb , both within the SM and in many different NP scenarios, have been performed
[31–56]. Recently, the angular distributions for polarized Λb are presented in [57].

In the present work, we study the four-body p m mL  L  - + -( )pb 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 p m mL  L  - + -( )pb decay emerges from the well-
defined theory of the RSc 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 p m mL  L  - + -( )pb
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decay, we study whether the current experimental data on this decay can be explained in the
RSc 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 Λb 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 Λb decays entertaining the RS model. Firstly, we will
consider the current constraints on the parameter space of the RSc 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 ( )Mg 1 , 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 L  Lb hadronic matrix elements and for the involved
FF, we will use the most recent lattice QCD calculations, both in the low and high q2 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 RSc 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 RSc model and the angular obser-
vables of interest in the four-body p m mL  L  - + -( )pb decay. After discussing the current
constraints and subsequently scanning the parameter space of the RSc 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

h= -mn
m n- ( )s x x yd e d d d , 1ky2 2 2

where ~ ( )k M 10Pl
19 GeV is the curvature scale, h = + - - -mn ( )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

º ~- ( ) ( )M ke TeV , 2kL
KK

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
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´ ´ ´ ´( ) ( ) ( ) ( ) ( )SU SU SU U P3 2 2 1 , 3c L R X LR

which is known as the RS model with custodial protection ( )RSc [65, 74–77]. PLR is the discrete
symmetry, interchanging the two SU(2)L,R groups, which is responsible for the protection of the

¯Zb bL L vertex. Moreover, for this particular scenario it has been shown that all existingΔF=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 RSc 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(xμ, y) is KK decomposed to generic form

å=m m

=

¥

( ) ( ) ( ) ( )( ) ( )F x y
L

F x f y,
1

, 4
n

n n

0

where F(n)(xμ) represent the effective four-dimensional fields and f (n)(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 u ( )Mg 1 of the Higgs VEV υ and the mass of the lowest KK
excitation mode of gauge bosons ( )Mg 1 can be taken as perturbation5. 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  u( )( )M

g
2 2

1 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 u( )( )M

g
2 2

1 modifications of the relevant couplings.
Next, we discuss the particle content of the gauge sector of the RSc 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)c, we have = ¼m ( )G A 1, , 8A corresponding to the SM
gluons with 5D coupling gs. The gauge bosons corresponding to SU(2)L and SU(2)R are
denoted as mWL

a , and =m ( )W a 1, 2, 3R
a , respectively, with 5D gauge coupling g. Where the

equality of the SU(2)L and SU(2)R couplings is imposed by PLR 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 MKK corresponds to their f.
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corresponding to U(1)X is denoted as Xμ with 5D coupling gX. All 5D gauge couplings are
dimensionful and the relation between 5D and its 4D counterpart is given by =g g Ls s

4D ,
with similar expressions also existing for g4D and gX

4D. Charged gauge bosons are defined as

=m
m m 

( )( )
( ) ( )

W
W Wi

2
. 5L R

L R L R
1 2

Mixing between the bosons mWR
3 and Xμ results in fields ZXμ and Bμ,

f f

f f

= -

= +

m m m

m m m ( )

Z W X

B W X

cos sin ,

sin cos , 6

X R

R

3

3

where

f f=
+

=
+

( )g

g g

g

g g
cos , sin . 7

X

X

X
2 2 2 2

Further, mixing between mWL
3 and Bμ yields the fields Zμ and Aμ in analogy to the SM,

y y

y y

= -

= +

m m m

m m m ( )

Z W B

A W B

cos sin ,

sin cos , 8

L

L

3

3

with

y
f

y
f

f
=

+
=

+
( )cos

1

1 sin
, sin

sin

1 sin
. 9

2 2

Along with eight gluons ++m ( )GA , after the mixing pattern, we have four charged bosons

which are specified as ++( )WL and -+( )WR 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 -+( ) 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],

= +
⎡
⎣⎢

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦⎥( ) ( ) ( )

( )
( )

( )

g y
N

J
M

k
b M Y

M

k

e
e e , 10

ky
g ky

g
g ky

1
1 1 1

1

1

1

= +
⎡
⎣
⎢⎢

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟

⎤
⎦
⎥⎥˜( )

˜
˜ ( ˜ )

˜
( )

( )
( )

( )

g y
N

J
M

k
b M Y

M

k

e
e e , 11

ky
g ky

g
g ky

1
1 1 1

1

1

1

where J1 and Y1 are the Bessel functions of first and second kinds, respectively. The
coefficients ( ) ˜ ( ˜ )( ) ( )b M b M,g g1 11 1 and N1 are

= -
+ ¢

+ ¢
( )

( ) ( )
( ) ( )

( )( )
( ) ( ) ( )

( ) ( ) ( )
b M

J M k M kJ M k

Y M k M kY M k
, 12g

g g g

g g g
1

1 1

1 1

1

1 1 1

1 1 1
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= -˜ ( ˜ )
( ˜ )
( ˜ )

( )( )
( )

( )
b M

J M k

Y M k
, 13g

g

g
1

1

1

1

1

1

p
= ( )

( )
N

LM

e
. 14

kL

g
1

2

1

The masses of the lowest KK gauge excitations are numerically given to be
º ++( )M M M2.45g KK1 and º -+˜ ( )M M M2.40g KK1 . 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)Q, 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

W

W

W

W

Z
Z
Z

Z
Z
Z

, . 15H W

L

L

R

H Z

X

0

1

1

0

1

1

The expressions of the orthogonal mixing matrices W and Z 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)L×SU(2)R,
that are ( ) ( )2 2 1 1, , , and Å( ) ( )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 RSc 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)L×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 Y( )( )f y c,L R,

0 and their expressions are given by

=
-

-
= -Y

Y
-

-
Y Y

Y

Y( ) ( ) ( ) ( ) ( )( )
( )

( ) ( )f y c
c kL

f y c f y c,
1 2

e 1
e , , , . 16L c kL

c ky
R L

0
1 2

0 0

The bulk mass parameter cΨ controls the localization of the fermionic zero modes such as for
cΨ>1/2, the left-handed fermionic zero mode is localized towards the UV brane, while for
cΨ<1/2, it is localized towards the IR brane. Similarly, from the expression of the Y( )( )f y c,R

0 ,
the localization of the right-handed fermion zero mode depends on whether cΨ<−1/2 or
cΨ>−1/2. For the SM quarks we will denote the bulk mass parameters cQ

i for the three left-
handed zero mode embedded into bi-doublets of SU(2)L×SU(2)R, while for the right-handed
zero mode up and down-type quarks which belong to ( )1 1, and Å( ) ( )3 1 1 3, , representations,
respectively [65, 75], we assign bulk mass parameters cu,d

i , respectively.
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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]

l l= = = º( ) ( ( )) ( )( ) ( ) ( ) ( ) ( ) ( )Y
kL

f y L c f y L c c
kL

f f
e

, ,
e

, 17ij
u d

ij
u d

kL

L Q
i

R u
j

d
j

ij
u d

kL

i
Q

j
u d0 0

where λ u( d) 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 ( )1 bulk mass
parameters and anarchic 5D Yukawa couplings l ( )

ij
u d . The transformation from the quark

flavor eigenbasis to the mass eigenbasis is performed by means of unitary mixing matrices,
which are presented by  ( )L R and  ( )L R for the up-type left (right) and down-type left (right)
quarks, respectively. Moreover, CKM matrix is given by  = †V L LCKM 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 ZH 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  ( )L R ,  ( )L R are
given explicitly in terms of the quark profiles and the 5D Yukawa couplings l ( )

ij
u d in [63].

3. Theoretical formalism

The effective weak Hamiltonian for m m + -b s transition in the RSc model can be written as

*=- + ¢ ¢ + + ¢ ¢

+ + ¢ ¢

[

] ( )

H
G

V V C O C O C O C O

C O C O

4

2

, 18

F
tb tseff

RS
7
RS

7 7
RS

7 9
RS

9 9
RS

9

10
RS

10 10
RS

10

c c c c c

c c

where GF is the Fermi coupling constant and Vtb, *Vts are the elements of the CKM mixing
matrix. The involved operators read

p
s

p
s

p
g mg m

p
g mg m

p
g mg g m

p
g mg g m

=

¢ =

=

¢ =

=

¢ =

a
mn

a mn

a
mn

a mn

a
m

a m

a
m

a m

a
m

a m

a
m

a m

( ¯ )

( ¯ )

( ¯ ) ¯

( ¯ ) ¯

( ¯ ) ¯

( ¯ ) ¯ ( )

O
e

m s b F

O
e

m s b F

O
e

s b

O
e

s b

O
e

s b

O
e

s b

16
,

16
,

16
,

16
,

16
,

16
, 19

b L R

b R L

L L

R R

L L

R R

7 2

7 2

9

2

2

9

2

2

10

2

2 5

10

2

2 5

where e is the electromagnetic coupling constant and mb is the b-quark running mass in the
MS scheme. In the RSc model the Wilson coefficients in the above effective Hamiltonian can
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be written as

= + D¢ ¢ ¢ ( )( ) ( ) ( )C C C , 20i i i
RS SMc

where i=7, 9, 10. In the SM case, ignoring tiny contribution, when present, the primed
coefficients are zero while the unprimed Wilson coefficients Ci incorporating short-distance
physics are evaluated through perturbative approach. The factorizable contributions from
operators -O1 6,8 have been absorbed in the effective Wilson coefficients C7

eff and C9
eff [80].

The expressions of these effective coefficients involve the functions ( )h m q,q
2 , ( )( )F q8

7,9 2

defined in [81], and the functions ( )( )F qc1,
7,9 2 , ( )( )F qc1,

7,9 2 given in [82] for low q2 and in [83] for
high q2. 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 C7

eff

to some extent particularly in the region of charmonium resonances. ModificationsD ¢( )C9,10, in
the RSc model, evaluated at the scale( )( )Mg 1 are given by [64]

q

q

q

q

D =
D

- D

D ¢ =
D ¢

- D ¢

D =-
D

D ¢ =
D ¢
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C
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W
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9 2

9 2
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10 2

where

*

*

*

*
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X

Y
V V

X X
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X

Z
V V

X

M g
X

Z
V V

X

M g
X

1

4
,

1

4
,

1

8 sin
,

1

8 sin
. 22

s
tb ts X

L R

X
L
bs

s
tb ts X

L R

X
R
bs

s
tb ts X

R

X W
L
bs

s
tb ts X

R

X W
R
bs

2
SM
2

2
SM
2

2
SM
2 2

2
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2 2

The sums run over the neutral gauge bosons = ¢X Z Z Z, , H and ( )A 1 with = a
p q

g G
SM
2

2 2 sin
F

W
2 .

D ¢( )C9 andD ¢( )C10 evaluated at the scale ( )Mg 1 do not need to be evolved to μb scale. In the case

of D ¢( )C7 , detailed calculation with the set of assumptions consistent with the calculations of
D ¢( )C9,10 is given in appendix C of [68], where DC7 and D ¢C7 are evaluated at the ( )Mg 1 scale.
The evolution at the scale μb is given by the following master formula [67]

mD = D + D¢ ¢ ¢( ) ( ) ( ) ( )( ) ( ) ( )
( ) ( )C C M C M0.429 0.128 . 23b g g7 7 81 1

The decay amplitude for m mL  L + -
b can be obtained by sandwiching the effective

Hamiltonian displayed in equation (18) within the baryonic states
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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 p m mL  L  + -( )pb , with an unpolarized Λb, can be written as [44, 47]

q q f p
q q q

q q q q
q q q q f
q q q q f

G
= + +

+ + +
+ +
+ +

L

L

L

L

[

( )
( )
( ) ] ( )

s
K K K

K K K
K K
K K

d

d dcos dcos d

3

8
sin cos cos

sin cos cos cos
sin cos sin sin sin
sin cos sin sin cos , 25
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ss l cc l c l

ss l cc l c l

sc l l s l

sc l l s l

4

1
2

1
2

1

2
2

2
2

2

3 3

4 4

where Kʼs represent the angular coefficients which are functions of =s q2. 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 Λ are

G
= + =

-
+

( )
s

K K F
K K

K K

d

d
2 ,

2

2
. 26ss cc L

ss cc

ss cc
1 1

1 1

1 1

Forward–backward asymmetry with respect to leptonic and baryonic angles is given as

=
+

=
+
+

L ( )A
K

K K
A

K K

K K

3

4 2
,

2

4 2
. 27l c

ss cc

ss cc

ss cc
FB

1

1 1
FB

2 2
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The combined FB asymmetry is

=
+

L ( )A
K

K K

3

8 4
. 28l c

ss cc
FB

2

1 1

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 RSc model

In this section we consider the relevant constraints on the parameter space of the RSc 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 ΔF=2 flavor
observables [63].

Starting with the direct searches, current measurements at the LHC for resonances
decaying to ¯tt pair constrain the lightest KK gluon mass >( )M 3.3g 1 TeV at 95% confidence
level [85]. Further, in the RSc 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 4.8g 1 TeV for the lightest KK gluon and KK photon
masses [86]. Furthermore, a comparison of the predictions of all relevant Higgs decays
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in the RSc 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 ´ ( )yTeV 3 in the brane-Higgs case and 13.2 ´ ( )yTeV 3 in the narrow bulk-
Higgs scenario are excluded at 95% probability [78], where  = ( )y 1 free parameter is
defined as the upper bound on the anarchic 5D Yukawa couplings such that l∣ ∣( ) yij

u d . 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 yå. However one
should keep in mind that lowering the bounds up to KK gauge bosons masses implied by EW
precision constraints, =( )M 4.8g 1 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 òK. Therefore, moderate bounds on the value of the yå 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 RSc

model by generating two sets of anarchic 5D Yukawa matrices, whose entries satisfy

l∣ ∣( ) yij
u d with  =y 1.5 and 3. Further, we choose the nine quark bulk-mass parameters

cQ,u,d, which together with the 5D Yukawa matrices reproduce the correct values of the quark
masses evaluated at the scale μ=3 TeV, CKM mixing angles and the Jarlskog determinant,
all within their respective 2σ ranges. For muon, we take cμ=0.7 as lepton flavor-conserving
couplings are found to be almost independent of the chosen value as far as cl>0.5 [64].
Additionally, from the ΔF=2 flavor observables, we apply the constraints from òK, ΔMK

andDMBs
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 RSc model. In figure 1, we show the dependence of D∣ ∣C10 Wilson coefficient on the
mass of lowest KK gluon ( )Mg 1 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 ( )Mg 1 give larger
deviations. Moreover, for a fixed value of ( )Mg 1 a range of predictions for possible deviations
are present for both cases of yå such that the maximum allowed deviation for D∣ ∣C10 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 D ¢∣ ∣( )Ci for >( )M 10g 1 TeV are so small, as clear from
figure 1 in the case of D∣ ∣C10 , that the observables will almost remain unaffected, we limit the
range for ( )Mg 1 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 D ¢∣ ∣( )Ci , for a given
allowed value of ( )Mg 1 , so we will take the  =y 1.5 case and by considering five different
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values of Î [ ]( )M 4.8, 10g 1 , 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 ( )Mg 1 in next section i.e., section 5.2.

In figure 2, we show the correlation plots between D ¢∣ ∣( )C7, 9, 10 obtained for the fixed value
of =( )M 4.8g 1 TeV. The maximum possible deviations from the SM values in this case are

D = D = D =
D ¢ = D ¢ = D ¢ =
∣ ∣ ∣ ∣ ∣ ∣
∣ ∣ ∣ ∣ ∣ ∣

C C C

C C C

0.011, 0.0064, 0.085,

0.0037, 0.047, 0.621.
7 max 9 max 10 max

7 max 9 max 10 max

It is found that D∣ ∣C9 and D∣ ∣C10 are linearly correlated, as shown in figure 2(f), and same is
true for each pair D ¢∣ ∣( )Ci 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 RSc 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 q2 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 m = 4.2 GeVb , 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 ( )Mg 1 in the RSc 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 ò = = -m L L{ ( )}s m s m m4 ,min

2
max

2 2
b

) has not been discussed as the region Îs
[ ]8, 15 GeV2 is expected to receive sizable corrections from charmonium loops that violate
quark–hadron duality. Hence the regions Îs [ ]0.1, 8 GeV2 and Î [ ]s 15, 20 GeV2 have been
considered in order to avoid the long distance effects of charmonium resonances arising when
lepton pair momenta approaches the masses of yJ family. It can be seen that the results in
the RSc model for most of the observables show little deviation from the SM predictions.

Figure 1. The RSc contribution to D∣ ∣C10 as a function of the KK gluon mass ( )Mg 1 for

two different values of yå. The gray region is excluded by the analysis of electroweak
precision measurements.
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Maximum deviation from the SM results has been observed for =( )M 4.8g 1 TeV and the
difference gradually decreases as one moves from =( )M 4.8g 1 TeV to =( )M 10g 1 TeV.

Next, we compare our results of observables in the SM and the RSc model with the
measurements from the LHCb experiment [22]. For most of the observables, results in the
RSc 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 p m mL  L  + -( )pb in the RSc

model (for =( )M 4.8g 1 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 RSc are -
+0.199 0.12

0.12 and

-
+0.190 0.119

0.120, respectively, which are s1.8 and s1.9 away from the measured value -
+0.09 0.051

0.061.
The situation is quite similar for all other bins of large recoil where values of observables do
not change much even for =( )M 4.8g 1 TeV. For low recoil bin [ ]15, 20 , the SM and the RSc

model results -
+0.753 0.069

0.069 and -
+0.807 0.069

0.069 deviate from the measured value by s4.7 and s4.1 .

Figure 2. Correlation plots between the Wilson coefficients D ¢∣ ∣( )C7, 9, 10 of the RSc model

for a fixed value of =( )M 4.8g 1 TeV. The coefficients D ¢( )C7 are calculated at the mb

scale. The red and blue points correspond to  =y 1.5 and 3, respectively.
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It is noted that the differential branching ratio in the RSc model is lower than the SM at large
recoil and higher than the SM at low recoil.

In case of FL, maximum deviation has been observed for the first bin [ ]0.1, 2 GeV2 where
predictions in the SM and the RSc model are = -

+⟨ ⟩F 0.535L SM 0.078
0.065 and = -

+⟨ ⟩F 0.552L RS 0.084
0.069

c
,

respectively which vary from the measured value -
+0.56 0.566

0.244 by s0.1 and s0.02 , respectively.
For most of the bins, deviation of FL in the RSc model from the SM is negligible. For
low recoil bin [ ]15, 20 GeV2, the values in both models = -

+⟨ ⟩F 0.409L SM 0.018
0.033,

= -
+⟨ ⟩F 0.403L RS 0.019

0.034
c

deviate from the experimental result -
+0.61 0.143

0.114 in the same bin by s1.6 .
At lower values of s up to 4 GeV2, the RSc model results deviate from the SM values to a
greater extent, whereas almost similar values of the RSc model are obtained for the rest of the
spectrum.

For A ℓ
FB, small deviation in the RSc model exists from the SM at low recoil. In the first

bin [ ]0.1, 2 GeV2 our calculated results in both models differ from the measured value by
s0.6 . For large s bin [ ]15, 20 GeV2, the values in both models = - -

+⟨ ⟩A 0.358ℓ
FB SM 0.007

0.012 and
= - -

+⟨ ⟩A 0.332ℓ
FB RS 0.009

0.008
c

are very close to each other and are s3.2 and s3.0 away from the
measured value - -

+0.05 0.095
0.095 in the same bin.

For LAFB in the bin [ ]15, 20 GeV2 results of the SM and the RSc model are
= -L

-
+⟨ ⟩A 0.271FB SM 0.011

0.011 and = -L
-
+⟨ ⟩A 0.247FB RS 0.011

0.011
c and deviate from the measured value

of LHCb- -
+0.29 0.081

0.076 by s0.2 and s0.5 . For LA ℓ
FB , no sizable deviation from the SM has been

observed in any s bin for the RSc model.

6. Conclusions

In the work presented here, we have studied the angular observables of the theoretically clean
decay p m mL  L  - + -( )pb 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 D ¢∣ ∣( )C7,9,10 from the
SM predictions for different allowed values of KK gluon mass ( )Mg 1 . 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 4.8g 1 TeV, in the RSc model, some

Table 1. Default values of the input parameters used in the calculations [23, 87].

= ´ -G 1.16638 10F
5 GeV−2 = m 174.2 1.4 GeVt

pole =pm 0.135 GeV
a = ( )m 0.1182 0.0012s Z = m 4.78 0.06 GeVb

pole =m 0.494 GeVK

a m =( ) 1 133.28b = m 1.67 0.07 GeVc
pole =m 5.279 GeVB

= m 80.385 0.015 GeVW = -
+m 4.18b 0.03

0.04 GeV =Lm 5.619 GeVb

= m 91.1876 0.0021 GeVZ = m 1.27 0.03c GeV t = L ( )1.466 0.010b ps
* =∣ ∣V V 0.04152tb ts = -

+m 0.096s 0.004
0.008 GeV =Lm 1.116 GeV

a = L 0.642 0.013 m = 4.2 GeVb

Table 2. The SM Wilson coefficients up to NNLL accuracy given at m = 4.2 GeVb

scale.

= -C 0.2941 C2=1.017 = -C 0.00593 = -C 0.0874 C5=0.0004
C6=0.0011 = -C 0.3247 = -C 0.1768 C9=4.114 = -C 4.19310
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of the observables receive considerable change in particular bins such as 

s

d

d
and A ℓ

FB in low
recoil bin [ ]15, 20 GeV2 and FL in the bin [ ]0.1, 2 GeV2 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 ( )Mg 1 ,
observables are largely unaffected by the NP arising due to custodially protected RS model.
Hence, the current constraints on the parameters of RSc are too strict to explain the observed
deviations in different observables of p m mL  L  - + -( )pb decay.
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Abstract

The New Physics (NP) effects are studied in the rare baryonic decay Λb → Λ(→ pπ−)`+`−, with unpolarized

Λb 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 Λb → Λ(→ pπ−)µ+µ−

decay the LHCb collaboration has measured the branching ratio (dB/ds), lepton- and hadron-side forward-backward

asymmetries, denoted by A`FB and AΛ
FB , respectively, and the longitudinal polarization fraction FL both in the low-

and high-recoil regions. To see whether the new V A, 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`ΛFB), transverse polarization fraction (FT ), asymmetry parameters α′is

and some other angular observables, extracted from certain foldings. It is found that compared to the V A 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, FL, A`FB and AΛ
FB 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 V A 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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