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Abstract

The rare decays mediated by flavor-changing neutral current processes, such as b → sℓ+ℓ−, provide powerful probes of

the Standard Model and potential windows into new physics. Particularly, the angular observables in these exclusive decays

are valuable because of their sensitivity to short-distance dynamics and their reduced dependence on hadronic uncertainties,

which mainly arise from form factors. In this work, we analyze the Λb → Λ(→ Nπ)ℓ+ℓ− (with Nπ = {pπ−, nπ0}) decay

with polarized final-state lepton and derive the corresponding four-fold differential decay distributions. For the longitudinal,

normal, and transverse polarization states, we systematically identify the additional angular coefficients that emerge relative

to the unpolarized case. We find that the longitudinal polarization preserves the structure of the unpolarized distribution,

while the normal and transverse polarizations introduce some new additional angular coefficients. The analytical expressions

of all polarized and unpolarized angular coefficients are explicitly derived in terms of the helicity and transversity amplitudes.

To compare the variation in the polarized and unpolarized angular observables, we have plotted them against the square of the

momentum transfer q2. Additionally, the Standard Model predictions of the polarization asymmetry observables are provided

and their sensitivity to new physics is explored under different new physics scenarios. The obtained results, in the current

study, for longitudinal and transverse polarization cases, provide a baseline for the lepton polarization dependent observables,

which may serve as sensitive probes to test the Standard Model in these decays.
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I. INTRODUCTION

The Standard Model (SM) of electroweak interactions provides an excellent framework for fundamental interactions.

Despite all its successes, it cannot be regarded as a complete theory because of numerous reasons, e.g., it lacks in

explaining the observed matter-antimatter asymmetry of the universe. Further, the particle spectrum of the SM

does not have any candidate of dark matter, and there are a number of unpredicted parameters in the SM inserted

by hand or predicted from the experimental data. To overcome these challenges, one needs to look for the signatures

of possible physics beyond the SM (BSM), also known as the new physics (NP). Experimental searches for BSM

physics are broadly categorized into two approaches: direct searches, which attempt to detect new particles produced

in high-energy collisions at the Large Hadron Collider (LHC) [1–3]. The LHC has yet to observe new particles, and

their absence may be attributed to the possibility that they are massive enough to be produced at the current LHC

energies. In this situation, the ongoing experiments such as the LHCb and Belle II gain importance because of their

ability to explore the NP through precision measurements of the decay properties involving the transitions of the b

quark [4–7]. These are known as indirect searches, where the flavor-changing-neutral-current transitions (FCNC),

b → sℓ+ℓ− [8–13], are at the forefront to probe the NP contributions through precise theoretical predictions and

measurements of decay rates and angular observables.

Several observables in these FCNC transitions deviate from their SM predictions, e.g., the branching ratio of

B → ϕµ+µ− differs by 3.5σ [14, 15], and the measured value of angular observable P ′
5 in B → K∗µ+µ− in the

intermediate q2 ∈ [4.0, 6.0]GeV2 bin discrepant by 3σ [16, 17]. These anomalies are attributed to possible BSM in

these b → sµ+µ− processes. Leaving aside the old measurements of the Lepton-flavor-universality (LFU) ratio, RK

and RK∗ the LHCb has updated their results [6, 8], which are now aligned with the SM predictions, indicating the

universality of lepton couplings. To accommodate the various anomalies observed in these decays, different theoretical

frameworks have been proposed as extensions of the SM. Among them, the pertinent ones include supersymmetric

models [18–20], the Z ′ model [21, 22], the Higgs doublet model [23, 24] and the lepto-quark model [25]. By using the

effective field theory approach, these measurements were also analyzed in a model-independent way, where the NP

can be accommodated in the form of new vector and axial-vector operators, see e.g., [26–52]. Although NP in the

form of scalar/pseudoscalar (S/P) or tensor (T) operators is not ruled out, they can not accommodate the current

anomalies at their own. However, through a specific combination of V/A, the S/P or T operators can provide a

moderate fit to the data [53, 54].

If there is any NP in b → sℓ+ℓ− transitions, it should also be evident in other decay modes induced by the

same quark-level transition. There are several such decay modes, and Λb → Λℓ+ℓ− is one of them. The first

investigation of CP violation in baryonic decays was carried out by the LHCb collaboration through the observation

of decay Λ0
b → pK−µ+µ− [55]. In addition, the LHCb Collaboration has performed a test of LFU in the decay

Λ0
b → pK−ℓ+ℓ−, reporting results that are consistent with the SM predictions [56]. The Λb baryon decays have been

studied, see e.g., [57–65]. One of the advantages of Λb → Λ (→ pπ) ℓ+ℓ− decay is that even with the initial-state

baryon (Λb) unpolarized, the Λ baryon spin can not only be used to understand the helicity structure of weak effective

Hamiltonian [66–73], but it can also reveal new angular coefficients in the cascade decay which provide more insight

about the helicity structure of the decay. Additionally, the full angular distribution of the initial-state polarized

Λb → Λ (→ pπ) ℓ+ℓ− decay has also been investigated [74, 75].

With this motivation, one of the key objective of this study is to systematically analyze the impact of final-

state lepton polarization on the four-fold differential decay distribution in the Λb → Λ (→ Nπ) ℓ+ℓ− decay, with

unpolarized initial-state Λb. Previously, lepton polarization effects and the polarization asymmetry observables, such

as the single and double lepton polarization asymmetries and the corresponding polarized lepton forward-backward

asymmetries in the Λb → Λℓ+ℓ− decay have been studied [76–80], but to our knowledge, a complete analysis of

the four-fold decay Λb → Λ (→ Nπ) ℓ+ℓ−, with lepton polarization effects, is missing. In this context, we derive

the three four-fold angular decay distributions which appear when one of the final state leptons is longitudinally,

normally or transversely polarized. To achieve this goal, for the three polarizations of the final state lepton, we

systematically identify the additional angular coefficients that emerge relative to the unpolarized leptons case. We

2



find that for the longitudinal polarization case, the structure of the four-fold angular distribution remains the same

as in the unpolarized distribution case. However, the helicity amplitudes contributions that appear when the lepton

is longitudinally polarized are encapsulated in the different angular coefficients of the distribution. In contrast to

the longitudinal polarization case, the contributions of normal and transverse polarization of the lepton modify the

structure of the four-fold angular decay distributions along with the introduction of some new additional angular

coefficients. The analytical expressions of all these polarized and unpolarized angular coefficients, including the

lepton mass effects, are obtained in terms of both the helicity and transversity amplitudes.

In addition, for a given polarization, we also examine the separate contributions from the lepton spin +1/2 and

−1/2 states on various angular observables in the four-body decay process Λb → Λ(→ Nπ)µ+µ−. Furthermore, to

compare the variation in the polarized and unpolarized angular observables, we have plotted them together against

the square of the momentum transfer q2. For this purpose, we adopted the following strategy in this work:

• In the first step of our analysis, we polarized the final-state lepton along the longitudinal (L), normal (N),

and transverse (T) directions. For each polarization scenario, we derived the corresponding four-fold angular

distribution and examined the contributions from the lepton spin states + 1
2 and − 1

2 (see Eqs. (42), (44), and

(45) for the L, N, and T cases, respectively). Notably, the analysis of the normal and transverse polarizations

reveals the emergence of additional angular structures that are absent in both the unpolarized and longitudinal

cases.

• For the longitudinal polarization (L), the spin–dependent terms naturally appear within the already established

angular observables given in Eqs. (50)–(53). The polarized predictions for these observables, including the

individual contributions from the lepton spin states, are compared with their unpolarized counterparts within

the SM. Based on these results, we construct the corresponding polarization asymmetries for each observable

shown in FIG. 3.

• For the normal polarization (N), six additional spin–dependent coefficients emerge. Among them, two are real,

while four are imaginary. Importantly, two of the imaginary terms do contribute to physical observables, i.e.,

differential branching ratio and hadron forward backward asymmetry, although their impact remains small

within the SM. The other two imaginary contributions do not directly appear. Thus, the overall effect of N

polarization is expected to be suppressed in the SM.

• For the transverse (T) polarized scenario, we find twelve new angular coefficients. Among them, eight are

real and four are imaginary. We further analyze angular observables, i.e., the differential branching ratios,

forward-backward asymmetry of leptons, hadron and that of combined lepton-hadron modifications with new

angular coefficients. We also plot the remaining new real angular coefficient within the SM.

• To investigate the impact of the vector and axial-vector NP Wilson coefficients (WCs), we employ the global

fit results of Ref. [35], and focus on the NP scenarios that modify the polarization asymmetries arising from L

and T lepton polarizations, while comparing them with the SM predictions.

• In contrast to the longitudinal L case, the polarization asymmetries of the additional spin-dependent individual

angular coefficients associated with N and T polarization cases are suppressed within the SM, and the potential

NP contributions are indistinguishable from the SM expectations. Consequently, for the N and T polarization,

only the SM polarized asymmetry results for the additional real angular coefficients are presented.

The remainder of this paper is organized as follows. In Section IIA, we present the weak effective Hamiltonian

(WEH) governing the decay Λb → Λℓ+ℓ− in and beyond the SM. The decay amplitude in the helicity formalism

and the helicity amplitudes are discussed in Section II B. The cascade decay Λ → Nπ, is presented in Section IIC,

followed by the full four-fold decay amplitude in Section IID. In Sections IIIA and III B, we derive the four-fold

differential decay distributions for the cases of unpolarized and polarized final-state lepton, respectively. From these

distributions, a comprehensive set of physical observables is extracted, with their analytical expressions expressed in

terms of the angular coefficients, as summarized in Section IV. Section V is devoted to a detailed numerical analysis
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of the angular observables and their associated asymmetries, both within the SM and in representative NP scenarios.

Finally, the conclusions of this work are presented in Section VI.

II. THEORETICAL FRAMEWORK

A. Effective Hamiltonian

The baryonic decay Λb → Λℓ+ℓ− occurs through the FCNC transitions in the SM, and the corresponding WEH is

HSM
eff = −4GF√

2
VtbV

∗
ts

[
Ceff

7 (µ)O7(µ) + Ceff
9 (µ)O9(µ) + C10(µ)O10(µ)

]
, (1)

where the effective operators (Oi=7, 9, 10) are defined as:

O7(µ) =
e

16π2
mb (s̄σµνPRb)F

µν , O9(µ) =
e2

16π2
(s̄γµPLb)(ℓ̄γ

µℓ), O10(µ) =
e2

16π2
(s̄γµPLb)(ℓ̄γ

µγ5ℓ). (2)

Where ℓ is the electron, muon or tauon and e, GF , λt = VtbV
∗
ts, αem = e2

4π are the electric charge, Fermi coupling

constant, CKM matrix elements and the fine structure constant respectively. PL/R = 1∓γ5

2 are the chiral projection

operators, and µ is the renormalization scale. In the operator O7, mb is treated as the running quark mass in the

modified minimal-subtraction (MS)-scheme. The contributions of the factorizable quark-loop corrections to current-

current and penguin operators are absorbed in the effective WCs Ceff
7,9(q

2) [81–85]. The explicit expressions of these

Wilson coefficients are presented in appendix B. The numerical values of the WCs, C1, . . . , C10, used in our numerical

analysis are written in TABLE I.

TABLE I: The SM values of the WCs with next-to-next-leading logarithmic accuracy, evaluated at the renormalization scale

µ ∼ mb.

C1 = −0.294 , C2 = 1.017 , C3 = −0.0059, C4 = −0.087, C5 = 0.0004

C6 = 0.0011, C7 = −0.324, C8 = −0.176, C9 = 4.114, C10 = −4.193

In the above Hamiltonian, the NP can be induced in two different ways:

• The first is the modification of the short-distance WCs Ceff
7 , Ceff

9 and C10, which govern the leading-order

contributions to the FCNC decay processes.

• The second is to introduce contributions from additional operators that are typically suppressed or absent

in the SM. These include chirality-flipped counterparts of O7,O9 and O10, denoted by ONP
7(′)

,ONP
9(′)

and ONP
10(′)

.

Moreover, the operator basis can be enlarged to accommodate scalar, pseudoscalar, and tensor operators, which

often arise in different NP models.

In our analysis, we employ both approaches. The new-physics contributions are parameterized by the WCs CNP
9 ,

CNP
10 , and their chirality-flipped counterparts CNP

9′ , CNP
10′ . In the second approach, we restrict ourselves to the vector

and axial-vector operators, together with their chirality-flipped counterparts, which are motivated in several NP

scenarios. Furthermore, the WCs can be categorized according to their lepton-flavor structure. In particular, one

distinguishes between LFU NP contributions and lepton-flavor-Universality-violating (LFUV) contributions. Since

short-distance effects are independent of the initial hadronic state and its kinematics, they can be treated within

this model-independent framework. After incorporating these modifications, the effective Hamiltonian Heff takes the

form:

Heff =
GFαem

2
√
2π

VtbV
∗
ts

{
Ceff

7

mb

e
(sσµν(1 + γ5)b)F

µν + Ceff
9 (sb)V−A(ℓℓ)V + CNP

9ℓ (sb)V−A(ℓℓ)V

+ CNP
9′ℓ (s b)V+A(ℓℓ)V + C10(s b)V−A(ℓℓ)A + CNP

10ℓ (s b)V−A(ℓℓ)A + CNP
10′ℓ(s b)V+A(ℓℓ)A

}
. (3)
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By separating the vector and axial-vector leptonic currents, the decay amplitude for Λb → Λℓ+ℓ− is given as

Ms1,s2
1 (sΛb

, sΛ) =
GFαem

2
√
2π

VtbV
∗
ts g

µ′µ
{
T 1
µ (sΛb

, sΛ)L
s1,s2
V,µ′ + T 2

µ (sΛb
, sΛ)L

s1,s2
A,µ′

}
, (4)

where

Ls1,s2
V,µ′ =

〈
l+ (pℓ+ , s2) l

− (pℓ− , s1)
∣∣ℓ̄γµ′ℓ

∣∣ 0〉 = ū (pℓ− , s1) γµ′ v (pℓ+ , s2) , (5)

Ls1,s2
A,µ′ =

〈
l+ (pℓ+ , s2) l

− (pℓ− , s1)
∣∣ℓ̄γµ′γ5ℓ

∣∣ 0〉 = ū (pℓ− , s1) γµ′γ5 v (pℓ+ , s2) , (6)

with s1(s2) and pℓ−(pℓ+) specify the spin and momentum of lepton (anti-lepton), respectively. The hadronic terms

T 1
µ (sΛb

, sΛ) and T 2
µ (sΛb

, sΛ) are defined explicitly as

T 1
µ (sΛb

, sΛ) =
(
Ceff

9 + CNP
9ℓ

)
[⟨Λ(k, sΛ) |sγµ(1− γ5)b|Λb(p, sΛb

)⟩] + CNP
9′ℓ [⟨Λ(k, sΛ) |sγµ(1 + γ5)b|Λb(p, sΛb

)⟩]

− 2mb

q2
Ceff

7 [⟨Λ(k, sΛ) |siσµνq
ν(1 + γ5)b|Λb(p, sΛb

)⟩] , (7)

T 2
µ (sΛb

, sΛ) =
(
C10 + CNP

10ℓ

)
[⟨Λ(k, sΛ) |sγµ(1− γ5)b|Λb(p, sΛb

)⟩] + CNP
10′ℓ [⟨Λ(k, sΛ) |sγµ(1 + γ5)b|Λb(p, sΛb

)⟩] , (8)

where p and k are the four momentum of Λb and Λ, respectively. As an exclusive process, the matrix elements for

Λb → Λ transition for different quark currents can be parameterized in terms of the ten helicity form factors (FFs).

In the case of vector, axial vector, tensor, and pseudo-tensor currents, the corresponding matrix elements for Λb → Λ

are reported in [63, 86], and collected in Appendix C.

B. Helicity formalism and helicity amplitudes for Λb → Λℓ+ℓ− decay

To write the decay amplitude for Λb → Λℓ+ℓ− decay using the helicity formalism, we use the completeness property

of helicity basis ϵµ(m), ∑
m,m′=t,+,−,0

ϵµ
′
(m)ϵ∗µ(m′)gmm′ = gµ

′µ, (9)

where ϵµ represents the polarization vector of the virtual jµeff (see FIG. 7) and m = t,+,−, 0 corresponds to the

time-like, transverse, and longitudinal components of it with gmm′ = diag(+,−,−,−). Using Eq. (9) in Eq. (4), we

can write the decay amplitude as

Ms1,s2
1 (sΛb

, sΛ) = N1

∑
m=t,+,−,0

gmm

{
H1

m (sΛb
, sΛ) L

s1,s2
V,m +H2

m (sΛb
, sΛ) L

s1,s2
A,m

}
, (10)

where, N1 ≡ GFαem

2
√
2π

VtbV
∗
ts and sΛb

(sΛ) corresponds to the spin of decaying (daughter) baryon. Also; Hi
m (sΛb

, sΛ) =

ϵ∗µ(m)T i
µ (sΛb

, sΛ), with i = 1, 2 and Ls1,s2
V (A),m = ϵµ

′
(m)Ls1,s2

V (A),µ′ are the hadronic and leptonic helicity amplitudes,

respectively. Using Eqs. (7) and (8), with the definitions of hadronic matrix elements in Appendix C, the helicity

amplitudes are gievn as

H1
t (sΛb

, sΛ) =
(
Ceff

9 + CNP
9ℓ + CNP

9′ℓ

)
HV

t (sΛb
, sΛ)−

(
Ceff

9 + CNP
9ℓ − CNP

9′ℓ

)
HA

t (sΛb
, sΛ), (11)

H2
t (sΛb

, sΛ) =
(
C10 + CNP

10ℓ + CNP
10′ℓ

)
HV

t (sΛb
, sΛ)−

(
C10 + CNP

10ℓ − CNP
10′ℓ

)
HA

t (sΛb
, sΛ), (12)

H1
0 (sΛb

, sΛ) =
(
Ceff

9 + CNP
9ℓ + CNP

9′ℓ

)
HV

0 (sΛb
, sΛ)−

(
Ceff

9 + CNP
9ℓ − CNP

9′ℓ

)
HA

0 (sΛb
, sΛ)

− 2mb

q2
Ceff

7

[
HT

0 (sΛb
, sΛ) +HT5

0 (sΛb
, sΛ)

]
, (13)

H2
0 (sΛb

, sΛ) =
(
C10 + CNP

10ℓ + CNP
10′ℓ

)
HV

0 (sΛb
, sΛ)−

(
C10 + CNP

10ℓ − CNP
10′ℓ

)
HA

0 (sΛb
, sΛ), (14)

H1
±(sΛb

, sΛ) =
(
Ceff

9 + CNP
9ℓ + CNP

9′ℓ

)
HV

±(sΛb
, sΛ)−

(
Ceff

9 + CNP
9ℓ − CNP

9′ℓ

)
HA

±(sΛb
, sΛ)

− 2mb

q2
Ceff

7

[
HT

±(sΛb
, sΛ) +HT5

± (sΛb
, sΛ)

]
, (15)

H2
±(sΛb

, sΛ) =
(
C10 + CNP

10ℓ + CNP
10′ℓ

)
HV

±(sΛb
, sΛ)−

(
C10 + CNP

10ℓ − CNP
10′ℓ

)
HA

±(sΛb
, sΛ), (16)
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where the helicity amplitudes with different polarizations of the virtual jµeff, and the vector quark current are

HV
t (sΛb

, sΛ) = ϵ∗µ(t) ⟨Λ(k, sΛ) |s̄γµb|Λb(p, sΛb
)⟩ = fV

t (q2)
mΛb

−mΛ√
q2

[ūΛ(k, sΛ)uΛb
(p, sΛb

)] , (17)

HV
0 (sΛb

, sΛ) = ϵ∗µ(0) ⟨Λ(k, sΛ) |s̄γµb|Λb(p, sΛb
)⟩ = 2fV

0 (q2)
mΛb

+mΛ

s+
(k · ϵ∗(0)) [ūΛ(k, sΛ)uΛb

(p, sΛb
)] , (18)

HV
±(sΛb

, sΛ) = ϵ∗µ(±) ⟨Λ(k, sΛ) |s̄γµb|Λb(p, sΛb
)⟩ = fV

⊥ (q2) [ūΛ(k, sΛ)/ϵ
∗(±)uΛb

(p, sΛb
)] . (19)

The analogous expressions for the axial-vector quark current are

HA
t (sΛb

, sΛ) = ϵ∗µ(t) ⟨Λ(k, sΛ) |s̄γµγ5b|Λb(p, sΛb
)⟩ = −fA

t (q2)
mΛb

+mΛ√
q2

[ūΛ(k, sΛ) γ5 uΛb
(p, sΛb

)] , (20)

HA
0 (sΛb

, sΛ) = ϵ∗µ(0) ⟨Λ(k, sΛ) |s̄γµγ5b|Λb(p, sΛb
)⟩ = −2fA

0 (q2)
mΛb

−mΛ

s−
(k · ϵ∗(0)) [ūΛ(k, sΛ) γ5 uΛb

(p, sΛb
)] , (21)

HA
±(sΛb

, sΛ) = ϵ∗µ(±) ⟨Λ(k, sΛ) |s̄γµγ5b|Λb(p, sΛb
)⟩ = fA

⊥ (q2) [ūΛ(k, sΛ)/ϵ
∗(±) γ5 uΛb

(p, sΛb
)] . (22)

The other helicity amplitudes with qν projections of the tensor and pseudo-tensor currents are given as,

HT
0 (sΛb

, sΛ) = ϵ∗µ(0) ⟨Λ(k, sΛ) |s̄ iσµνq
νb|Λb(p, sΛb

)⟩ = −2fT
0 (q2)

q2

s+
(k · ϵ∗(0)) [ūΛ(k, sΛ)uΛb

(p, sΛb
)] , (23)

HT
±(sΛb

, sΛ) = ϵ∗µ(±) ⟨Λ(k, sΛ) |s̄ iσµνq
νb|Λb(p, sΛb

)⟩ = −fT
⊥(q2)(mΛb

+mΛ) [ūΛ(k, sΛ)/ϵ
∗(±)uΛb

(p, sΛb
)] , (24)

and

HT5
0 (sΛb

, sΛ) = ϵ∗µ(0) ⟨Λ(k, sΛ) |s̄ iσµνq
νγ5b|Λb(p, sΛb

)⟩ = −2fT5
0 (q2)

q2

s−
(k · ϵ∗(0)) [ūΛ(k, sΛ) γ5 uΛb

(p, sΛb
)] , (25)

HT5
± (sΛb

, sΛ) = ϵ∗µ(±) ⟨Λ(k, sΛ) |s̄ iσµνq
νγ5b|Λb(p, sΛb

)⟩ = fT5
⊥ (q2)(mΛb

−mΛ) [ūΛ(k, sΛ)/ϵ
∗(±)γ5 uΛb

(p, sΛb
)] , (26)

where s± are defined as s± ≡ (mΛb
± mΛ)

2 − q2 and q2 = (p − k)2 is square of the momentum transfer while

f
(V,A,T,T5)
(t,0,⊥) (q2) are the different FFs.

We compute the helicity amplitudes defined in Eqs. (11)-(16) for all possible spin configurations. By performing

this calculation, together with the relevant kinematic conventions, we identify all non-vanishing contributions arising

from both the SM and potential NP operators. These non-zero terms are summarized below 1

H2
t

(
±1

2
,∓1

2

)
= ∓mΛb

−mΛ√
q2

√
s+(C10 + CNP

10ℓ + CNP
10′ℓ)f

V
t (q2)

− mΛb
+mΛ√
q2

√
s−(C10 + CNP

10ℓ − CNP
10′ℓ)f

A
t (q2), (27)

H1
0

(
±1

2
,∓1

2

)
= ∓

√
s−
q2

[
(Ceff

9 + CNP
9ℓ + CNP

9′ℓ )(mΛb
+mΛ)f

V
0 (q2) + 2mbC

eff
7 fT

0 (q2)
]

−
√

s+
q2

[
(Ceff

9 + CNP
9ℓ − CNP

9′ℓ )(mΛb
−mΛ)f

A
0 (q2) + 2mbC

eff
7 fT5

0 (q2)
]
, (28)

H2
0

(
±1

2
,∓1

2

)
= ∓

√
s−
q2

(C10 + CNP
10ℓ + CNP

10′ℓ)(mΛb
+mΛ)f

V
0 (q2)

−
√

s+
q2

(C10 + CNP
10ℓ − CNP

10′ℓ)(mΛb
−mΛ)f

A
0 (q2), (29)

H1
±

(
±1

2
,±1

2

)
= ±

√
2s−

[
(Ceff

9 + CNP
9ℓ + CNP

9′ℓ )f
V
⊥ (q2) +

2mb

q2
Ceff

7 (mΛb
+mΛ)f

T
⊥(q2)

]
−
√
2s+

[
(Ceff

9 + CNP
9ℓ − CNP

9′ℓ )f
A
⊥ (q2) +

2mb

q2
Ceff

7 (mΛb
−mΛ)f

T5

⊥ (q2)
]
, (30)

H2
±

(
±1

2
,±1

2

)
= ±

√
2s−(C10 + CNP

10ℓ + CNP
10′ℓ)f

V
⊥ (q2)−

√
2s+(C10 + CNP

10ℓ − CNP
10′ℓ)f

A
⊥ (q2). (31)

1 The H1
t

(
± 1

2
,∓ 1

2

)
helicity amplitudes do not contribute as the corresponding vector lepton current is conserved for the time-like

polarization of the virtual jµeff.
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C. Λ → Nπ decay amplitude

The Λ(k, sΛ) → N(p3, sN )π(p4) decay, where Nπ = {pπ−, nπ0}, p3 is the momentum of proton (or neutron) with

spin sN and p4 is the momentum of pion. This transition is described, within the SM, by the ∆S = 1 effective

Hamiltonian [62]:

Heff
∆S=1 =

4GF√
2
V ∗
udVus

[
d̄γµPLu

][
ūγµPLs

]
. (32)

The corresponding decay amplitude is given as

M2(sΛ, sN ) = N2H2(sΛ, sN ), (33)

where, N2 = 4GF√
2
V ∗
udVus, and

H2(sΛ, sN ) = ⟨N(p3, sN )π(p4)
∣∣[d̄γµPLu][ūγ

µPLs]
∣∣Λ(k, sΛ)⟩,

= ūN (p3, sN )(ω + ξγ5)uΛ(k, sΛ). (34)

Here, ω and ξ represent the two independent hadronic parameters, which can be extracted from the decay width and

polarization measurements of Λ → pπ− decay. Using the spinors according to the kinematics defined in Appendix

B, we obtain,

H2

(
± 1

2
,±1

2

)
=

(√
r+ω ∓√

r−ξ

)
cos

θΛ
2

, (35)

H2

(
± 1

2
,∓1

2

)
=

(
±√

r+ω +
√
r−ξ

)
sin

θΛ
2

, (36)

where r± = (mΛ ±mN )2 −m2
π.

D. Four-fold Λb → Λ(→ Nπ)ℓ+ℓ− decay

The four-fold Λb → Λ(→ Nπ)ℓ+ℓ− decay can be described by the full four-fold decay amplitude as 2

Ms1,s2 (sΛb
, sN ) =

∑
s
(a)
Λ

Ms1,s2
1

(
sΛb

, s
(a)
Λ

)
M2

(
s
(a)
Λ , sN

)
,

= N1

∑
s
(a)
Λ

∑
m=t,+,−,0

gmm

{
H1

m

(
sΛb

, s
(a)
Λ

)
Ls1,s2
V,m +H2

m

(
sΛb

, s
(a)
Λ

)
Ls1,s2
A,m

}
N2 H2(s

(a)
Λ , sN ). (37)

For the unpolarized four-fold Λb → Λ(→ Nπ)ℓ+ℓ− decay, we get the squared amplitude, by averaging over the initial

state spin and summing over the final states spins, as

∣∣∣M∣∣∣2 =
1

2 sΛb
+ 1

∑
sΛb

,sN

∑
s1,s2

∣∣∣Ms1, s2 (sΛb
, sN )

∣∣∣2,
=

1

2

∑
sΛb

∑
s
(a)
Λ ,s

(b)
Λ

∑
s1,s2

∑
m,n=t,+,−,0

|N1|2 gmmgnn

[
Ls1,s2
V,m L∗s1,s2

V,n H1
m

(
sΛb

, s
(a)
Λ

)
H1∗

n

(
sΛb

, s
(b)
Λ

)
+ Ls1,s2

A,m L∗s1,s2
A,n H2

m

(
sΛb

, s
(a)
Λ

)
H2∗

n

(
sΛb

, s
(b)
Λ

)
+ Ls1,s2

V,m L∗s1,s2
A,n H1

m

(
sΛb

, s
(a)
Λ

)
H2∗

n

(
sΛb

, s
(b)
Λ

)
+ Ls1,s2

A,m L∗s1,s2
V,n H2

m

(
sΛb

, s
(a)
Λ

)
H1∗

n

(
sΛb

, s
(b)
Λ

)]∑
sN

|N2|2H2

(
s
(a)
Λ , sN

)
H∗

2

(
s
(b)
Λ , sN

)
. (38)

2 We have only considered the spin structure of the intermediate spin 1/2 Λ state, in the full amplitude, and omitted its propagator as
it is treated on-shell.
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III. FOUR-FOLD ANGULAR DISTRIBUTIONS

A. Unpolarized lepton case

Considering four-body phase space with the squared amplitude, and combining all the elements, the final unpo-

larized four-fold differential decay distribution is obtained as [59, 62]

d4Γ

dq2d cos θℓd cos θΛdϕ
=

3

8π
B(Λ → Nπ)

[(
K1ss sin

2 θℓ +K1cc cos
2 θℓ +K1c cos θℓ

)
+
(
K2ss sin

2 θℓ +K2cc cos
2 θℓ +K2c cos θℓ

)
cos θΛ

+
(
K3sc sin θℓ cos θℓ +K3s sin θℓ

)
sinϕ sin θΛ

+
(
K4sc sin θℓ cos θℓ +K4s sin θℓ

)
cosϕ sin θΛ

]
, (39)

where the angular coefficients, including the lepton mass effects, are given in both helicity and transversity basis in

Appendix E and Appendix F, respectively.

B. Polarized lepton case

We define the spin four-vector of the lepton ℓ−, in its rest frame, by using the three orthogonal unit vectors, êi,

where i = L, N, and T correspond to the longitudinal, normal, and transverse polarizations of the lepton, respectively.

sµ1L ≡ (0, êL) =

(
0,

p⃗ℓ−

|p⃗ℓ− |

)
, sµ1N ≡ (0, êN ) =

(
0,

k⃗ × p⃗ℓ−

|⃗k × p⃗ℓ− |

)
, sµ1T ≡ (0, êT ) = (0, êN × êL) . (40)

Here, p⃗ℓ− , and k⃗ denote the three-momentum vectors of ℓ−, and Λ, respectively. When boosted to ℓℓ̄ center of mass

frame, the longitudinal polarization four vector gets transformed, while the other two remain unchanged.

sµ1L,CM =

( |p⃗ℓ− |
mℓ

,
Eℓp⃗ℓ−

mℓ|p⃗ℓ− |

)
. (41)

To get the four-fold differential decay distribution, with L, N and T polarized lepton, we employ the spin projector
1
2 (1 + γ5 /s1) in the leptonic tensors. In particular, we make the replacement (/pℓ− +mℓ) → (/pℓ− +mℓ)

1
2 (1 + γ5/s1).

1. Longitudinal four-fold angular distribution

For the case of longitudinal lepton polarization, L polarized four-fold angular decay distribution is obtained as

d4ΓL (s⃗ℓ− = ±êL)

dq2d cos θℓd cos θΛdϕ
=

3

8π
B(Λ → Nπ)

[(
K1ssL sin

2 θℓ +K1ccL cos
2 θℓ +K1cL cos θℓ

)
+
(
K2ssL sin

2 θℓ +K2ccL cos
2 θℓ +K2cL cos θℓ

)
cos θΛ

+
(
K3scL sin θℓ cos θℓ +K3sL sin θℓ

)
sinϕ sin θΛ

+
(
K4scL sin θℓ cos θℓ +K4sL sin θℓ

)
cosϕ sin θΛ

]
. (42)

To keep track of the spin orientation of the L polarized lepton, we use the parameter ξL and decompose each angular

coefficient as follows

K{··· }L =
K{··· }

2
+ ξL K′

{··· }L , (43)

where {· · · } corresponds to the suffixes 1ss, 1cc, 1c, 2ss, 2cc, 2c, 3sc, 3s, 4sc, 4s. The two terms of K{··· }L correspond to

spin orientation independent (unpolarized) and dependent (polarized) parts of each angular coefficient, respectively.

The parameter ξL = ±1 for s⃗ℓ− = ±êL, respectively. With longitudinally polarized lepton, the q2 dependent

analytical expressions of K′
{··· } in terms of helicity and transversity amplitudes are given in Appendix E and Appendix

F, respectively.
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2. Normal four-fold angular distribution

In contrast to the case of longitudinal polarization, for the case of a normally polarized lepton, all polarization-

dependent terms appear as new angular structures with additional angular coefficients, identified with parameter

ξN = ±1, and they do not merge with the previously known unpolarized angular structures. The corresponding

differential decay distribution becomes

d4ΓN (s⃗ℓ− = ±êN )

dq2d cos θℓd cos θΛdϕ
=

3

8π
B(Λ → Nπ)

[(
K1ssN sin2 θℓ +K1ccN cos2 θℓ +K1cN cos θℓ + ξN K1sN sin θℓ

)
+
(
K2ssN sin2 θℓ +K2ccN cos2 θℓ +K2cN cos θℓ + ξN K2sN sin θℓ

)
cos θΛ

+
(
K3scN sin θℓ cos θℓ +K3sN sin θℓ + ξN

(
K3cN cos θℓ +K3N

))
sinϕ sin θΛ

+
(
K4scN sin θℓ cos θℓ +K4sN sin θℓ + ξN

(
K4cN cos θℓ +K4N

))
cosϕ sin θΛ

]
. (44)

The angular coefficient K{··· }N with suffixes 1ss, 1cc, 1c, 2ss, 2cc, 2c, 3sc, 3s, 4sc, 4s are related to the corresponding

unpolarized angular coefficients by K{··· }N =
K{··· }

2 . The additional six polarization dependent angular coefficients,

are K1sN, K2sN, K3cN, K3N, K4cN, and K4N. Among these six coefficients, two of them are real, i.e., K3cN and K3N,

while the remaining are imaginary. Their analytical expressions in terms of helicity and transversity amplitudes are

given in Appendix E and Appendix F, respectively.

3. Transverse four-fold angular distribution

For the transversely polarized lepton case, twelve additional angular coefficients, identified with parameter ξT = ±1,

are contributing to the T polarized four-fold differential decay distribution, which is obtained as

d4ΓT (s⃗ℓ− = ±êT )

dq2d cos θℓd cos θΛdϕ
=

3

8π
B(Λ → Nπ)

[(
K1ssT sin2 θℓ +K1ccT cos2 θℓ +K1cT cos θℓ

+ ξT
(
K1scT sin θℓ cos θℓ +K1sT sin θℓ

))
+
(
K2ssT sin2 θℓ +K2ccT cos2 θℓ +K2cT cos θℓ

+ ξT
(
K2scT cos θℓ sin θℓ +K2sT sin θℓ

))
cos θΛ

+ sinϕ sin θΛ

(
K3scT sin θℓ cos θℓ +K3sT sin θℓ

+ ξT
(
K3ssT sin2 θℓ +K3ccT cos2 θℓ +K3cT cos θℓ +K3T

))
+ cosϕ sin θΛ

(
K4scT sin θℓ cos θℓ +K4sT sin θℓ

+ ξT
(
K4ssT sin2 θℓ +K4ccT cos2 θℓ +K4cT cos θℓ +K4T

))]
. (45)

The angular coefficient K{··· }T with suffixes 1ss, 1cc, 1c, 2ss, 2cc, 2c, 3sc, 3s, 4sc, 4s are related to the corresponding

unpolarized angular coefficients by K{··· }T =
K{··· }

2 . We found twelve new angular coefficients in this case. Among

them, the four coefficients K1sT, K2sT, K1scT, and K2scT appear in the expressions of the well-known angular ob-

servables, namely the differential branching ratio, hadron forward backward asymmetry, lepton forward–backward

asymmetry, and lepton hadron forward backward asymmetry, as provided in Eqs. (56) and (57). In addition, four

of the newly obtained coefficients are purely imaginary, i.e., K3ssT, K3ccT, K3cT, K3T, while the remaining four are

real: K4ssT, K4ccT, K4cT, K4T. The polarization asymmetries of these real angular coefficients within the SM are

illustrated in FIG. 6. The analytical expressions of all the angular coefficients are provided in terms of helicity and

transversity amplitudes in Appendix E and Appendix F, respectively.
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IV. PHYSICAL OBSERVABLES

In this section, we present the extraction of various unpolarized and polarized physical observables from the

corresponding four-fold differential decay distributions. In addition, we construct several polarization asymmetries

from the polarized angular distributions, which constitute one of the main objectives of this study.

A. Unpolarized lepton case

Starting from the unpolarized four-fold angular decay distribution given in Eq. (39), various decay observables can

be extracted using the appropriate weight functions, as described in Ref. [62]. For completeness, we present below

the expressions for the relevant physical observables and the other possible normalized angular coefficients.

• Integrating over angles, the differential decay rate in terms of the angular coefficient becomes

dΓ (Λb → Λ(→ Nπ)ℓ+ℓ−)

dq2
= B(Λ → Nπ)

(
2K1ss +K1cc

)
. (46)

where B(Λ → Nπ) is the contribution from the cascade decay Λ → Nπ. If we set aside the cascade decay, the

decay rate for Λb → Λℓ+ℓ− will then take the form

dΓ (Λb → Λℓ+ℓ−)

dq2
= 2K1ss +K1cc . (47)

• The forward-backward asymmetry of leptons, hadron and that of combined lepton-hadron can be calculated

as:

Aℓ
FB =

3

2

K1c

(2K1ss +K1cc)
, AΛ

FB =
1

2

(2K2ss +K2cc)

(2K1ss +K1cc)
, AℓΛ

FB =
3

4

K2c

(2K1ss +K1cc)
. (48)

• The other possible normalized angular coefficients are

K̂2ss =
K2ss

2K1ss +K1cc
, K̂2cc =

K2cc

2K1ss +K1cc
, K̂3sc =

K3sc

2K1ss +K1cc
,

K̂3s =
K3s

2K1ss +K1cc
, K̂4sc =

K4sc

2K1ss +K1cc
, K̂4s =

K4s

2K1ss +K1cc
. (49)

B. Polarized longitudinal lepton case

For the Longitudinally (L) polarized lepton, the spin-dependent observables can be extracted from Eq. (42) by

using similar weight functions as used for the unpolarized lepton case. The expressions are given as:

• The differential decay rate of Λb → Λ(→ Nπ)ℓ+ℓ− decay, with longitudinally polarized lepton becomes

dΓL (s⃗ℓ− = ±êL)

dq2
= B(Λ → Nπ)

(
2K1ssL +K1ccL

)
,

= B(Λ → Nπ)

(
K1ss +

K1cc

2
+ ξL (2K′

1ssL +K′
1ccL)

)
, (50)

• The unpolarized differential decay rate can be obtained as

dΓ (Λb → Λ(→ Nπ)ℓ+ℓ−)

dq2
=

dΓL (s⃗ℓ− = +êL)

dq2
+

dΓL (s⃗ℓ− = −êL)

dq2
. (51)

• The different forward-backward asymmetries for the longitudinally polarized lepton case become

Aℓ
FBL (s⃗ℓ− = ±êL) =

3

2

K1cL

(2K1ss +K1cc)
, AΛ

FBL (s⃗ℓ− = ±êL) =
1

2

(2K2ssL +K2ccL)

(2K1ss +K1cc)
,

AℓΛ
FBL (s⃗ℓ− = ±êL) =

3

4

K2cL

(2K1ss +K1cc)
. (52)
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• The other normalized angular coefficients as:

K̂2ssL (s⃗ℓ− = ±êL) =
K2ssL

2K1ss +K1cc
, K̂2ccL (s⃗ℓ− = ±êL) =

K2ccL

2K1ss +K1cc
, K̂3scL (s⃗ℓ− = ±êL) =

K3scL

2K1ss +K1cc
,

K̂3sL (s⃗ℓ− = ±êL) =
K3sL

2K1ss +K1cc
, K̂4scL (s⃗ℓ− = ±êL) =

K4scL

2K1ss +K1cc
, K̂4sL (s⃗ℓ− = ±êL) =

K4sL

2K1ss +K1cc
.

(53)

C. Polarized normal lepton case

Starting from four-fold angular decay distribution, with the Normal (N) polarized lepton, given in Eq. (44),

different decay observables are constructed as

• The differential decay rate will read as:

dΓN (s⃗ℓ− = ±êN )

dq2
= B(Λ → Nπ)

(
2K1ssN +K1ccN +

3π

4
ξN K1sN

)
. (54)

• For normally polarized lepton, the different forward-backward asymmetries become

Aℓ
FBN =

3

2

K1cN

(2K1ss +K1cc)
, AΛ

FBN (s⃗ℓ− = ±êN ) =
(8K2ssN + 4K2ccN + 3πξN K2sN)

8 (2K1ss +K1cc)
,

AℓΛ
FBN =

3

4

K2cN

(2K1ss +K1cc)
. (55)

D. Polarized transverse lepton case

Similarly, for transversely polarized lepton, the expressions of observables are given as follows:

dΓT (s⃗ℓ− = ±êT )

dq2
= B(Λ → Nπ)

(
2K1ssT +K1ccT +

3π

4
ξT K1sT

)
, (56)

Aℓ
FBT (s⃗ℓ− = ±êT ) =

1

2

(3K1cT + 2ξT K1scT)

(2K1ss +K1cc)
, AΛ

FBT (s⃗ℓ− = ±êT ) =
(8K2ssT + 4K2ccT + 3πξT K2sT)

8 (2K1ss +K1cc)
,

AℓΛ
FBT (s⃗ℓ− = ±êT ) =

1

4

(3K2cT + 2ξT K2scT)

(2K1ss +K1cc)
. (57)

E. Polarization asymmetries observables

• The longitudinal, normal and transverse single lepton polarization asymmetry can be defined as

Pi(q
2) =

dΓi(s⃗ℓ−=+êi)
dq2 − dΓi(s⃗ℓ−=−êi)

dq2

dΓi(s⃗ℓ−=+êi)
dq2 +

dΓi(s⃗ℓ−=−êi)
dq2

, (58)

where the polarization i = L, N, and T, dependent decay widths are given in Eqs. (50), (54), and (56),

respectively. Further, unit vector êi, with plus and minus designate the spin of the lepton along and opposite

to the corresponding polarized unit vector, respectively. The corresponding expressions are given as

PL =
2 (2K′

1ssL +K′
1ccL)

(2K1ss +K1cc)
, PN =

3π

2

K1sN

(2K1ss +K1cc)
, PT =

3π

2

K1sT

(2K1ss +K1cc)
. (59)

• The singly polarized forward-backward asymmetry of leptons, hadron and that of the combined lepton-hadron

are defined as

Aj

FBi(q
2) = Aj

FBi (s⃗ℓ− = +êi)−Aj
FBi (s⃗ℓ− = −êi) , (60)
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where, j belongs to the type of forward-backward asymmetry, i.e., j = ℓ, Λ, and ℓΛ, while i = L, N, and T.

The expressions of different forward-backward asymmetries for the L, N and T polarized lepton case become

Aℓ

FBL =
3K′

1cL

(2K1ss +K1cc)
, AΛ

FBL =
(2K′

2ssL +K′
2ccL)

(2K1ss +K1cc)
, AℓΛ

FBL =
3

2

K′
2cL

(2K1ss +K1cc)
. (61)

Aℓ

FBN = 0, AΛ

FBN =
3π

8

K2sN

(2K1ss +K1cc)
, AℓΛ

FBN = 0. (62)

Aℓ

FBT =
2K1scT

(2K1ss +K1cc)
, AΛ

FBT =
3π

4

K2sT

(2K1ss +K1cc)
, AℓΛ

FBT =
K2scT

(2K1ss +K1cc)
. (63)

• The other polarization asymmetries in the normalized individual angular coefficients are defined as

O(q2) = Ô (s⃗ℓ− = +êi)− Ô (s⃗ℓ− = −êi) . (64)

V. PHENOMENOLOGICAL ANALYSIS

In this section, we analyze the various physical observables discussed above in the SM and also in different NP

scenarios. To do so, the input parameters that we used are given in TABLE II.

TABLE II: Values of the used input parameters.

Constant Values Constant Values

GF 1.166378× 10−5 GeV−2 |VtbV
∗
ts| 0.0397+0.0008

−0.0006

mb 4.18+0.03
−0.02 GeV αem(mb) 1/133.28

αs(mb) 0.2233 me 0.0005 GeV

mµ 0.106 GeV mpole 4.91± 0.12 GeV

B
(
Λ → pπ−) 0.64% µb 5 GeV

B
(
Λ → nπ0

)
0.36% mΛ 1.116 GeV

τΛb (1.471± 0.009)× 10−12 s

Within our simplified factorization approach, the essential hadronic input functions are the Λb → Λ FFs [86]. To

this end, we have used high precision Lattice QCD calculation of the relevant form factors. The FFs used in [86] are

related to our notation of the FFs as fV
t,0,⊥ = f0,+,⊥, f

A
t,0,⊥ = g0,+,⊥, f

T
0,⊥ = h+,⊥, and fT5

0,⊥ = h̃+,⊥. To obtain the

q2 dependence and to estimate the uncertainties, the lattice calculations are fitted to two z−parameterizations. In

the so-called “nominal” fit, the parametrization read

f(q2) =
1

1− q2

(mf
pole)

2

[
af0 + af1z(q

2, t+)
]
, (65)

where z(q2, t+) are defined as

z(q2, t+) =

√
t+ − q2 −√

t+ − t0√
t+ − q2 +

√
t+ − t0

, (66)

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

2. The statistical uncertainties of the observable are calculated from the

“nominal” fit, while, to estimate the systematic uncertainties a “higher-order” fit is used for which the fit function is

f(q2) =
1

1− q2

(mf
pole)

2

[
af0 + af1z(q

2, t+) + af2(z(q
2, t+))

2
]
. (67)

The values of the fit parameters and all the masses are used from [86]. To see the impact of the vector and axial

vector NP WCs given in Eq. (3), we use the global fit data from Ref. [35], and the best-fit values with 1σ intervals

are summarized in Table III. Here, we have selected only those NP scenarios that show relatively greater pull and
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TABLE III: Best-fit values of the WCs and the 1σ ranges of the different NP scenarios, as presented in [35].

Scenario Best-fit value 1σ

S1 CV
9µ −1.02 [−1.43,−0.61]

CV
10µ −0.35 [−0.75,−0.00]

CU
9 = CU

10 +0.19 [−0.16,+0.58]

S2 CV
9µ −0.21 [−0.39,−0.02]

CU
9 −0.97 [−1.21,−0.72]

S3 CV
9µ = −CV

10µ −0.08 [−0.14,−0.02]

CU
9 −1.10 [−1.27,−0.91]

S4 CV
9µ −0.68 [−0.84,−0.52]

CU
10′ −0.03 [−0.15,+0.09]

are differentiable in the observables we have considered. For simplicity, we have renamed them as scenarios S1, S2,

S3 and S4 in Table III. In the next step, with these input parameters, the task is to perform the phenomenological

analysis of the above mentioned physical observables which correspond to the L, N and T polarization of a single

lepton in the decay process Λb → Λ(→ Nπ)µ+µ−. For all results, lepton is taken as the muon.

dβ/dq2

dβL/dq2

0 5 10 15 20
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

q2[GeV2]

Λ
b
→
Λ
(→
p
π
-
)μ

+
μ
-
[1
0-
7 ] dβ/dq2

dβL/dq2

0 5 10 15 20
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

q2[GeV2]

Λ
b
→
Λ
(→
n
π
0 )
μ
+
μ
-
[1
0-
7 ] FB

l

FBL
l

0 5 10 15 20

-0.4

-0.2

0.0

0.2

0.4

q2[GeV2]

FB
Λ

FBL
Λ

0 5 10 15 20
-0.4

-0.3

-0.2

-0.1

0.0

q2[GeV2]

K

2 cc



2 ccL

0 5 10 15 20
-0.4

-0.3

-0.2

-0.1

0.0

q2[GeV2]

K

2 ss



2 ssL

0 5 10 15 20

-0.4

-0.3

-0.2

-0.1

0.0

q2[GeV2]

FB
lΛ

FBL
lΛ

0 5 10 15 20
-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

0.20

q2[GeV2]

K

4 s



4 sL

0 5 10 15 20

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

q2[GeV2]

K

4 sc



4 scL

0 5 10 15 20
-0.10

-0.05

0.00

0.05

0.10

q2[GeV2]

FIG. 1: Differential branching ratios and various observables vs. q2 for SM unpolarized and longitudinally polarized final state

lepton. Dotted region represent the spin + 1
2
contributions, while the dashed region represent the spin − 1

2
contributions. For

all results ℓ = µ.
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A. Lepton polarization effects in various angular observables within SM

1. Longitudinal polarization

In FIG. 1, we present the differential branching ratios and other angular observables as functions of q2, comparing

the unpolarized case with the scenario where the final-state lepton is longitudinally polarized. For predicting the

differential branching ratios, we consider the values of the branching ratios of the cascade decays Λ →
(
pπ−, nπ0

)
,

from the particle data group (PDG) [87], which are also reported in TABLE II. The bands in these plots originate from

the errors in the input parameters, mainly the form factors. From the plots, we can read that for the longitudinally

polarized lepton case in the SM:

• The differential branching ratios for the polarized and unpolarized lepton cases nearly coincide in the low- to

intermediate-q2 region. However, in the high-q2 range, the polarized case yields a smaller value compared to

the unpolarized one. Moreover, the contribution from the spin + 1
2 component remains negligibly small across

almost the entire q2 domain. Consequently, the high-q2 region offers a promising opportunity to probe the

effects of lepton polarization and the different spin possibilities.

• The zero-crossing point of the lepton forward-backward asymmetry, Aℓ
FB, is a key observable for probing

the SM. As illustrated in FIG. 1, the polarized case allows for a clear separation of the contributions from

different helicity states. Notably, there is no zero-crossing observed for either spin configuration. The spin − 1
2

contribution remains positive throughout the entire q2 range. At high q2, the total contribution arises solely

from the spin + 1
2 state, whereas in the low q2 region, both spin components contributed.

• Just like Aℓ
FB, the unpolarized and polarized cases in AℓΛ

FB are clearly distinguishable, with the contributions

from the spin −1
2 and + 1

2 helicity states reversed in high q2 region. As in the previous case, no zero-crossing

is observed for the polarized lepton, nor for either helicity component.

• In the case of the forward-backward asymmetry associated with the final-state Λ, i.e., AΛ
FB, the distribution

in the polarized lepton scenario differs significantly from the unpolarized case across the entire q2 range. The

trend for the polarized lepton with spin + 1
2 approaches zero from the negative side, in contrast to both the

unpolarized case and the polarized case with spin − 1
2 .

• In FIG. 1, we observe that, except for K2ccL and K2ssL, the results for polarized leptons and individual lepton

helicity states are largely masked by the theoretical uncertainties within the SM. In the case of K̂2ccL, the

contribution from the polarized lepton with spin + 1
2 increases in the low to intermediate q2 region, which is

in clear contrast to both the spin − 1
2 and unpolarized cases. On the other hand, for K̂2ssL, despite the value

slightly higher than the unpolarized case, the behavior of the polarized lepton with spin − 1
2 closely follows that

of the unpolarized distribution, while the contribution from spin +1
2 remains nearly zero across the entire q2

range. These contrasting behaviors of K̂2ccL and K̂2ssL also stand out relative to the other angular observables,

where such helicity-dependent distinctions are not pronounced.

2. Transverse polarization

In FIG. 2, we present the differential branching ratios and the forward–backward asymmetries as functions of q2,

comparing the unpolarized case with the scenario where the final-state lepton is transversely polarized. For clarity,

the contributions from the two lepton spin states are also shown separately in order to examine their relative impact

across different q2 regions. The main observations can be summarized as follows:

• The transversely polarized branching ratio is decreased compared to the unpolarized case in the high q2 region,

where both spin states contribute almost the same.
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FIG. 2: Differential branching ratios and various observables vs. q2 for SM unpolarized and transversely polarized final state

lepton. Dotted region represent the spin + 1
2
contributions, while the dashed region represent the spin − 1

2
contributions. For

all results ℓ = µ.

• In contrast to the longitudinal polarization lepton case, the forward-backward asymmetries Aℓ
FBT and AℓΛ

FBT

for the transversely polarized lepton also crosses zero, similar to the unpolarized case. However, the position

of the zero is slightly shifted when the spin of the final-state polarized lepton is taken to be − 1
2 and + 1

2 for

Aℓ
FBT and AℓΛ

FBT, respectively. In the high-q2 region, the magnitude of these asymmetries decreases compared

to the unpolarized scenario. Moreover, the uncertainties arising from the FFs are relatively small in this region,

which makes them a particularly sensitive observable to study the impact of lepton polarization.

• In the case of transversely polarized lepton and with spin + 1
2 and − 1

2 the magnitude of AΛ
FBT remains higher

in the whole q2 range from the corresponding unpolarized AΛ
FB, while the two contributions remain distinct

from each other in the low to intermediate q2 region.

B. Polarization asymmetry observables

In this section, we show the asymmetry, the difference between the spin + 1
2 and − 1

2 , for the observables defined

in Eqs. (59) - (64). The techniques for the extraction of these asymmetries are discussed in section (IVE). We

also analyze NP impact in these and compare the results with their corresponding SM predictions. Specifically,

we consider four representative NP scenarios, selected to be consistent with current experimental observations of

the anomalies observed in rare b-hadron decays. The values of the associated WCs for each scenario are listed in

TABLE III. For the NP predictions of these observables, we take the lower limit of the 1σ range. As in the SM case,

the uncertainty bands shown in the plots reflect the propagation of uncertainties from hadronic FFs and other input

parameters.

1. Longitudinal polarization case

• The longitudinal lepton polarization PL as a function of q2 is shown in FIG. 3 for the SM and various NP

scenarios. It is evident that the NP effects deviate significantly from the SM predictions, lying well outside

the SM uncertainty band. Moreover, the different NP scenarios are clearly distinguishable from both the SM
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FIG. 3: Predictions for NP sensitivity in asymmetry of the longitudinal polarized observables as a function of q2. Red curves

represent the SM, while gray, orange, blue and green curves correspond to NP-scenario 1, 2, 3 and 4, respectively. For all

results ℓ = µ.

and from each other. The largest deviation from the SM occurs in scenario S1, where the magnitude of PL

decreases noticeably. This behavior arises due to the negative contributions to the effective WCs Ceff
9 and

C10, with C10 becoming more negative relative to the SM. A similar trend is observed in scenarios S2 and S3.

In contrast, scenario S4 does not modify the C9 coefficient, resulting in relatively minor deviations from the

SM prediction.

• Another set of interesting observables are the spin-dependent asymmetries related to the lepton and the lepton-

hadron forward-backward asymmetries, denoted by Aℓ

FBL and AℓΛ

FBL, respectively, as shown in FIG. 3. As

discussed in Eq. (60), these observables correspond to the difference between the two lepton spin configurations

for a given polarization state. In the case of Aℓ

FBL, there is no zero-crossing in either the SM or any of the NP

scenarios. This is consistent with the SM result shown in FIG. 1, where the zero-crossing in Aℓ
FB arises from the

sum of the spin + 1
2 and − 1

2 contributions. Therefore, taking their difference—i.e., forming Aℓ

FB—eliminates

the possibility of a zero-crossing. A similar behavior is observed for AℓΛ

FB . These spin-dependent observables

are particularly important, as they allow for a clean separation of the two helicity configurations in the SM for

polarized leptons. Among the NP scenarios considered, scenario S1 shows the most pronounced deviation from

the SM, making its effects more readily observable in these asymmetries compared to the other scenarios.

• In contrast to K̂2ccL, as shown in FIG. 1, the observable K2ccL exhibits a zero-crossing. This occurs because,

in this case, the contributions from both spin helicity states enter with the same sign, leading to a cancellation

at a specific value of q2 within the SM. The position of this zero is particularly sensitive to NP contributions

that modify the effective WCs Ceff
9 and C10. Consequently, a precise measurement of the zero-crossing point
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FIG. 4: Predictions for NP sensitivity in asymmetry of the transverse polarized observables as a function of q2. Red curves

represent the SM, while gray, orange, blue and green curves correspond to NP-scenario 1, 2, 3 and 4, respectively. For all

results ℓ = µ.

in K2ccL can serve as a powerful probe to distinguish between different NP scenarios.

• Significant NP effects are also observed in the angular coefficient K2ssL and the hadron forward-backward

asymmetry AΛ

FBL within the low-q2 region (0.045 ≤ q2 ≤ 8 GeV2). Once again, the largest deviation from

the SM prediction occurs in scenario S1, where the observable decreases substantially when evaluated as the

difference between spin helicity states for polarized leptons.

• In contrast to the aforementioned spin asymmetries, although NP effects are present in the angular coefficients

K4sL and K4scL, their magnitudes are suppressed by roughly an order compared to the leading observables.

As a result, observing these effects experimentally would require significantly larger datasets, making their

detection more challenging.

2. Transverse polarization case

For the case of transverse lepton polarization, the analytical expressions for the various angular coefficients, depen-

dent on ξT parameter, are provided in Eqs. (E28)–(E39). It follows from these expressions that all angular coefficients

are proportional to the lepton mass mℓ and are therefore suppressed relative to their counterparts in the longitudinal

polarization case. This behavior is clearly visible in the plots shown in FIG. 4 for PT , A
ℓ

FBT, A
Λ

FBT, and Aℓ,Λ

FBT,

where the magnitudes are approximately an order of magnitude smaller than those obtained for the longitudinally

polarized case. Furthermore, the effects of NP are significant only in Scenario S1, and predominantly in Aℓ

FBT and

Aℓ,Λ

FBT, within the low- to intermediate-q2 region.
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FIG. 5: SM predictions for polarization asymmetries of the new real angular coefficients, K3cN and K3N, for the normally

polarized muon.
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FIG. 6: SM predictions for polarization asymmetries of the new real angular coefficients, K4ssT, K4ccT, K4cT, and K4T, for

the transversely polarized muon.

C. Polarization asymmetries for new angular coefficients in N and T cases

In FIG. 5 and 6, we present the SM predictions of the polarization asymmetries of the additional individual real

angular coefficients with N and T polarized lepton case, respectively. The bands in the polarization asymmetries vs

q2 plots originate mainly from the form-factors uncertainties. In contrast to the longitudinal L case, the polarization

asymmetries of the presented angular coefficients associated with N and T polarization cases are suppressed within
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the SM, and the potential NP contributions are indistinguishable from the SM expectations. Consequently, for the

N and T polarization cases, only the SM results are shown.

VI. CONCLUSIONS

In this work, we have presented a detailed analysis of the polarization-dependent angular observables in the decay

Λb → Λ(→ Nπ)µ+µ−. By considering the final-state lepton polarized along the longitudinal (L), normal (N), and

transverse (T) directions, we derived the corresponding four-fold angular distributions and identified the additional

angular structures that arise beyond the unpolarized case.

For the longitudinal polarization, the spin-dependent terms appear naturally within the already established angular

framework, leading to polarized counterparts of the well-known observables. In the case of normal polarization, we

identified six additional angular coefficients, of which two are real and four are purely imaginary. Among the

imaginary contributions, only two contribute directly to the physical observables such as the differential branching

ratio and hadron forward–backward asymmetry, while the remaining ones do not enter explicitly, resulting in a

suppressed overall effect within the SM. For the transverse polarization, twelve new angular coefficients are obtained,

consisting of eight real and four imaginary terms. Some of these angular coefficients modify different observables,

including the differential branching ratio, and forward–backward asymmetries. The polarization asymmetries in the

remaining real angular coefficients are analyzed within the SM framework.

We further investigated the sensitivity of these polarization-dependent observables to potential NP by employing

global fit results for vector and axial-vector WCs. Our findings show that while the asymmetries associated with

longitudinal and transverse polarizations exhibit some sensitivity to such modifications, the additional spin-dependent

structures in the normal and transverse cases remain indistinguishable from SM predictions.

In conclusion, our study demonstrates that incorporating lepton polarization significantly enriches the angular

analysis, yielding new observables that can serve as potential probes of physics beyond the SM. Although the

present results indicate moderate deviations from SM expectations, the framework developed here provides a basis

for future precision measurements. In particular, improved determinations of hadronic FFs and high-statistics data

from experiments such as LHCb and Belle II may enhance the discovery potential of polarization-dependent angular

observables in Λb decays.
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Appendix A: Kinematics of the decay

We consider the momenta and spins assignments of the particles using the cascade nature of the decay as follows

Λb(p, sΛb
) → Λ(k, sΛ)

(
jeff(q) → ℓ+ (pℓ+ , s2) ℓ

− (pℓ− , s1)
)
,

Λ(k, sΛ) → N(p3, sN )π(p4), Nπ = {pπ−, nπ0}. (A1)

We consider the decay in the rest frame of the Λb baryon, where the final-state Λ baryon and the virtual vector

boson—denoted as jµeff—are assumed to move back-to-back, with the Λ traveling along the −z-axis. In their respective

rest frames, the Λ subsequently decays to Nπ, while the virtual boson decays to the lepton pair ℓ+ℓ−. The relevant

kinematic configuration is illustrated in FIG. 7. We follow the same conventions for the definitions of the four

independent variables, dilepton invariant mass squared q2, the polar angles θℓ, θΛ, and the azimuthal angle ϕ, as

described in [70, 88].

�−

�+
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μ
eff
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(p, n)

(π−, π0)

φ

θΛ

FIG. 7: Kinematics of Λb → Λ(→ Nπ)ℓ+ℓ− decays, where Nπ = {pπ−, nπ0}.

1. Kinematics in Λb rest frame

The four momentum in the rest frame of Λb are defined as follows [70, 88]

pµ = (mΛb
, 0, 0, 0), kµ = (EΛ, 0, 0,−|⃗k|), qµ = (q0, 0, 0,+|⃗k|), (A2)

where

q0 =
m2

Λb
−m2

Λ + q2

2mΛb

, EΛ =
m2

Λb
+m2

Λ − q2

2mΛb

, |⃗k| =

√
λ(m2

Λb
,m2

Λ, q
2)

2mΛb

, (A3)

with λ(m2
Λb
,m2

Λ, q
2) being the Källén function. The polarization four-vectors of jµeff, in Λb rest frame, are given as

ϵµ(t) =
1√
q2

(q0, 0, 0, |⃗k|), ϵµ(±) =
1√
2
(0,∓1,−i, 0), ϵµ(0) =

1√
q2

(|⃗k|, 0, 0, q0). (A4)
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2. Kinematics in ℓℓ̄ rest frame

The four momenta in the ℓℓ-CM frame are

qµ =
(√

q2, 0, 0, 0
)
, (A5)

pµℓ− = (Eℓ, |p⃗ℓ| sin θℓ cosϕ, |p⃗ℓ| sin θℓ sinϕ, |p⃗ℓ| cos θℓ) , (A6)

pµℓ+ = (Eℓ, −|p⃗ℓ| sin θℓ cosϕ, −|p⃗ℓ| sin θℓ sinϕ, −|p⃗ℓ| cos θℓ) , (A7)

with Eℓ =

√
q2

2 , |p⃗ℓ| =

√
q2

2 βℓ, and βℓ =
√
1− 4m2

ℓ

q2 . In the di-lepton pair rest frame (ℓℓ-CM), the transverse

polarizations of jeff remain same, while the other two polarizations read

εµ(t) = (1, 0, 0, 0), εµ(0) = (0, 0, 0, 1). (A8)

3. Kinematics in Λ rest frame

The Nπ system is characterized by its invariant mass k2 = m2
Λ. The four momenta in the rest frame of Λ are

taken as

kµ = (mΛ, 0, 0, 0) , (A9)

pµ3 = (EN , |p⃗3| sin θΛ, 0, −|p⃗3| cos θΛ) , (A10)

pµ4 = (Eπ, −|p⃗3| sin θΛ, 0, |p⃗3| cos θΛ) , (A11)

where, |p⃗3| =
√
λ(m2

Λ,m
2
N ,m2

π)/2mΛ.

Appendix B: The expressions of WCs in the SM

The explicit expressions used for the WCs are given as follows:

Ceff
7 (q2) = C7 −

1

3

(
C3 +

4

3
C4 + 20C5 +

80

3
C6

)
− αs

4π

[
(C1 − 6C2)F

(7)
1,c (q

2) + C8F
(7)
8 (q2)

]
,

Ceff
9 (q2) = C9 +

4

3

(
C3 +

16

3
C5 +

16

9
C6

)
− h(mpole

c , q2)

(
7

2
C3 +

2

3
C4 + 38C5 +

32

3
C6

)
+ h(mpole

b , q2)

(
4

3
C1 + C2 + 6C3 + 60C5

)
− αs

4π

[
C1F

(9)
1,c (q

2) + C2F
(9)
2,c (q

2) + C8F
(9)
8 (q2)

]
,

where the functions h(mpole
q , q2) with q = c, b and F

(7,9)
i (q2) are defined in [83], while F

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

(7,9)
2,c (q2) are

given for low q2 in [84] and for high q2 in [85]. The quark masses in all of these functions are defined in the pole

scheme.

Appendix C: Transition matrix elements

The matrix elements for the Λb → Λ transition can be written in the helicity basis [63]

⟨Λ(k, sΛ) |s̄γµb|Λb(p, sΛb
)⟩ = ūΛ(k, sΛ)

[
fV
t (q2)(mΛb

−mΛ)
qµ
q2

+ fV
0 (q2)

mΛb
+mΛ

s+

{
pµ + kµ − qµ

q2
(m2

Λb
−m2

Λ)
}

+ fV
⊥ (q2)

{
γµ − 2mΛ

s+
pµ − 2mΛb

s+
kµ
}]

uΛb
(p, sΛb

). (C1)
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⟨Λ(k, sΛ) |s̄γµγ5b|Λb(p, sΛb
)⟩ = −ūΛ(k, sΛ)γ5

[
fA
t (q2)(mΛb

+mΛ)
qµ
q2

+ fA
0 (q2)

mΛb
−mΛ

s−

{
pµ + kµ − qµ

q2
(m2

Λb
−m2

Λ)
}

+ fA
⊥ (q2)

{
γµ +

2mΛ

s−
pµ − 2mΛb

s−
kµ
}]

uΛb
(p, sΛb

). (C2)

Additionally,

⟨Λ(k, sΛ)|s̄iσµνγ
νb|Λb(p, sΛb

)⟩ = −ūΛ(k, sΛ)
[
fT
0 (q2)

q2

s+

{
pµ + kµ − qµ

q2
(m2

Λb
−m2

Λ)
}

+ fT
⊥(q2)(mΛb

+mΛ)
{
γµ − 2mΛ

s+
pµ − 2mΛb

s+
kµ
}]

uΛb
(p, sΛb

), (C3)

⟨Λ(k, sΛ)|s̄iσµνγ
νγ5b|Λb(p, sΛb

)⟩ = −ūΛ(k, sΛ)γ5

[
fT5
0 (q2)

q2

s−

{
pµ + kµ − qµ

q2
(m2

Λb
−m2

Λ)
}

+ fT5

⊥ (q2)(mΛb
−mΛ)

{
γµ +

2mΛ

s−
pµ − 2mΛb

s−
kµ
}]

uΛb
(p, sΛb

). (C4)

Appendix D: Λ → Nπ decay

Considering Eq. (33), and using Eqs. (35)–(36), the corresponding amplitude squared for Λ → Nπ decay, with

the unpolarized Λ can be obtained as∣∣∣M2

∣∣∣2 =
1

2

∑
sΛ, sN

|N2|2
∣∣∣H2 (sΛ, sN )

∣∣∣2 = |N2|2
(
r+|ω|2 + r−|ξ|2

)
. (D1)

The decay rate is given by

Γ (Λ → Nπ) =

√
r+r−

16πm3
Λ

|N2|2
(
r+|ω|2 + r−|ξ|2

)
. (D2)

From Eq. (38), the computation of the four-fold angular distributions will require the interference terms between

matrix elements with different Λ spins, which can be defined as 3

Γ2

(
s
(a)
Λ , s

(b)
Λ

)
=

√
r+r−

16πm3
Λ

∑
sN

|N2|2H2

(
s
(a)
Λ , sN

)
H∗

2

(
s
(b)
Λ , sN

)
. (D3)

The explicit expression of Γ2 is written as

Γ2 = B(Λ → Nπ)ΓΛ

(
1 + α cos θΛ −α sin θΛ

−α sin θΛ 1− α cos θΛ

)
, (D4)

where the rows and columns correspond to the values of s
(a)
Λ , s

(b)
Λ = 1/2,−1/2, respectively, and the parity violating

parameter α is the same as given in [59, 62]. The factor B(Λ → Nπ) is the same as obtained in Eqs. (39), (42), (44),

and (45), with its form given as

B (Λ → Nπ) =
1

ΓΛ

√
r+r−

16πm3
Λ

|N2|2
(
r+|ω|2 + r−|ξ|2

)
. (D5)

The decay rate of Λ → Nπ is also written as

Γ(Λ → Nπ) =
∑
sΛ

Γ2

(
sΛ, sΛ

)
2

=
1

2

[
Γ2 (+1/2, +1/2) + Γ2 (−1/2, −1/2)

]
. (D6)

3 Note that the normalization factor for Γ2(s
(a)
Λ , s

(b)
Λ ) is taken as the phase space part which is common in both Λ → Nπ and Λb →

Λ (→ Nπ)ℓ+ℓ− decays. With this choice, our definition of the Γ2(s
(a)
Λ , s

(b)
Λ ) is slightly different from the one given in [62], and is such

that the decay rate of Λ → Nπ reads as in Eq. (D6).
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Appendix E: Analytical expressions of the angular coefficients in terms of helicity amplitudes with unpo-

larized and polarized lepton

The expressions of the unpolarized angular coefficients, in terms of the helicity amplitudes, read as

K1ss = |N3|2
[
2m2

ℓ

q2

(∣∣∣H1
−
(
− 1

2 ,− 1
2

) ∣∣∣2 + ∣∣∣H1
+

(
+ 1

2 ,+
1
2

) ∣∣∣2 − 2
∣∣∣H2

0

(
− 1

2 ,+
1
2

) ∣∣∣2 − 2
∣∣∣H2

0

(
+ 1

2 ,− 1
2

) ∣∣∣2 − ∣∣∣H2
−
(
− 1

2 ,− 1
2

) ∣∣∣2
−
∣∣∣H2

+

(
+ 1

2 ,+
1
2

) ∣∣∣2 + 2
∣∣∣H2

t

(
− 1

2 ,+
1
2

) ∣∣∣2 + 2
∣∣∣H2

t

(
+ 1

2 ,− 1
2

) ∣∣∣2)+
1

2

(
2
∣∣∣H1

0

(
− 1

2 ,+
1
2

) ∣∣∣2 + 2
∣∣∣H1

0

(
+ 1

2 ,− 1
2

) ∣∣∣2
+
∣∣∣H1

−
(
− 1

2 ,− 1
2

) ∣∣∣2 + ∣∣∣H1
+

(
+ 1

2 ,+
1
2

) ∣∣∣2 + 2
∣∣∣H2

0

(
− 1

2 ,+
1
2

) ∣∣∣2 + 2
∣∣∣H2

0

(
+ 1

2 ,− 1
2

) ∣∣∣2 + ∣∣∣H2
−
(
− 1

2 ,− 1
2

) ∣∣∣2
+
∣∣∣H2

+

(
+ 1

2 ,+
1
2

) ∣∣∣2)], (E1)

K1cc = |N3|2
[
4m2

ℓ
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(∣∣∣H1
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(
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2 ,+
1
2

) ∣∣∣2 + ∣∣∣H1
0

(
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2
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−
(
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(
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t

(
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t

(
+ 1

2 ,− 1
2
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−
(
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2 ,− 1
2
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+

(
+ 1

2 ,+
1
2
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−
(
− 1

2 ,− 1
2

) ∣∣∣2 + ∣∣∣H2
+

(
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2 ,+
1
2

) ∣∣∣2)],
(E2)

K1c = −2 |N3|2βℓ Re

(
H1

−
(
− 1

2 ,− 1
2

)
H2∗

−
(
− 1

2 ,− 1
2

)
−H1

+

(
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2 ,+
1
2

)
H2∗

+

(
+ 1

2 ,+
1
2

))
, (E3)

K2ss = |N3|2α
[
− 2m2

ℓ

q2
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−
(
− 1
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2
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2
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(
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1
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2
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−
(
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2

) ∣∣∣2 + ∣∣∣H2
+

(
+ 1
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K2cc = |N3|2α
[
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(E5)

K2c = 2 |N3|2αβℓ Re

(
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2

)
H2∗
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2

)
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2 ,+
1
2

)
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1
2
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, (E6)
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√
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[
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K4sc =
√
2 |N3|2 α
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where βℓ =
√

1− 4m2
ℓ/q

2, and N3 , is defined as,

N3 = VtbV
∗
ts

[
G2

Fα
2
em

3× 211π5m3
Λb

q2
√
λβℓ

]1/2
. (E11)

Here, we abbreviate λ ≡ λ(m2
Λb
,m2

Λ, q
2), with the Källén function λ(a, b, c) = a2 + b2 + c2 − 2(ab+ ac+ bc).

The expressions of ξL dependent angular coefficients present in the L polarized four-fold angular decay distribution

are given, in terms of the helicity amplitudes, as
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The expressions of ξN dependent angular coefficients present in the N polarized four-fold angular decay distribution

are given, in terms of the helicity amplitudes, as
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The expressions of ξT dependent angular coefficients present in the T polarized four-fold angular decay distribution

are given, in terms of the helicity amplitudes, as
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Appendix F: Analytical expressions of the angular coefficients in terms of transversity amplitudes with

unpolarized and polarized lepton

The transversity amplitudes can be obtained from the helicity amplitudes given in Eqs. (27)–(31). we first define

the helicity amplitudes

HL,R
±

(
±1

2
,±1

2

)
=

[
H1

±

(
±1

2
,±1

2

)
∓H2

±

(
±1

2
,±1

2

)]
, (F1)

HL,R
0

(
±1

2
,∓1

2

)
=

[
H1

0

(
±1

2
,∓1

2

)
∓H2

0

(
±1

2
,∓1

2

)]
, (F2)

where L and R correspond to left and right-handed chiralities of the dilepton system, respectively. As there are no

H1
t

(
± 1

2 ,∓ 1
2

)
contributions, therefore we do not have separate left and right-handed parts for Ht. Hence, the two

time-like transversity amplitudes are obtained as
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The other transversity amplitudes are obtained as
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The expressions of the unpolarized angular coefficients, in terms of the transversity amplitudes are obtained as
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The expressions of ξL dependent angular coefficients present in the L polarized four-fold angular decay distribution
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are given, in terms of the transversity amplitudes, as
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Similarly, ξN dependent angular coefficients, in terms of the transversity amplitudes, take the form
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Also, ξT dependent angular coefficients, in terms of the transversity amplitudes, are obtained as
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