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The recent anomalies in b → slþl− transitions could originate from some new physics beyond the
Standard Model. Either to confirm or to rule out this assumption, more tests of b → slþl− transition are
needed. Polarized Λb decay to a Λ and a dilepton pair offers a plethora of observables that are suitable to
discriminate new physics from the Standard Model. In this paper, we present a full angular analysis of a
polarized Λb decay to a Λð→ pπÞlþl− final state. The study is performed in a set of the operator where the
Standard Model operator basis is supplemented with its chirality flipped counterparts, and new scalar and
pseudoscalar operators. The full angular distribution is calculated by retaining the mass of the final state
leptons. At the low hadronic recoil, we use the heavy quark effective theory framework to relate the
hadronic form factors which lead to simplified expression of the angular observables where short- and long-
distance physics factorize. Using the factorized expressions of the observables, we construct a number of
test of short- and long-distance physics including null tests of the Standard Model and its chirality flipped
counterparts that can be carried out using experimental data.

DOI: 10.1103/PhysRevD.104.013002

I. INTRODUCTION

Several experimental results in the rare b → slþl−

processes have shown deviations from the Standard
Model (SM) predictions. In the B → Kð�Þlþl− decay
the deviations in the RKð�Þ observables hints to a possible
violation of lepton flavor universality [1,2]. Moreover, the
branching ratios of B → Kμþμ− [3], B → K�μþμ− [4,5],
Bs → ϕμþμ− [6], and the optimized observables in B →
K�μþμ− decay [7] show systematic deviation from the SM
predictions. Though inconclusive till now, new physics
(NP) beyond the SM could be the origin of these deviations.
LHCb is now capable to study b → slþl− transitions

in baryonic decays. Interestingly, the LHCb measurement
of Λb → Λlþl− branching ratio [8] shows deviations
from the SM expectations with the same trend as its
mesonic counterparts. Phenomenologically, the Λb →
Λð→ pπÞμþμ− decay could be richer than its mesonic
counterpart as the Λb can be produced in polarized state. If
the Λb is polarized then the full angular distribution
of Λb → Λð→ pπÞlþl− in the SM gives access to 34
angular observables [9] which were recently measured by
the LHCb [10]. In the LHCb, the polarization of Λb was

measured as PΛb
¼0.06�0.07�0.02 at

ffiffiffi
s

p ¼ 7 TeV [11].
At the CMS detector, PΛb

¼ 0.00� 0.06� 0.02 was mea-
sured at

ffiffiffi
s

p ¼ 7 and 8 TeV [11,12]. In future eþe− collider,
Λb can be produced in longitudinal polarization also.
There are several theoretical studies of Λb → Λlþl− in

the SM. Using QCD sum rules to calculate the Λb → Λ
transition, the unpolarized Λb → Λlþl− was studied in
reference [13]. In [14] a sum-rule analysis of the spectator-
scattering corrections to the Λb → Λ form factors at large
recoil were given. Further theoretical understanding of
light-cone distribution amplitude of Λb wave function was
achieved in [15–17]. Light cone sum-rule calculations of
the Λb → Λ form factors have been done in [18,19]
and most recently, lattice QCD calculations of the same
have been done in [20]. A covariant constituent quark
model analysis of unpolarized Λb → Λlþl− decay can be
found in [21]. A full angular distribution of unpolarized
Λb → Λð→ pπÞlþl− in the SM was first given in [22].
Model-independent new physics analysis for unpolarized
Λb → Λð�Þð→ NπÞlþl− decay including a complete set of
dimension-six operators and retaining the final state lepton
masses were performed in [23–27]. A full angular distri-
bution of polarized Λb → Λð→ pπÞlþlþ decay in the SM
was first discussed in Ref. [9]. In this paper we revisit
the polarized Λb → Λð→ pπÞlþl− decay and extend the
previous SM angular distribution by supplementing the SM
operator basis by its chirality-flipped counterparts (hence-
forth SM0), and new scalar and pseudoscalar operators
(henceforth SP operators). We also retain the masses of the
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final state leptons which was neglected in the previous
calculations [9]. In the presence of the SP operators, we
find two additional angular observables that are helicity
suppressed. All the 36 angular observables depend on ten
form factors that have been calculated at large recoil in the
framework of light cone sum-rules [18,19,28]. The form
factors also have been calculated in the lattice QCD [20]
which is valid at low recoil. At low recoil, or large dilepton
invariant mass squared q2, the decay can be described by a
heavy quark effective theory (HQET) framework [29–31],
which ensures relations between the form factors known as
Isgur-Wise relations [32–34]. The Isgur-Wise relations lead
to the factorization of short- and long-distance physics in
the angular observables. We use the factorized expressions
to construct several new clean tests of form factors and
short-distance physics in the SM. We also discuss how
these tests are affected by the presence of SM0 and SP
operators. Additionally, we construct for the first time
combinations of observables that are sensitive to scalar NP
only and therefore serve as null tests of the SMþ SM0. We
also present a numerical analysis of several observables in
the SM and NP scenarios.
The organization of the paper is as follows: in Sec. II we

discuss the effective operators for b → slþl− transition
and discuss the derivations of the decay amplitudes. In
Sec. III we derived the full angular distribution of Λb →
Λð→ pπÞlþl− for a polarized Λb and discuss how to
extract angular observables from the angular distribution.
In section IV we discuss the relations between form factors
in HQET. The low-recoil simplifications of the angular
observables due to the HQET and its consequences on the
tests of short- and long-distance physics are discussed in
section V. A numerical analysis is presented in Sec. VI and
our results are summarized in Sec. VII. We also give several
appendixes where details of the derivations can be found.

II. EFFECTIVE HAMILTONIAN

In the SM the rare b → slþl− transition proceeds
through loop diagrams which are described by radiative
operator O7, semileptonic operators O9;10, and hadronic
operators O1−6;8. The operators O7;9;10 are the dominant
ones in the SM and read

O7 ¼
mb

e
½s̄σμνPRb�Fμν; O9 ¼ ½s̄γμPLb�½l̄γμl� and

O10 ¼ ½s̄γμPLb�½l̄γμγ5l�: ð2:1Þ

The corresponding Wilson coefficients are C7, C9, and C10.
We assume only the factorizable quark loop corrections
to the hadronic operators O1−6;8 which are absorbed into
the Wilson coefficients C7;9 (often written as Ceff7 , Ceff9 in the
literature). For simplicity, we ignore the nonfactorizable
corrections which are expected to play a significant role,

particularly at large recoil or low dilepton invariant mass
squared q2 [35,36].
Beyond the SM, effects of NP operators with the same

Dirac structure as O9;10 can be trivially included by the
modifications C9;10 → C9;10 þ δC9;10. We additionally
include the chirality flipped counterparts of O9;10 and
new scalar and pseudoscalar operators

O90 ¼ ½s̄γμPRb�½l̄γμl�; O100 ¼ ½s̄γμPRb�½l̄γμγ5l�;
OSð0Þ ¼ ½s̄PRðLÞb�½l̄l�; OPð0Þ ¼ ½s̄PRðLÞb�½l̄γ5l�:

ð2:2Þ
The Wilson coefficients corresponding to O90;100 , OSð0Þ;Pð0Þ

are C90;100 and CSð0Þ;Pð0Þ , respectively. NP operators of the
tensorial structure have been ignored for simplicity as these
operators lead to a large number of terms in the angular
distributions that will be discussed elsewhere. The Λb → Λ
hadronic matrix elements for the set of operators (2.1)
and (2.2) are conveniently defined in terms of ten q2

dependent helicity form factors fV;A0;⊥;t, f
T;T5
0;⊥ [14].

Assuming factorization between the hadronic and lep-
tonic parts, and neglecting contributions proportional to
VubV�

us, the amplitude of the decay process Λbðp; spÞ →
Λðk; skÞlþðqþÞl−ðq−Þ can be written as

Mλ1;λ2ðsp; skÞ ¼ −
GFffiffiffi
2

p VtbV�
ts
αe
4π

X
i¼L;R

�X
λ

ηλH
i;sp;sk
VA;λ Lλ1;λ2

i;λ

þH
i;sp;sk
SP Lλ1;λ2

i

�
; ð2:3Þ

where p; k; qþ; q− are the momentum of Λb, Λ, lþ and l−,
respectively, and sp, sk are the projection of Λb and Λ spins
on to the z-axis in their respective rest frames. The
polarization of the two leptons are denoted by λ1;2, λ ¼
0;�1; t are the polarization states of virtual gauge boson that
decays to the dilepton pair, and η�1;0 ¼ −1, ηt ¼ þ1. The

expressions of the hadronic matrix elements HLðRÞ
VA;λðsΛb

; sΛÞ
and HLðRÞ

SP ðsΛb
; sΛÞ can be found in Ref. [23]. In the

literature, the angular observables are usually expressed in
terms of transversity amplitudes. For SMþ SM0 set of
operators the transversity amplitudes are [24]

ALðRÞ
⊥1

¼ −
ffiffiffi
2

p
N
�
fV⊥

ffiffiffiffiffiffiffiffi
2s−

p
CLðRÞVAþ

þ 2mb

q2
fT⊥ðmΛb

þmΛÞ
ffiffiffiffiffiffiffiffi
2s−

p
Ceff7

�
; ð2:4Þ

ALðRÞ
k1 ¼

ffiffiffi
2

p
N

�
fA⊥

ffiffiffiffiffiffiffiffi
2sþ

p
CLðRÞVA−

þ 2mb

q2
fT5⊥ ðmΛb

−mΛÞ
ffiffiffiffiffiffiffiffi
2sþ

p
Ceff7

�
; ð2:5Þ
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ALðRÞ
⊥0

¼
ffiffiffi
2

p
N

�
fV0 ðmΛb

þmΛÞ
ffiffiffiffiffi
s−
q2

r
CLðRÞVAþ

þ 2mb

q2
fT0

ffiffiffiffiffiffiffiffiffiffi
q2s−

q
Ceff7

�
; ð2:6Þ

ALðRÞ
k0 ¼ −

ffiffiffi
2

p
N

�
fA0 ðmΛb

−mΛÞ
ffiffiffiffiffi
sþ
q2

r
CLðRÞVA−

þ 2mb

q2
fT50

ffiffiffiffiffiffiffiffiffiffi
q2sþ

q
Ceff7

�
; ð2:7Þ

A⊥t ¼ −2
ffiffiffi
2

p
NðC10 þ C100 ÞðmΛb

−mΛÞ
ffiffiffiffiffi
sþ
q2

r
fVt ; ð2:8Þ

Akt ¼ 2
ffiffiffi
2

p
NðC10 − C100 ÞðmΛb

þmΛÞ
ffiffiffiffiffi
s−
q2

r
fAt ; ð2:9Þ

where s� ¼ ðmΛb
�mΛÞ2 − q2, and the normalization con-

stant is given by

Nðq2Þ ¼ GFVtbV�
tsαe

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
τΛb

q2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

Λb
; m2

Λ; q
2Þ

q
3 · 211m3

Λb
π5

βl

vuut
;

βl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

q2

s
: ð2:10Þ

The combination of Wilson coefficients CLðRÞVA� are

CLðRÞVAþ ¼ ðC9 þ C90 Þ ∓ ðC10 þ C100 Þ; ð2:11Þ

CLðRÞVA− ¼ ðC9 − C90 Þ ∓ ðC10 − C100 Þ: ð2:12Þ

For the SP operators we follow the definition of transversity
amplitudes from [25] and using the scalar helicity amplitudes
given in [23] we get

ALðRÞ
⊥S ¼

ffiffiffi
2

p
NfVt

mΛb
−mΛ

mb −ms
CLðRÞSPþ ; ð2:13Þ

ALðRÞ
kS ¼ −

ffiffiffi
2

p
NfAt

mΛb
þmΛ

mb þms
CLðRÞSP− ; ð2:14Þ

where the Wilson coefficients are

CLðRÞSPþ ¼ ðCS þ CS0 Þ ∓ ðCP þ CP0 Þ; ð2:15Þ

CLðRÞSP− ¼ ðCS − CS0 Þ ∓ ðCP − CP0 Þ: ð2:16Þ

The subsequent parity violating weak decay amplitudes of
Λðk; skÞ → pðk1Þπðk2Þ are calculated following Ref. [22]
and using the baryon spinor given in Appendix A. In the
angular observables however, it is the parity violating
parameter αΛ ¼ 0.642� 0.013 [37] that is relevant.
The leptonic helicity amplitudes are defined as

Lλ1λ2
LðRÞ ¼ hl̄ðλ1Þlðλ2Þjl̄ð1 ∓ γ5Þlj0i; ð2:17Þ

Lλ1λ2
LðRÞ;λ ¼ ϵ̄μðλÞhl̄ðλ1Þlðλ2Þjl̄γμð1 ∓ γ5Þlj0i; ð2:18Þ

where ϵμ is the polarization of the virtual gauge boson that
decays to the dilepton pair. The detailed expressions of the
amplitudes are given in Appendix B.

III. ANGULAR DISTRIBUTIONS

The set of angles that forms the angular basis are θ, θb;l,
and ϕb;l [10]. Since transverse polarization is considered, it
is appropriate to define a normal vector n̂ ¼ p̂lab

beam × p̂lab
Λb

where p̂lab
beam; p̂

lab
Λb

are unit vectors in the lab frame. The
angle θ between the n̂ and the direction of Λ, in the Λb rest

frame is defined as cos θ ¼ n̂ · p̂fΛbg
Λ . To describe the decay

of Λ → pπ and the dilepton system, we construct coor-
dinate system fẑb; ŷb; x̂bg and fẑl; ŷl; x̂lg, respectively.
The z-axes are as follows: ẑb ¼ p̂fΛbg

Λ , ẑl ¼ p̂fΛbg
lþl− . The

other two axes are defined as: ŷb;l ¼ n̂ × ẑb;l and
x̂b;l ¼ n̂ × ŷb;l. The angles θl and ϕl are made by the
lþ in the dilepton rest frame and the angles θb and ϕb
are made by the proton in the Λ rest frame as shown in
Fig. 1. With this angular basis, the six fold angular
distribution of Λb→Λð→pπÞlþl− for the SMþSM0 þSP
set of operators is

FIG. 1. Definition of the angular basis for decay of polarized
Λb → Λð→ pπÞlþl−
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d6B

dq2dΩ⃗ðθl;ϕl; θb;ϕb; θÞ
¼ 3

32π2
ððK1 sin2 θl þ K2 cos2 θl þ K3 cos θlÞ

þ ðK4 sin2 θl þ K5 cos2 θl þ K6 cos θlÞ cos θb
þ ðK7 sin θl cos θl þ K8 sin θlÞ sin θb cos ðϕb þ ϕlÞ
þ ðK9 sin θl cos θl þ K10 sin θlÞ sin θb sin ðϕb þ ϕlÞ
þ ðK11 sin2 θl þ K12 cos2 θl þ K13 cos θlÞ cos θ
þ ðK14 sin2 θl þ K15 cos2 θl þ K16 cos θlÞ cos θb cos θ
þ ðK17 sin θl cos θl þ K18 sin θlÞ sin θb cos ðϕb þ ϕlÞ cos θ
þ ðK19 sin θl cos θl þ K20 sin θlÞ sin θb sin ðϕb þ ϕlÞ cos θ
þ ðK21 cos θl sin θl þ K22 sin θlÞ sinϕl sin θ

þ ðK23 cos θl sin θl þ K24 sin θlÞ cosϕl sin θ

þ ðK25 cos θl sin θl þ K26 sin θlÞ sinϕl cos θb sin θ

þ ðK27 cos θl sin θl þ K28 sin θlÞ cosϕl cos θb sin θ

þ ðK29 cos2 θl þ K30 sin2 θl þ K35 cos θlÞ sin θb sinϕb sin θ

þ ðK31 cos2 θl þ K32 sin2 θl þ K36 cos θlÞ sin θb cosϕb sin θ

þ ðK33 sin2 θlÞ sin θb cos ð2ϕl þ ϕbÞ sin θ
þ ðK34 sin2 θlÞ sin θb sin ð2ϕl þ ϕbÞ sin θÞ: ð3:1Þ

We identify the angular observables with those given
[22] as: K1ss ¼ K1, K1cc ¼ K2, K1c ¼ K3, K2ss ¼ K4,
K2cc ¼ K5, K2c ¼ K6, K4sc ¼ K7, K4s ¼ K8,
K3sc ¼ K9, and K3s ¼ K10. We obtain two new angular
coefficients K35 and K36 that are absent in the SMþ SM0
set of operators [9]. These observables depend on the
interference of scalar and (axial-)vector amplitudes only
and are helicity suppressed by ml=

ffiffiffiffiffi
q2

p
. Since we have

retained the masses of the final state leptons, we write each
of the Ki’s as

Kf���g ¼ Kf���g þ
mlffiffiffiffiffi
q2

p K0
f���g þ

m2
l

q2
K00

f���g: ð3:2Þ

In Appendix C we express the observables in terms of
transversity amplitudes. The massless part Ki of the
observables Ki have been previously calculated in the
SM operator basis in [9] and we agree with the results.
Our expressions of Ki given in Appendix C extend the
SM results by scalar amplitudes and are therefore new.
The expressions of K0

i and K00
i appear due to retaining

the leptons masses and have not been calculated
previously in the literature. If the final states leptons
are of two lightest flavors, then K0;00 can be neglect for
large recoil analysis. But the expressions are useful for
di-tau final states. The K0;00 are also useful for accurate
prediction of observables that are sensitive to lepton
flavor universality violation.

Integrations (3.1) over the angles give differential decay
distribution

dB
dq2

¼ 2K1 þ K2: ð3:3Þ

This is used to define normalized observables as

Mi ¼
Ki

dB=dq2
; ð3:4Þ

The Mi’s can be extracted from (3.1) by convolution with
different weight functions [9]

Mi ¼
3

32π2

Z �X36
j¼0

MjfjðΩ⃗Þ
�
giðΩ⃗ÞdΩ⃗ ð3:5Þ

where the weighting functions giðΩ⃗Þ are chosen such that
they satisfy Z

fjðΩ⃗ÞgiðΩ⃗ÞdΩ⃗ ¼
�
32π2

3

�
δij: ð3:6Þ

The weighting functions for M1 to M34 are given in [9].
For M35 and M36 the weighting functions are

g35ðΩ⃗Þ ¼
9

2
cos θl sin θb sinϕb sin θ; ð3:7Þ

g36ðΩ⃗Þ ¼
9

2
cos θl sin θb cosϕb sin θ: ð3:8Þ
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IV. LOW-RECOIL AMPLITUDES IN HQET

At low recoil, lepton masses can be neglected for di-
muon or di-electron final states. In that case, the time-like
amplitudes A⊥;kt and hence the form factor fV;At do not
contribute. The HQET spin symmetry at leading order in
1=mb expansion and up to OðαsÞ corrections implies
following relations between the rest of the form factors

ξ1 − ξ2 ¼ fV⊥ ¼ fV0 ¼ fT⊥ ¼ fT0 ;

ξ1 þ ξ2 ¼ fA⊥ ¼ fA0 ¼ fT5⊥ ¼ fT50 ; ð4:1Þ

where ξ1;2 are the leading Isgur-Wise form factors [14]. To
exploit these relations we assume the vector form factors
fV;A⊥;0 as independent and use the relations (4.1) for tensor
form factors. Including one-loop corrections to the Isgur-
Wise relations, the transversity amplitudes read [22]

ALðRÞ
⊥1

≃ −2NCLðRÞþ
ffiffiffiffiffi
s−

p
fV⊥; ALðRÞ

k1 ¼ 2NCLðRÞ−
ffiffiffiffiffi
sþ

p
fA⊥;

ð4:2Þ

ALðRÞ
⊥0

≃
ffiffiffi
2

p
NCLðRÞþ

mΛb
þmΛffiffiffiffiffi
q2

p ffiffiffiffiffi
s−

p
fV0 ; ð4:3Þ

ALðRÞ
k0 ≃ −

ffiffiffi
2

p
NCLðRÞþ

mΛb
−mΛffiffiffiffiffi
q2

p ffiffiffiffiffi
sþ

p
fA0 ; ð4:4Þ

where the Wilson coefficients are given by

CLðRÞþ ¼
�
ðC9 þ C90 Þ ∓ ðC10 þ C100 Þ þ

2κmbmΛb

q2
C7

�
;

CLðRÞ− ¼
�
ðC9 − C90 Þ ∓ ðC10 − C100 Þ þ

2κmbmΛb

q2
C7

�
:

ð4:5Þ

The parameter κ≡κðμÞ¼1−ðαsCF=2πÞlnðμ=mbÞ accounts
for the radiative QCD corrections to the form factors
relations. The parameter κ is such that together with the
Wilson coefficients and the MS b-quark mass mb in (4.5),
the amplitudes are free of the renormalization scale μ.
The simplifications of the transversity amplitudes yield

factorizations between short- and long-distance physics in
the angular observables. In the factorized expressions, the
vector and axial-vector Wilson coefficient contributes
through the following short-distance coefficients [22]

ρ�1 ¼ 1

2
ðjCR�j2 þ jCL�j2Þ ¼ jC79 � C90 j2 þ jC10 � C100 j2;

ρ2 ¼
1

4
ðCRþCR�− − CL−CL�þ Þ ¼ ReðC79C�10 − C90C�100 Þ − iImðC79C�90 þ C10C�100 Þ:

ρ�3 ¼ 1

2
ðjCR�j2 − jCL�j2Þ ¼ 2ReðC79 � C90 ÞðC10 � C100 Þ�

ρ4 ¼
1

4
ðCRþCR�− þ CL−CL�þ Þ

¼ ðjC79j2 − jC90 j2 þ jC10j2 − jC100 j2Þ − iImC79C�100 − C90C�10; ð4:6Þ

where we have abbreviated

C79 ≡ C9 þ
2κmbmΛb

q2
C7: ð4:7Þ

The ρ�3 and ρ4 contributes due to the secondary parity
violating decay. These coefficients appear in other
b → slþl− decays also. For example, ρ�1 and ρ2 appear
in B → K�ð→ KπÞlþl− [38], B → Kπlþl− [39], and
Λb → Λ�ð→ NK̄Þlþl− decay [25], ρ4 appears in Λb →
Λ�ð→ NK̄Þlþl− decay, and ρ−3 and ρ4 appear in B →
Kπlþl− decay. In the SM the following simplifications
take place

ρþ1 ¼ ρ−1 ¼ ρ1 ¼ 2Reðρ4Þ; ρþ3 ¼ ρ−3 ¼ ρ3; ð4:8Þ

Imðρ2Þ ¼ 0; Imðρ4Þ ¼ 0; ð4:9Þ

so that the independent coefficients are ρ1, ρ3, and Reðρ2Þ.
The scalar short-distance coefficients that appear in angular
observables are

ρ�S ¼ jCLSP�j2 þ jCRSP�j2;
ρS1 ¼ 2ðCLSPþCL�SP− þ CRSPþC

R�
SP−Þ: ð4:10Þ

V. LOW-RECOIL FACTORIZATION

Using the HQET simplifications of the previous section,
we obtain factorization between short- and long-distance
physics in the angular observables. We reiterate that the
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lepton mass is neglected to obtain these expressions. The factorized expression for the 10 observables that also appear in the
unpolarized Λb decay are

K1 ¼ 2sþ

�
jfA⊥j2 þ

ðmΛb
−mΛÞ2
q2

jfA0 j2
�
ρ−1 þ 2s−

�
jfV⊥j2 þ

ðmΛb
þmΛÞ2
q2

jfV0 j2
�
ρþ1

þ 1

m2
b

½jfVt j2sþρSþðmΛb
−mΛÞ2 þ jfAt j2s−ρS−ðmΛb

þmΛÞ2�; ð5:1Þ

K2 ¼ 4sþjfA⊥j2ρ−1 þ 4s−jfV⊥j2ρþ1 þ 1

m2
b

½jfVt j2sþρSþðmΛb
−mΛÞ2 þ jfAt j2s−ρS−ðmΛb

þmΛÞ2�; ð5:2Þ

K3 ¼ 16
ffiffiffiffiffiffiffiffiffiffi
sþs−

p
fA⊥fV⊥Reðρ2Þ; ð5:3Þ

K4 ¼ −8αΛ
ffiffiffiffiffiffiffiffiffiffi
sþs−

p �
fA⊥fV⊥ þ ðm2

Λb
−m2

ΛÞ
q2

fV0 f
A
0

�
Reðρ4Þ − αΛ

ffiffiffiffiffiffiffiffiffiffi
sþs−

p
fVt fAt ðmΛb

2 −mΛ
2ÞReðρS1Þ; ð5:4Þ

K5 ¼ −16αΛ
ffiffiffiffiffiffiffiffiffiffi
sþs−

p
fA⊥fV⊥Reðρ4Þ − αΛ

ffiffiffiffiffiffiffiffiffiffi
sþs−

p
fVt fAt ðmΛb

2 −mΛ
2ÞReðρS1Þ; ð5:5Þ

K6 ¼ −4αΛsþjfA⊥j2ρ−3 − 4αΛs−jfV⊥j2ρþ3 ; ð5:6Þ

K7 ¼ −8αΛ
ffiffiffiffiffiffiffiffiffiffi
sþs−

p �ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
A⊥ −

ðmΛb
−mΛÞffiffiffiffiffi
q2

p fA0f
V⊥
�
Reðρ4Þ ð5:7Þ

K8 ¼ 4sþαΛ
ðmΛb

−mΛÞffiffiffiffiffi
q2

p fA0f
A⊥ρ−3 − 4s−αΛ

ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
V⊥ρþ3 ; ð5:8Þ

K10 ¼ 8αΛ
ffiffiffiffiffiffiffiffiffiffi
sþs−

p �ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
A⊥ þ ðmΛb

−mΛÞffiffiffiffiffi
q2

p fA0f
V⊥
�
Imðρ4Þ: ð5:9Þ

For the additional observables that appear due to polarization, the factorization looks like

K11 ¼ −8PΛb

ffiffiffiffiffiffiffiffiffiffi
sþs−

p �
fA0f

V
0

ðm2
Λb

−m2
ΛÞ

q2
− fA⊥fV⊥

�
Reðρ4Þ − PΛb

N2αΛfVt fAt Re½ρS1� ffiffiffiffiffiffiffiffiffiffi
sþs−

p ðmΛb
2 −mΛ

2Þ; ð5:10Þ

K12 ¼ 16PΛb

ffiffiffiffiffiffiffiffiffiffi
sþs−

p
fA⊥fV⊥Reðρ4Þ − PΛb

N2αΛfVt fAt Re½ρS1� ffiffiffiffiffiffiffiffiffiffi
sþs−

p ðmΛb
2 −mΛ

2Þ; ð5:11Þ

K13 ¼ 4PΛb
sþjfV⊥j2ρ−3 þ 4PΛb

s−jfA⊥j2ρþ3 ; ð5:12Þ

K14 ¼ −2αΛPΛb
s−

�
jfV⊥j2 − jfV0 j2

ðmΛb
þmΛÞ2
q2

�
ρþ1 − 2αΛPΛb

sþ

�
jfA⊥j2 − jfA0 j2

ðmΛb
−mΛÞ2
q2

�
ρ−1 ð5:13Þ

þPΛb
αΛN2

1

m2
b

½jfVt j2sþρSþðmΛb
−mΛÞ2 þ jfAt j2s−ρS−ðmΛb

þmΛÞ2�; ð5:14Þ

K15 ¼ −4αΛPΛb
s−jfV⊥j2ρþ1 − 4αΛPΛb

sþjfA⊥j2ρ−1 þ PΛb
αΛN2

1

m2
b

½jfVt j2sþρSþðmΛb
−mΛÞ2 þ jfAt j2s−ρS−ðmΛb

þmΛÞ2�;

ð5:15Þ

K16 ¼ −16αΛPΛb

ffiffiffiffiffiffiffiffiffiffi
sþs−

p
fA⊥fV⊥Reðρ2Þ; ð5:16Þ

K17 ¼ −4αΛPΛb
s−

ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
V⊥ρþ1 þ 4αΛPΛb

sþ
ðmΛb

−mΛÞffiffiffiffiffi
q2

p fA0f
A⊥ρ−1 ; ð5:17Þ
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K18 ¼ −16αΛPΛb

ffiffiffiffiffiffiffiffiffiffi
sþs−

p �ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
A⊥ −

ðmΛb
−mΛÞffiffiffiffiffi
q2

p fA0f
V⊥
�
Reðρ2Þ; ð5:18Þ

K19 ¼ 8αΛPΛb

ffiffiffiffiffiffiffiffiffiffi
sþs−

p �ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
A⊥ þ ðmΛb

−mΛÞffiffiffiffiffi
q2

p fA0f
V⊥
�
Imðρ2Þ; ð5:19Þ

K22 ¼ −8PΛb

ffiffiffiffiffiffiffiffiffiffi
sþs−

p �ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
A⊥ −

ðmΛb
−mΛÞffiffiffiffiffi
q2

p fA0f
V⊥
�
Imðρ4Þ; ð5:20Þ

K23 ¼ 8PΛb

ffiffiffiffiffiffiffiffiffiffi
sþs−

p �ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
A⊥ þ ðmΛb

−mΛÞffiffiffiffiffi
q2

p fA0f
V⊥
�
Reðρ4Þ; ð5:21Þ

K24 ¼ 4PΛb
s−

ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
V⊥ρþ3 þ 4PΛb

sþ
ðmΛb

−mΛÞffiffiffiffiffi
q2

p fA0f
A⊥ρ−3 ; ð5:22Þ

K25 ¼ 8αΛPΛb

ffiffiffiffiffiffiffiffiffiffi
sþs−

p �ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
A⊥ −

ðmΛb
−mΛÞffiffiffiffiffi
q2

p fA0f
V⊥
�
Imðρ2Þ; ð5:23Þ

K27 ¼ −4αΛPΛb
s−

ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
V⊥ρþ1 − 4αΛPΛb

sþ
ðmΛb

−mΛÞffiffiffiffiffi
q2

p fA0f
A⊥ρ−1 ; ð5:24Þ

K28 ¼ −8αΛPΛb

ffiffiffiffiffiffiffiffiffiffi
sþs−

p �ðmΛb
þmΛÞffiffiffiffiffi
q2

p fV0 f
A⊥ þ ðmΛb

−mΛÞffiffiffiffiffi
q2

p fA0f
V⊥
�
Reðρ2Þ; ð5:25Þ

K29 ¼ −PΛb
αΛfVt fAt ImðρS1Þ ffiffiffiffiffiffiffiffiffiffi

sþs−
p ðmΛb

2 −mΛ
2Þ ð5:26Þ

K30 ¼ þ8αΛPΛb

ffiffiffiffiffiffiffiffiffiffi
sþs−

p ðm2
Λb

−m2
ΛÞ

q2
fA0f

V
0 Imðρ2Þ þ PΛb

αΛfVt fAt ImðρS1Þ ffiffiffiffiffiffiffiffiffiffi
sþs−

p ðmΛb
2 −mΛ

2Þ ð5:27Þ

K31 ¼ PΛb
αΛ

1

m2
b

½−jfVt j2sþρSþðmΛb
−mΛÞ2 þ jfAt j2s−ρS−ðmΛb

þmΛÞ2� ð5:28Þ

K32 ¼ −2αΛPΛb
s−

ðmΛb
þmΛÞ2
q2

jfV0 j2ρþ1 þ 2αΛPΛb
sþ

ðmΛb
−mΛÞ2
q2

jfA0 j2ρ−1 ð5:29Þ

þαΛPΛb

1

m2
b

½−jfVt j2sþρSþðmΛb
−mΛÞ2 þ jfAt j2s−ρS−ðmΛb

þmΛÞ2�; ð5:30Þ

K33 ¼ −2αΛPΛb
s−jfV⊥j2ρþ1 þ 2αΛPΛb

sþjfA⊥j2ρ−1 ; ð5:31Þ

K34 ¼ 8αΛPΛb

ffiffiffiffiffiffiffiffiffiffi
sþs−

p
fA⊥fV⊥Imðρ2Þ: ð5:32Þ

Note that the observables K20;21 vanish in the HQET. Moreover, K35 and K36 are helicity suppressed by ml=
ffiffiffiffiffi
q2

p
and

therefore are not given above.
Using the factorized expressions, we derive tests of operator product expansion through form factors and the short-

distance physics. In the SMþ SM0 þ SP set of operators, the combinations of K2 and K33 are

K2 −
2

αΛPΛb

K33 ¼ jNj2
�
8jfA⊥j2sþρ−1 þ jfVt j2sþ

ðmΛb
−mΛÞ2
m2

b

ρþS þ jfAt j2s−
ðmΛb

þmΛÞ2
m2

b

ρ−S

�
; ð5:33Þ
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K2 þ
2

αΛPΛb

K33 ¼ jNj2
�
8jfV⊥j2s−ρþ1 þ jfVt j2sþ

ðmΛb
−mΛÞ2
m2

b

ρþS þ jfAt j2s−
ðmΛb

þmΛÞ2
m2

b

ρ−S

�
: ð5:34Þ

If the SP operators are absent then these combinations
depend only on ρ− and ρþ respectively. TheK8 andK24 can
be combined to form two relations that can be used to
extract ρþ3 and ρ−3 , and K17 and K27 can be combined to
form two relations that can be used to extract ρ�1 even in the
presence of SP operators

PΛb
K8 þ αΛK24 ¼ −8jNj2PΛb

αΛfV0 f
V⊥
mΛb

þmΛffiffiffiffiffi
q2

p s−ρ
þ
3 ;

ð5:35Þ

PΛb
K8 − αΛK24 ¼ 8jNj2PΛb

αΛfA0f
A⊥
mΛb

−mΛffiffiffiffiffi
q2

p sþρ−3 ;

ð5:36Þ

K27 þ K17 ¼ 8jNj2PΛb
αΛfA0f

A⊥
mΛb

−mΛffiffiffiffiffi
q2

p sþρ−1 ; ð5:37Þ

K27 − K17 ¼ −8jNj2PΛb
αΛfV0 f

V⊥
mΛb

þmΛffiffiffiffiffi
q2

p s−ρ
þ
1 : ð5:38Þ

In the SMþ SM0 þ SP set of operators, several ratios of
short-distance coefficients can be determined without any
hadronic effects up to ΛQCD=mb corrections

PΛb
K8 þ αΛK24

K27 − K17

¼ −
ρ−3
ρ−1

;
PΛb

K8 − αΛK24

K27 þ K17

¼ ρþ3
ρþ1

;

ð5:39Þ

K16

K34

¼ −
2Reðρ2Þ
Imðρ2Þ

;
K25

K22

¼ −
αΛImðρ2Þ
Imðρ4Þ

;

K23

K10

¼ −
PΛb

Reðρ4Þ
αΛImðρ4Þ

: ð5:40Þ

In the SMþ SM0 the ratio of K3 and K5 is proportional
to Reðρ2Þ=Reðρ4Þ but is modified as following in the
presence of SP operators

K3

K5

¼−
16m2

bf
A⊥fV⊥Reðρ2Þ

16αΛm2
bf

A⊥fV⊥Reðρ4ÞþαΛðm2
Λb
−m2

ΛÞfAt fVt ReðρS1Þ
:

ð5:41Þ

If the SP operators are absent, then this ratio is equal to
Reðρ2Þ=αΛReðρ4Þ. On the other hand, in SMþ SM0, the
ratios K5=K7 and K5=K23 are independent of any short
distance physics but are modified in the presence of SP
operators as

K5

K7

¼
ffiffiffiffiffi
q2

p
½32fA⊥fV⊥Reðρ4Þ þ ðm2

Λb
−m2

ΛÞfAt fVt ReðρS1Þ�
16m2

bReðρ4Þ½ðmΛb
þmΛÞfA⊥fV0 − ðmΛb

−mΛÞfA0fV⊥�
;

ð5:42Þ

K5

K23

¼
ffiffiffiffiffi
q2

p
½32fA⊥fV⊥Reðρ4Þ þ ðm2

Λb
−m2

ΛÞfAt fVt ReðρS1Þ�
16m2

bPΛb
Reðρ4Þ½ðmΛb

þmΛb
ÞfA⊥fV0 þ ðmΛb

−mΛÞfA0fV⊥�
: ð5:43Þ

These two relations could be regarded as null test of
SMþ SM0.
We find a ratios involving K18, K28, and K3 that are

independent of any short distance physics in the SMþ
SM0 þ SP set of operators

K18 þ K28

K3

¼ −PΛb
αΛ

mΛb
þmΛffiffiffiffiffi
q2

p fV0
fV⊥

; ð5:44Þ

K18 − K28

K3

¼ PΛb
αΛ

mΛb
−mΛffiffiffiffiffi
q2

p fA0
fA⊥

: ð5:45Þ

The ratios can be used to extract fA0=f
A⊥ and fV0 =f

V⊥.

The angular observableK29 vanishes in the SMþ SM0 in
the limit of zero lepton mass. If SP operators are present
then it is proportional to the imaginary part of ρS1 as given
in Eq. (5.25). The real part of ρS1 can be extracted from the
combination

PΛb
ðK4 − K5Þ − αΛK11

¼ PΛb
αΛfAt fVt

ðm2
Λb

−m2
ΛÞ

m2
b

ffiffiffiffiffiffiffiffiffiffi
sþs−

p
ReðρS1Þ; ð5:46Þ

so that the ρS1 can be determined completely.
K31 given in Eq. (5.28) also vanishes in the SM if ml

is neglected but depends on ρS� if scalar operators are
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present. This observable therefore serves as a null test
of SM. We find another null test of ρS� from the following
combination

K2 þ
K15

PΛb
αΛ

¼ 2

�
jfVt j2sþ

ðmΛb
−mΛÞ2
m2

b

ρþS

þ jfAt j2s−
ðmΛb

þmΛÞ2
m2

b

ρ−S

�
: ð5:47Þ

This equation in combination with (5.28) can be used to
extract ρþS and ρ−S . We find that the following relation holds
in the presence of SMþ SM0 þ SP set of operators

PΛb
αΛK2 − K15 ¼ 2ðPΛb

αΛK1 − K14Þ: ð5:48Þ

Since we work in the ml → 0 limit, the relations
K13αΛ¼−PΛb

K6 and K16¼−PΛb
αΛK3 remain unchanged

when SMþ SM0 is supplemented by the SP operators [9] in
low-recoil HQET.

VI. NUMERICAL ANALYSIS

In this section we perform a numerical analysis of
polarized Λb decay to Λð→ pπÞμþμ− at the low recoil
region 15 GeV2 ≤ q2 ≤ 20 GeV2. At this region the

masses of the leptons are neglected. Due to low-recoil
HQET, only four form factors contribute through the
SM amplitudes (4.2)–(4.4) and the scalar amplitudes
(2.13) and (2.14). The form factors, as well as their
uncertainties are taken from lattice QCD calculations
[20]. In addition to uncertainties coming from the form
factors, there are additional sources of uncertainties in our
analysis. We consider a 10% corrections between the
amplitudes (4.2)–(4.4) to account for the neglected terms
of the OðΛQCD=mbÞ and OðmΛ=mΛb

Þ to derive the leading
Isgur-Wise relations (4.1). These corrections are imple-
mented by scaling the amplitudes A⊥;k0 by uncorrelated
real scale factors.
There are theoretical uncertainties emanating from a

virtual photon connected to the operators O1−6 and O8

which are of nonlocal in nature. At low recoil, the
HQET combined with low recoil OPE in 1=Q, where
Q ∼ ðmb;

ffiffiffiffiffi
q2

p
Þ, the nonlocal effects are calculated in terms

of local matrix elements suppressed by the powers ofQ and
absorbed in the Wilson coefficients C7;9 [33]. The uncer-
tainties due to the neglected terms in the OPE of the order
OðαsΛQCD=mb;m4

c=Q4Þ are included in our analysis by a

uncorrelated 5% corrections to the amplitudes ALðRÞ
⊥;k0. Other

sources of uncertainties are parametric uncertainties, and
scale dependence of the SM Wilson coefficients CiðμÞ for
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M
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M
32

FIG. 2. The angular observablesM12;14;15;32 for polarized Λb → Λð→ pπÞμþμ− decay in different q2 bins in the SM and NP scenarios.
For (axial-)vector operators we choose two sets from global fits to b → sμþμ− data. Set1 corresponds to set δC9 ¼ −C09 ¼ −1.21,
δC10 ¼ þC010 ¼ 0.28 and Set2 corresponds to δC9 ¼ −C09 ¼ −1.11, δC10 ¼ −C010 ¼ 0.09. The set of scalar couplings are
CS ¼ 1.5þ i0.03, C0S ¼ −2þ i0.2, CP ¼ 1.8þ i0.1, C0P ¼ −1.1 − i0.04.
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varying the scale μ in the rangemb=2 < μ < 2mb. At large-
q2, uncertainties due to quark-hadron duality violation in
the integrated observables are expected to be small and are
neglected in our analysis [40].
Though there are a total of 36 observables, for simplicity

we study the ones that otherwise do not appear in
unpolarized Λb decay, and where both SP and (axial-)
vector operators contribute. We also show in our plots only
the interesting variants of observables for a representative
set of NP couplings. A detailed NP analysis for all the
observables will be presented elsewhere. To estimate the
effects of NP operators we summarize the constraints on
the NP Wilson coefficients that we use for our analysis. For
simplicity we assume that the vector and axial vector, and

scalar and pseudo-scalar NP contributes separately.
From the global fits to b → sμþμ− data we choose two
sets for illustrations [41–46], Set1: δC9 ¼ −C09 ¼ −1.21,
δC10 ¼ þC010 ¼ 0.28 and Set2: δC9 ¼ −C09 ¼ −1.11,
δC10 ¼ −C010 ¼ 0.09. For scalar Wilson coefficients we
follow the fit presented in [47].
All our determination are for PΛb

¼ 1. In figure 2 we
show the SM predictions and NP sensitivities of M11, M12,
M14,M32 different high-q2 bins. Here the bands correspond
to the uncertainties coming from form factor and other
sources. These plots indicate that the observables are
sensitive to NP effects.
The relations (5.42) and (5.43) are quite interesting. In

the SMþ SM0 they are independent of any short-distance

SM Scalar

15 16 17 18 19 20
0.30
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0.65
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q2(GeV2)

K
5
/K

23

SM Scalar

15 16 17 18 19 20
–0.1
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K
2
+

K
15

P
b

FIG. 3. The angular observablesK5=K23 (left) andK2 þ K15=ðPΛb
αΛÞ (right) for polarizedΛb → Λð→ pπÞμþμ− decay in different q2

bins in the SM and in the presence of SP operators. The set of scalar couplings are CS ¼ −1.5þ i0.03, C0S ¼ 2.2þ i0.2,
CP ¼ 2.5þ i0.1, C0P ¼ −3 − i0.04.

TABLE I. Expected experimental precision on the angular observables achievable at the future LHCb. The second
column shows the precision achieved at the LHCb using combined Run 1 and Run 2 with 650 events in the
15 < q2 < 20 GeV2 bin [10]. At future LHCb, about ∼8000 events are expected with 50 fb−1 integrated luminosity
and about 50000 events are expected with integrated luminosity of 300 fb−1 [9]. Precision achievable at these
luminosities are shown in the third and the fourth columns.

Observables Run 1þ Run 2 50 fb−1 300 fb−1 Observables Run 1þ Run 2 50 fb−1 300 fb−1

M1 0.020 0.006 0.002 M18 0.058 0.017 0.007
M2 0.040 0.011 0.005 M19 0.122 0.035 0.014
M3 0.029 0.008 0.0033 M20 0.056 0.016 0.006
M4 0.046 0.013 0.0052 M21 0.105 0.030 0.012
M5 0.081 0.023 0.009 M22 0.045 0.013 0.005
M6 0.055 0.016 0.006 M23 0.077 0.022 0.009
M7 0.084 0.024 0.010 M24 0.033 0.009 0.004
M8 0.037 0.011 0.004 M25 0.176 0.050 0.020
M9 0.084 0.024 0.009 M26 0.074 0.021 0.008
M10 0.037 0.011 0.004 M27 0.140 0.040 0.016
M11 0.043 0.012 0.005 M28 0.058 0.017 0.007
M12 0.063 0.018 0.007 M29 0.097 0.028 0.011
M13 0.045 0.013 0.005 M30 0.061 0.017 0.007
M14 0.082 0.023 0.009 M31 0.094 0.027 0.011
M15 0.117 0.033 0.013 M32 0.055 0.016 0.006
M16 0.084 0.024 0.001 M33 0.060 0.017 0.006
M17 0.120 0.034 0.014 M34 0.058 0.017 0.006
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physics but are modified by SP operators. These are a null
test of the SMþ SM0. In Fig. 3 we show the ratio K5=K23

in the SM and for set of representative scalar couplings
in different q2 bins. The relations (5.46) and (5.47) are
the ones where the combinations of angular observables
depend on the SP operators only. In Fig. 3 we plot
K2 þ K15=ðPΛb

αΛÞ for a set of scalar couplings. This
combination is also a null test of SMþ SM0.
In Ref. [10] the observables have been measured in the

15 < q2 < 20 GeV2 bin using combined Run 1 and Run 2
data sets that correspond to 610� 29 events. Due to large
uncertainties, the polarization observables are consistent
with zero. This is expected as the PΛb

observed in [11,12] is
also consistent with zero. In Table I we show the precision
achievable at future LHCb luminosities. Effects of back-
grounds are expected to have a negligible effect on
experimental precision and are neglected. As can be seen
from the table, a large number of events are expected at
future LHCb luminosities, and the precision on angular
observables is expected to improve. The precision with
which an observable can be measured is independent of
the PΛb

. But as the polarized observables are proportional
to PΛb

, it affects the sensitivity with which NP can be
disentangled from the SM, with lower PΛb

leading to a
lower sensitivity. This caveat is in order when comparing
the Table I with the plots 2 and 3 which are obtained
with PΛb

¼ 1. Given that a 10% polarization of Λb cannot
be excluded, the tests discussed in Sec. V remain one
of the interesting possibilities in the polarized Λb → Λð→
pπÞlþl− decay.

VII. SUMMARY

In this paper we derive a full angular distribution of
polarized Λb decay Λb → Λð→ pπÞlþl−. The distribution
is obtained for a set of operators where the Standard Model
operator basis is supplemented with its chirality flipped
counterparts and additional scalar and pseudo scalar oper-
ators. We retain the mass of the final state leptons. We apply
a heavy quark effective theory framework valid at low
hadronic recoil and obtain factorization of long and short-
distance physics in the angular observables. Using the
factorized expressions we construct several tests of form
factors and Wilson coefficients, including some null test of
the Standard Model and its chirality flipped counterparts.
Our analysis shows that new insight to b → slþl−

transition can be obtained from this mode.
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APPENDIX A: NUCLEON SPINOR
IN Λ REST FRAME

The angles θb and ϕb made by the p in the pπ rest frame
(denoted as pπ-RF) are shown in Fig. 1. In this frame,
characterized by k2 ¼ m2

Λ, the four-momentum kμ1;2 read

kμ1jpπ−RF ¼ ðEp; jkpπj sin θb cosϕb; jkpπj sin θb sinϕb; jkpπj cos θbÞ;
kμ2jpπ−RF ¼ ðEπ;−jkpπj sin θb cosϕb;−jkpπj sin θb sinϕb;−jkpπj cos θbÞ; ðA1Þ

where

Ep ¼ k2 þm2
p −m2

π

2
ffiffiffiffiffi
k2

p ; Eπ ¼
k2 þm2

π −m2
p

2
ffiffiffiffiffi
k2

p ; ðA2Þ

and

jkpπj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðk2; m2

p;m2
πÞ

q
2

ffiffiffiffiffi
k2

p : ðA3Þ

The Dirac spinors for the Λ are

uðk;þ1=2Þ ¼

0
BBB@

ffiffiffiffiffiffiffiffiffi
2mΛ

p

0

0

0

1
CCCA; uðk;−1=2Þ ¼

0
BBB@

0ffiffiffiffiffiffiffiffiffi
2mΛ

p

0

0

1
CCCA;

ðA4Þ

and the spinor for p are [48]

uðk1;þ1=2Þ ¼ 1ffiffiffiffiffiffiffiffiffi
2mΛ

p

0
BBBBBB@

ffiffiffiffiffi
rþ

p
cos θb

2ffiffiffiffiffi
rþ

p
sin θb

2
eiϕbffiffiffiffiffi

r−
p

cos θb
2ffiffiffiffiffi

r−
p

sin θb
2
eiϕb

1
CCCCCCA
;

uðk1;−1=2Þ ¼
1ffiffiffiffiffiffiffiffiffi
2mΛ

p

0
BBBBB@

− ffiffiffiffiffi
rþ

p
sin θb

2
e−iϕbffiffiffiffiffi

rþ
p

cos θb
2ffiffiffiffiffi

r−
p

sin θb
2
e−iϕb

− ffiffiffiffiffi
r−

p
cos θb

2

1
CCCCCA: ðA5Þ

The secondary weak decay is governed by the Hamiltonian
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Heff
ΔS¼1 ¼

4GFffiffiffi
2

p V�
udVus½d̄γμPLu�½ūγμPLs�: ðA6Þ

The Λðk; sΛÞ → pðk1; spÞπðk2Þ matrix elements are para-
metrized as

H2ðsΛ;spÞ≡ hpðk1;spÞπ−ðk2Þj½d̄γμPLu�½ūγμPLs�jΛðk;sΛÞi
¼ ½ūðk1;spÞðξγ5þωÞuðk;sΛÞ�: ðA7Þ

In terms of the kinematics variables the secondary decay
amplitudes are

H2ðþ1=2;þ1=2Þ ¼ ð ffiffiffiffiffi
rþ

p
ω −

ffiffiffiffiffi
r−

p
ξÞ cos θΛ

2
;

H2ðþ1=2;−1=2Þ ¼ −ð ffiffiffiffiffi
rþ

p
ωþ ffiffiffiffiffi

r−
p

ξÞ sin θΛ
2
eiϕ;

H2ð−1=2;þ1=2Þ ¼ −ð− ffiffiffiffiffi
rþ

p
ωþ ffiffiffiffiffi

r−
p

ξÞ sin θΛ
2
e−iϕ;

H2ð−1=2;−1=2Þ ¼ ð ffiffiffiffiffi
rþ

p
ωþ ffiffiffiffiffi

r−
p

ξÞ cos θΛ
2
: ðA8Þ

In the final distribution only the parity violating parameter
is relevant

α ¼ −2ReðωξÞffiffiffiffi
r−
rþ

q
jξj2 þ

ffiffiffiffi
rþ
r−

q
jωj2

≡ αexp: ðA9Þ

APPENDIX B: LEPTONIC HELICITY
AMPLITUDES

To calculate the lepton helicity amplitudes for
Λbðp; spÞ → Λðk; skÞlþðqþÞl−ðq−Þ in the dilepton rest-
frame we have to calculate the following two currents

ūl1
ð1 ∓ γ5Þvl2 ; and ϵ̄μðλÞūl1γμð1 ∓ γ5Þvl2 : ðB1Þ

In the dilepton rest-frame (2lRF), the four momentum of
the two leptons are

qμ−j2lRF ¼ ðEl;−jq2lj sin θl cosϕl;

− jq2lj sin θl sinϕl;−jq2lj cos θlÞ; ðB2Þ

qμþj2lRF ¼ ðEl; jq2lj sin θl cosϕl; jq2lj sin θl sinϕl;

jq2lj cos θlÞ; ðB3Þ

with

jq2lj ¼
βl
2

ffiffiffiffiffi
q2

q
; El ¼

ffiffiffiffiffi
q2

p
2

; βl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

q2

s
:

ðB4Þ

Following [48] we give the explicit expressions of the
spinors in this frame are

ul−ðλÞ ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

El þml
p

χuλ
2λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
El −ml

p
χuλ

�
; χuþ1

2

¼
�

cos θl
2

−e−iϕl sin θl
2

�
;

χu−1
2

¼
�
eiϕl sin θl

2

cos θl
2

�
; ðB5Þ

vlþðλÞ ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

El −ml
p

χv−λ
−2λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
El þml

p
χv−λ

�
; χvþ1

2

¼
�

sin θl
2

e−iϕl cos θl
2

�
;

χv−1
2

¼
�−eiϕl cos θl

2

sin θl
2

�
: ðB6Þ

Using these spinors we obtain the following nonzero
expressions of the leptonic helicity amplitudes for different
combinations of λ1 and λ2

L
þ1

2
þ1

2

L ¼ −
ffiffiffiffiffi
q2

q
ð1þ βlÞeiϕl ;

L
−1
2
−1
2

R ¼
ffiffiffiffiffi
q2

q
ð1þ βlÞe−iϕl ; ðB7Þ

L
−1
2
−1
2

L ¼ −
ffiffiffiffiffi
q2

q
ð1 − βlÞe−iϕl ;

L
þ1

2
þ1

2

R ¼
ffiffiffiffiffi
q2

q
ð1 − βlÞeiϕl ; ðB8Þ

L
þ1

2
þ1

2

L;þ1 ¼
ffiffiffi
2

p
ml sin θle2iϕl ;

L
þ1

2
þ1

2

R;þ1 ¼
ffiffiffi
2

p
ml sin θle2iϕl ; ðB9Þ

L
−1
2
−1
2

L;−1 ¼
ffiffiffi
2

p
ml sin θle−2iϕl ;

L
−1
2
−1
2

R;−1 ¼
ffiffiffi
2

p
ml sin θle−2iϕl ; ðB10Þ

L
−1
2
−1
2

L;þ1 ¼ −
ffiffiffi
2

p
ml sin θl; L

−1
2
−1
2

R;þ1 ¼ −
ffiffiffi
2

p
ml sin θl;

ðB11Þ

L
þ1

2
þ1

2

L;−1 ¼ −
ffiffiffi
2

p
ml sin θl; L

þ1
2
þ1

2

R;−1 ¼ −
ffiffiffi
2

p
ml sin θl;

ðB12Þ

L
þ1

2
−1
2

L;þ1 ¼
ffiffiffiffiffi
q2

2

r
ð1 − βlÞð1 − cos θlÞeiϕl ;

L
−1
2
þ1

2

R;−1 ¼ −

ffiffiffiffiffi
q2

2

r
ð1 − βlÞð1 − cos θlÞe−iϕl ; ðB13Þ

L
−1
2
þ1

2

L;þ1 ¼ −

ffiffiffiffiffi
q2

2

r
ð1þ βlÞð1þ cos θlÞeiϕl ;

−Lþ1
2
−1
2

R;−1 ¼ −

ffiffiffiffiffi
q2

2

r
ð1þ βlÞð1þ cos θlÞe−iϕl ; ðB14Þ
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L
þ1

2
−1
2

R;þ1 ¼
ffiffiffiffiffi
q2

2

r
ð1þ βlÞð1 − cos θlÞeiϕl ;

L
−1
2
þ1

2

L;−1 ¼ −

ffiffiffiffiffi
q2

2

r
ð1þ βlÞð1 − cos θlÞe−iϕl ; ðB15Þ

L
−1
2
þ1

2

R;þ1 ¼ −

ffiffiffiffiffi
q2

2

r
ð1 − βlÞð1þ cos θlÞeiϕl ;

−Lþ1
2
−1
2

L;−1 ¼ −

ffiffiffiffiffi
q2

2

r
ð1 − βlÞð1þ cos θlÞe−iϕl ; ðB16Þ

L
þ1

2
þ1

2

L;0 ¼ 2ml cos θleiϕl ; L
−1
2
−1
2

L;0 ¼ −2ml cos θle−iϕl ;

ðB17Þ

L
þ1

2
þ1

2

R;0 ¼ 2ml cos θleiϕl ; L
−1
2
−1
2

R;0 ¼ −2ml cos θle−iϕl ;

ðB18Þ

L
þ1

2
−1
2

L;0 ¼
ffiffiffiffiffi
q2

q
ð1 − βlÞ sin θl;

L
−1
2
þ1

2

R;0 ¼
ffiffiffiffiffi
q2

q
ð1 − βlÞ sin θl; ðB19Þ

L
−1
2
þ1

2

L;0 ¼
ffiffiffiffiffi
q2

q
ð1þ βlÞ sin θl;

L
þ1

2
−1
2

R;0 ¼
ffiffiffiffiffi
q2

q
ð1þ βlÞ sin θl; ðB20Þ

L
þ1

2
þ1

2

L;t ¼ −2mleiϕl ; L
−1
2
−1
2

L;t ¼ −2mle−iϕl ; ðB21Þ

L
þ1

2
þ1

2

R;t ¼ 2mleiϕl ; L
−1
2
−1
2

R;t ¼ 2mle−iϕl : ðB22Þ

The combinations of λ1 and λ2 for which the amplitudes
vanish are not shown.

APPENDIX C: ANGULAR COEFFICIENTS

The expressions of angular observables Ki are given
below. With reference to equation (3.2) we separately show
the massless part Ki and the massive parts K0

i, K
00
i . The

expressions of Ki extend previous expressions for the
SMþ SM0 amplitudes [9] by including SP amplitudes.
The expressions of K0

i, K
00
i given below are new in this

paper.

K1 ¼
1

4
ð2jAR

k0 j2 þ jAR
k1 j2 þ 2jAR⊥0

j2 þ jAR⊥1
j2 þ fR ↔ LgÞ

þ 1

2
ðjAR

S⊥j2 þ jAR
Skj2 þ fR ↔ LgÞ; ðC1Þ

K0
1 ¼ ReðAR

S⊥A�⊥t þ AR
SkA

�
kt − fR ↔ LgÞ; ðC2Þ

K00
1 ¼ −ðjAR

k0 j2 þ jAR⊥0
j2 þ fR ↔ LgÞ þ ðjA⊥tj2 þ f⊥ ↔ kgÞ þ 2ReðAR⊥0

A�L⊥0
þ AR⊥1

A�L⊥1
þ f⊥ ↔ kgÞ

− ðjAR
S⊥j2 þ jAR

Skj2 þ fR ↔ LgÞ − ReðAR
SkA

�L
Sk þ AR

S⊥A�L
S⊥Þ; ðC3Þ

K2 ¼
1

2
ðjAR

k1 j2 þ jAR⊥1
j2 þ fR ↔ LgÞ þ 1

2
ðjAR

S⊥j2 þ jAR
Skj2 þ fR ↔ LgÞ; ðC4Þ

K0
2 ¼ ReðA⊥tA�R

S⊥ þ AktA�R
Sk − fR ↔ LgÞ; ðC5Þ

K00
2 ¼ ðjAR

k0 j2 − jAR
k1 j2 þ jAR⊥0

j2 − jAR⊥1
j2 þ fR ↔ LgÞ þ ðjA⊥tj2 þ f⊥ ↔ kgÞ − ðjAR

S⊥j2 þ jAR
Skj2 þ fR ↔ LgÞ

þ 2ReðAR⊥0
A�L⊥0

þ AR⊥1
A�L⊥1

− AR
S⊥A�L

S⊥ þ f⊥ ↔ kgÞ; ðC6Þ

K3 ¼ −βlðAR⊥1
A�R
k1 − fR ↔ LgÞ; ðC7Þ

K0
3 ¼ βlReðAR

SkA
�R
k0 þ AR

S⊥A�R⊥0
þ fR ↔ Lg þ AL

SkA
�R
k0 þ AR

SkA
�L
k0 þ fk ↔ ⊥gÞ; ðC8Þ

K00
3 ¼ 0; ðC9Þ

K4 ¼
αΛ
2
Reð2AR⊥0

A�R
k0 þ AR⊥1

A�R
k1 þ 2AR

S⊥A�R
Sk þ fR ↔ LgÞ; ðC10Þ

K0
4 ¼ αΛReðAR

SkA
�⊥t þ AR

S⊥A�
kt − fR ↔ LgÞ; ðC11Þ
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K00
4 ¼ −2αΛReðAR⊥0

A�R
k0 þ AR

S⊥A�R
Sk þ fR ↔ Lg

− AR⊥0
A�L
k0 − AR⊥1

A�L
k1 þ fk ↔ ⊥g

− A⊥tA�
kt þ AL

S⊥A�R
Sk þ AR

S⊥A�L
Sk Þ; ðC12Þ

K5 ¼ αΛReðAR⊥1
A�R
k1 þ AR

S⊥A�R
Sk þ fR ↔ LgÞ; ðC13Þ

K0
5 ¼ αΛReðAR

SkA
�⊥t þ AR

S⊥A�
kt þ fR ↔ LgÞ; ðC14Þ

K00
5 ¼ 2αΛReðAR⊥0

A�R
k0 − AR⊥1

A�R
k1 þ fR ↔ Lg

þ AR⊥0
A�L
k0 þ AR

k0A
�L⊥0

þ AR⊥1
A�L
k1 þ AR

k1A
�L⊥1

þ A⊥tA�
kt

− ðAR
S⊥A�R

Sk þ fR ↔ Lg þ AL
S⊥A�R

Sk þ AR
S⊥A�L

SkÞÞ;
ðC15Þ

K6 ¼ −
αΛβl
2

ðjAR⊥1
j2 þ jAR

k1 j2 − fR ↔ LgÞ; ðC16Þ

K0
6 ¼ αΛβlReðAR

S⊥A�R
k0 þ AR

SkA
�R⊥0

þ fR ↔ Lg
þ AR

SkA
�L⊥0

þ AL
SkA

�R⊥0
þ fk ↔ ⊥gÞ; ðC17Þ

K00
6 ¼ 0; ðC18Þ

K7 ¼
αΛffiffiffi
2

p ReðAR⊥1
A�R
k0 − AR

k1A
�R⊥0

þ fR ↔ LgÞ; ðC19Þ

K0
7 ¼ 0; ðC20Þ

K00
7 ¼ 2

ffiffiffi
2

p
αΛReðAR

k1A
�R⊥0

− AR⊥1
A�R
k0 þ fR ↔ LgÞ; ðC21Þ

K8 ¼
αΛβlffiffiffi

2
p ReðAR⊥1

A�R⊥0
− AR

k1A
�R
k0 − fR ↔ LgÞ; ðC22Þ

K0
8 ¼

αΛβlffiffiffi
2

p ReðAR
S⊥A�R

k1 − AR
SkA

�R⊥1
þ fR ↔ Lg

þ AL
S⊥A�R

k1 þ AR
S⊥A�L

k1 − fk ↔ ⊥gÞ; ðC23Þ

K00
8 ¼ 0; ðC24Þ

K9 ¼
αΛffiffiffi
2

p ImðAR⊥1
A�R⊥0

− AR
k1A

�R
k0 þ fR ↔ LgÞ; ðC25Þ

K0
9 ¼ 0; ðC26Þ

K00
9 ¼ 2

ffiffiffi
2

p
αΛImðAR

k1A
�R
k0 − AR⊥1

A�R⊥0
þ fR ↔ LgÞ; ðC27Þ

K10 ¼
αΛβlffiffiffi

2
p ImðAR⊥1

A�R
k0 − AR

k1A
�R⊥0

− fR ↔ LgÞ; ðC28Þ

K0
10 ¼

αΛβlffiffiffi
2

p ImðAR
S⊥A�R⊥1

− AR
SkA

�R
k1 þ fR ↔ Lg

þ AL
S⊥A�R⊥1

þ AR
S⊥A�L⊥1

þ f⊥ ↔ kgÞ; ðC29Þ

K00
10 ¼ 0; ðC30Þ

K11 ¼
PΛb

2
Reð2AR

k0A
�R⊥0

− AR
k1A

�R⊥1
þ fR ↔ Lg

þ 2AR
S⊥A�R

Sk þ fR ↔ LgÞ; ðC31Þ

K0
11 ¼ PΛb

ReðAR
S⊥A�

kt þ AR
SkA

�⊥t − fR ↔ LgÞ; ðC32Þ

K00
11 ¼ −2PΛb

ReðAR
k0A

�R⊥0
þ AR

S⊥A�R
Sk þ fR ↔ Lg − A⊥tA�

kt
þ ðAR

k1A
�L⊥1

− AR
k0A

�L⊥0
þ AL

S⊥A�R
Sk þ fk ↔ ⊥gÞÞ;

ðC33Þ

K12¼−PΛb
ReðAR

k1A
�R⊥1
þfR↔Lg−AR

S⊥A�R
Sk −fR↔LgÞ;

ðC34Þ

K0
12 ¼ PΛb

ReðAR
S⊥A�

kt þ AR
SkA⊥t − fR ↔ LgÞ; ðC35Þ

K00
12 ¼ 2PΛb

ReðAR
k0A

�R⊥0
þ AR

k1A
�R⊥1

− AR
S⊥A�R

Sk þ fR ↔ Lg
þ A⊥tA�

k þ AR
k0A

�L⊥0
− AR

k1A
�L⊥1

þ fk ↔ ⊥g
− AL

S⊥A�R
Sk − fR ↔ LgÞ; ðC36Þ

K13 ¼
PΛb

βl
2

ðjAR
k1 j2 þ jAR⊥1

j2 − fR ↔ LgÞ; ðC37Þ

K0
13 ¼ PΛb

βlReðAR
SkA

�R⊥0
þ AR

S⊥A�R
k0 þ fR ↔ Lg

þ AR
SkA

�L⊥0
þ AL

S⊥AR⊥0
þ fk ↔ ⊥gÞ; ðC38Þ

K00
13 ¼ 0; ðC39Þ

K14 ¼
PΛb

αΛ
4

Reð2jAR
k0 j2 þ 2jAR⊥0

j2 − jAR
k1 j2 − jAR⊥1

j2

þ fR ↔ Lg þ 2ðjAR
Skj2 þ jAR

S⊥j2 þ fR ↔ LgÞÞ;
ðC40Þ

K0
14 ¼ PΛb

αΛReðAR
S⊥A�⊥t þ AR

SkA
�
kt − fR ↔ LgÞ; ðC41Þ

K00
14 ¼ −PΛb

αΛðjAR
k0 j2 þ jAR⊥0

j2 þ fR ↔ Lg
− ðjAktj2 þ jA⊥tj2Þ
þ ðjAR

S⊥j2 þ jAR
Skj2 þ fR ↔ LgÞ

− 2ReðAL
k0A

�R
k0 − AL

k1A
�R
k1 − AR

SkA
�L
Sk þ fk ↔ ⊥gÞÞ;

ðC42Þ

DIGANTA DAS and RIA SAIN PHYS. REV. D 104, 013002 (2021)

013002-14



K15 ¼
PΛb

αΛ
2

ð−ðjAR⊥1
j2 þ jAR

k1 j2 þ fR ↔ LgÞ
þ ðjAR
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