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We investigate the possible sizes of all the CP-violating asymmetries offered by the angular
distribution of rare decay Λb → Λð→ pπ−Þlþl− in the Standard Model and new physics scenarios
motivated by the recent b → slþl− anomalies. We work in a model-independent effective theory
framework and discuss the sensitivity of CP asymmetries to new O9;10 operators and their chirality
flipped counterparts. We find that the size of many of the CP asymmetries can be at the level of a few
percent in new physics scenarios consistent with current b → slþl− data at a level of 1σ. We emphasize
that measurements of these CP asymmetries can be used to discriminate different new physics scenarios
in b → slþl−.
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I. INTRODUCTION

A major motivation for going beyond the Standard
Model (SM) is to find new sources of charge-parity
violation (CPV) required for the explanation of baryonic
asymmetry of the Universe (BAU). The SM possesses two
CPV sources: the Cabibbo-Kobayashi-Maskawa (CKM)
phase (related to weak interactions), and a strong CP
phase that is severely constrained by the upper limit of the
neutron electric dipole moment measurement [1]. So far,
all experimental observations of CPV have been in the
quark sector and are consistent with the CKM mecha-
nism. However, it is well known that the SM fails to
satisfy the Sakharov’s conditions [2] needed for explain-
ing the BAU. Therefore, investigations of experimentally
accessible CP-violating observables offering excellent
sensitivity to physics beyond the SM are highly
motivated.
At the luminosity frontier of new physics (NP)

searches, the physical processes with underlying quark
current b → slþl− transitions have been of particular
interest in recent times. The measurements of several
observables related to processes B → Kð�Þμþμ− [3–6],
Bs → ϕμþμ− [7,8], show deviations from the SM

expectation. On the other hand, the recently reported
measurements of lepton flavor universality (LFU) ratios
RKð�Þ ¼ BðB → Kð�Þμþμ−Þ=BðB → Kð�Þeþe−Þ [9,10] by
the LHCb [11,12], which are updates of previous mea-
surements [13–16], agree with the SM. However, the
latest global likelihood analyses of b → slþl− that
include the latest RKð�Þ measurements still show large
preference for the NP hypothesis over the SM [17–19]1
(also see Ref. [36]. which discusses the impact of long-
distance contributions associated with charm loops).
Although these results indicate the presence of a lepton
flavor universal NP, it is also worth mentioning that there
may still be sufficient room for LFU violation if the NP is
associated with CP violation [37]. These anomalies,
collectively known as neutral-current B anomalies, will
be tested rigorously in the upcoming measurements with
more data and, if confirmed, would be indisputable
evidence of NP in b → slþl− transitions.
The aforementioned anomalies, if confirmed, say

nothing about the CP nature of the underlying NP as
the concerned b → slþl− observables are CP averaged.
However, b → slþl− decays also offer a multitude of
observables which are highly sensitive to the CP nature of
NP, aided by the fact that in the SM the b → slþl−

transitions are doubly Cabibbo suppressed [38].
Combined measurements of CP-violating and CP-
conserving observables therefore provide a more powerful
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1Earlier fits can be found, for example, in Refs. [20–35].
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method to understand the CP properties of NP. In the
literature, several works have investigated the CP asym-
metries in B → K�μþμ− angular distributions to probe
NP [17,38–45] and, as illustrated in Ref. [43], the CP
asymmetries are capable of distinguishing between NP
models that address the b → slþl− anomalies.
If the observed deviation in the b → slþl− is indeed

due to unambiguous short-distance NP then it would, in
principle, also affect all semileptonic processes with the
same underlying current. One important example is the
baryonic decay Λb → Λð→ pπ−Þlþl− for an unpolarized
Λb, which is the topic of this paper. There are several
benefits of studying this decay. The angular distribution
of Λb → Λð→ pπ−Þlþl−, similar to its mesonic counter-
part B → K�ð→ KπÞlþl−, offers a large number of CP-
conserving as well as CP-violating angular asymmetries
that provide complementary information about NP in b →
slþl− [46]. The secondary decay K� → Kπ in mesonic
mode B → K�ð→ KπÞlþl− is a strong decay and there-
fore it conserves parity. On the other hand, the decay
Λ → pπ− in the baryonic mode is a parity violating weak
decay; this characteristic will play a key role in con-
structing several CP-violating asymmetries in
Λb → Λð→ pπ−Þlþl−, as discussed later in this paper.
Furthermore, as pointed out in Ref. [47], Λb → Λ form
factors, in comparison to B → K�, are more suitable to be
computed with higher precision using lattice QCD due to
the stability of Λ under strong interactions.
The first observation of Λb → Λð→ pπ−Þlþl− was

reported by the CDF [48]. The recent angular analysis of
unpolarized2 Λb → Λð→ pπ−Þlþl− by the LHCb indi-
cates a branching ratio that is smaller than the SM
expectation [52], a pattern also observed in the
B → Kð�Þμþμ−, Bs → ϕμþμ− modes. There are extensive
theoretical works on the model-independent study of
Λb → Λð→ pπ−Þlþl− in the SM and beyond
[46,47,50,53–75]. These works mostly focus on CP-
conserving angular observables. To the best of our
knowledge, angular observables which discriminate the
decay with its CP-conjugated mode Λ̄b → Λ̄ð→
p̄πþÞlþl− and their role in the probe of NP in b →
slþl− have not been discussed yet. This paper inves-
tigates the prospects of CP asymmetries associated with
the baryonic mode and assesses their sensitivity to CP-
violating NP. We give descriptions of all possible
CP-violating asymmetries that are at disposal from Λb →
Λð→ pπ−Þlþl− angular distribution. Focusing on the
muonic mode, we identify the sensitivity of these

asymmetries to various NP Wilson coefficients (WCs)
and show that the measurement ofCP asymmetries inΛb →
Λð→ pπ−Þμþμ− can be used to distinguish various NP
solutions that are favored by current global b → sμþμ− data.
The paper is organized as follows. We begin the next

section with a description of the model-independent effec-
tive framework relevant for the study of b → slþl−

transitions. In Sec. III we define the full angular distribution
of both Λb → Λð→ pπ−Þμþμ− and its CP-conjugated
mode, and discuss the subtleties the CP properties of
the secondary decay ofΛðΛ̄Þ particles bring in, defining the
corresponding angular coefficients. In Sec. IV we define all
the CP-violating asymmetries of the Λb decay angular
distribution and present our main numerical results. Finally,
we offer our conclusions in Sec. V.

II. b → sl+l− EFFECTIVE LAGRANGIAN

In the SM, the b → slþl− decays arise at the loop level
only. The Lagrangian relevant at the scale μ ¼ mb is given
by [41]

Leff ¼
4GFffiffiffi

2
p λt

�
C1Oc

1 þ C2Oc
2 þ

X6
i¼3

CiOi

þ
X10
i¼7

ðCiOi þ C0
iO

0
iÞ

þ ðλu=λtÞfC1ðOc
1 −Ou

1Þ þ C2ðOc
2 −Ou

2Þg
�
; ð1Þ

where GF is the Fermi’s constant, and λi ¼ VibV�
is, where

Vij denotes the CKM matrix element. The WCs Ci

contain information about short-distance physics associ-
ated with local operators Oi. For the discussion of the
b → slþl− transition, O7;9;10 are the dominant operators
which we list below. Denoting the chiral projectors as
PL;R ¼ ð1 ∓ γ5Þ=2, one has

O7 ¼
e

16π2
mb½s̄σμνPRb�Fμν; ð2Þ

O9 ¼
e2

16π2
½s̄γμPLb�½lγμl�;

O10 ¼
e2

16π2
½s̄γμPLb�½lγμγ5l�; ð3Þ

with C7ðmbÞ ≃ −0.3 and C9ðmbÞ ≈ −C10ðmbÞ ≃ 4.2 in the
SM. Note that the primed operators are the chirality
flipped counterparts of the SM operators, and in the SM
their contributions ðC0

iÞ are vanishing. The operators O1–6

are four-quark operators related to decays b → sq̄q, and
O8 is dipole operator related to radiative decay b → sγ.
Their explicit form can be found, for example, in
Refs. [76–78]. These operators contribute to the b →
slþl− through quark loops. It is customary to include

2A full angular analysis of Λb → Λð→ pπ−Þlþl− with po-
larized Λb has been performed by LHCb in Ref. [49]. Predictions
in the SM and beyond for polarized Λb decay Λb → Λð→
pπ−Þlþl− can be found in Refs. [50,51].
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their contribution in the effective WCs Ceff
7ð9Þ of operators

O7ð9Þ. These effective coefficients at next-to-next-to-lead-
ing logarithmic are given as

Ceff
7 ¼ C7 −

1

3

�
C3 þ

4

3
C4 þ 20C5 þ

80

3
C6

�

−
αs
4π

ððC1 − 6C2ÞF7
1;cðq2Þ þ C8F7

8ðq2ÞÞ; ð4Þ

Ceff
9 ¼ C9 þ

4

3
C3 þ

64

9
C5 þ

64

27
C6

þ hðq2; 0Þ
�
−
1

2
C3 −

2

3
C4 − 8C5 −

32

3
C6

�

þ hðq2; mbÞ
�
−
7

2
C3 −

2

3
C4 − 38C5 −

32

3
C6

�

þ hðq2; mcÞ
�
4

3
C1 þ C2 þ 6C3 þ 60C5

�

−
αs
4π

ðC1F9
1;cðq2Þ þ C2F9

2;cðq2Þ þ C8F9
8ðq2ÞÞ

þ λu
λt

�
4

3
C1 þ C2

�
ðhðq2; mcÞ − hðq2; 0ÞÞ: ð5Þ

The functions hða; bÞ and F7;9
8 ðq2Þ are given in Ref. [79],

and the functions F7;9
i;c ðq2Þ (i ¼ 1, 2) are provided in

Refs. [80,81]. Note that the quark masses appearing in
Eqs. (4) and (5) are in the pole scheme, and the correspond-
ing values (mpole

b ¼ 4.74174 GeV, mpole
c ¼ 1.5953 GeV)

are taken from Ref. [47]. The numerical values of SM
Wilson coefficients contributing to b → slþl− are given in
Table I.
There are ðs̄bÞðllÞ operators with scalar and tensor

structures which may arise in NP; but scalar operators are
highly constrained from Bs → μþμ− data [82,83].
Furthermore, since the current global fits to b → sμþμ−
data strongly prefer NP in WCs of left-handed (axial)vector
operators in Eq. (3), we will also neglect NP tensor
operators for the simplicity of the analysis.

III. ANGULAR DISTRIBUTION

Assuming the Λb to be unpolarized, the fourfold differ-
ential angular distributions for Λb → Λð→ pπ−Þlþl− are
given by [46]

d4Γ
dq2d cos θld cos θΛdϕ

¼ 3

8π
½ðK1ss sin2 θl þ K1cc cos2 θl þ K1c cos θlÞ

þ ðK2ss sin2 θl þ K2cc cos2 θl þ K2c cos θlÞ cos θΛ
þ ðK3sc sin θl cos θl þ K3s sin θlÞ sin θΛ sinϕ
þðK4sc sin θl cos θl þ K4s sin θlÞ sin θΛ cosϕ�: ð6Þ

The distribution is completely described by four varia-
bles: the invariant lepton mass squared (q2) and three Euler
angles, θl, θΛ, and ϕ. In the rest frame of Λb, the daughter
baryon is assumed to travel along theþz axis. The θΛ is the
angle made by the proton with the þz axis in the rest frame
of the Λ, θl is the angle made by the l− with respect to the
þz axis in the rest frame of the lepton pair, and ϕ defines
the angle in the rest frame of Λb between planes containing
pπ− and the lepton pair. Denoting the mass of Λb, Λ, and
charged lepton l as mΛb

, mΛ, and ml, respectively, the
physical region of the decay process is defined by the
following values:

q2 ∈ ½4m2
l; ðmΛb

−mΛÞ2�; cos θΛ ∈ ½−1; 1�;
cos θl ∈ ½−1; 1�; ϕ ∈ ½0; 2π�: ð7Þ
In Eq. (6), the angular coefficients Ki are functions of q2.

These are conveniently described in terms of Λb → Λ
transversity amplitudes, AL;R

i ðq2Þ as follows:

K1ss ¼
1

4
ð2jAR

k0 j2þjAR
k1 j2þ2jAR⊥0

j2þjAR⊥1
j2þfR↔LgÞ;

ð8Þ

K1cc ¼
1

2
ðjAR

k1 j2 þ jAR⊥1
j2 þ fR ↔ LgÞ; ð9Þ

K1c ¼ −ReðAR⊥1
A�R
k1 − fR ↔ LgÞ; ð10Þ

K2ss ¼
αΛ
2
Reð2AR⊥0

A�R
k0 þ AR⊥1

A�R
k1 þ fR ↔ LgÞ; ð11Þ

K2cc ¼ αΛReðAR⊥1
A�R
k1 þ AL⊥1

A�L
k1 Þ; ð12Þ

K2c ¼ −
αΛ
2
ReðjAR⊥1

j2 þ jAR
k1 j2 − fR ↔ LgÞ; ð13Þ

K3sc ¼
αΛffiffiffi
2

p ImðAR⊥1
A�R⊥0

− AR
k1A

�R
k0 þ fR ↔ LgÞ; ð14Þ

TABLE I. Values of b → slþl− WCs in the SM at μ ¼ 4.2 GeV taken from Ref. [47].

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

−0.2877 1.0101 −0.0060 −0.0860 0.0004 0.0011 −0.3361 −0.1821 4.2745 −4.1602
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K3s ¼
αΛffiffiffi
2

p ImðAR⊥1
A�R
k0 − AR

k1A
�R⊥0

− fR ↔ LgÞ; ð15Þ

K4sc ¼
αΛffiffiffi
2

p ReðAR⊥1
A�R
k0 − AR

k1A
�R⊥0

þ fR ↔ LgÞ; ð16Þ

K4s ¼
αΛffiffiffi
2

p ReðAR⊥1
A�R⊥0

− AR
k1A

�R
k0 − fR ↔ LgÞ; ð17Þ

where the q2 dependence of the transversity amplitudes is
implied. Since we will be focusing on the muonic mode
only, we have ignored the lepton mass in writing the
coefficients Ki above. The expressions for Ki, including
lepton mass effects, can be found in Ref. [71]. The
transversity amplitudes AL;R

i ðq2Þ in terms of the Λb → Λ
form factors fiðq2Þ (see Sec. IV) and b → slþl− Wilson
coefficients are given by [71]

AL;ðRÞ
⊥1

¼ −
ffiffiffi
2

p
N

�
fV⊥

ffiffiffiffiffiffiffiffi
2s−

p
CL;ðRÞ
þ

þ 2mb

q2
fT⊥ðmΛb

þmΛÞ
ffiffiffiffiffiffiffiffi
2s−

p
Ceff
7

�
; ð18Þ

AL;ðRÞ
k1 ¼

ffiffiffi
2

p
N

�
fA⊥

ffiffiffiffiffiffiffiffi
2sþ

p
CL;ðRÞ
−

þ 2mb

q2
fT5⊥ ðmΛb

−mΛÞ
ffiffiffiffiffiffiffiffi
2sþ

p
Ceff
7

�
; ð19Þ

AL;ðRÞ
⊥0

¼
ffiffiffi
2

p
N

�
fV0 ðmΛb

þmΛÞ
ffiffiffiffiffi
s−
q2

r
CL;ðRÞ
þ

þ 2mb

q2
fT0

ffiffiffiffiffiffiffiffiffiffi
q2s−

q
Ceff
7

�
; ð20Þ

AL;ðRÞ
k0 ¼ −

ffiffiffi
2

p
N

�
fA0 ðmΛb

−mΛÞ
ffiffiffiffiffi
sþ
q2

r
CL;ðRÞ
−

þ 2mb

q2
fT50

ffiffiffiffiffiffiffiffiffiffi
q2sþ

q
Ceff
7

�
; ð21Þ

where s� ¼ ðmΛb
�mΛÞ2 − q2, and CLðRÞ

� are combina-
tions of Wilson coefficients,

CLðRÞ
þ ¼ ðCeff

9 ∓ C10Þ þ ðC0
9 ∓ C0

10Þ;
CLðRÞ
− ¼ ðCeff

9 ∓ C10Þ − ðC0
9 ∓ C0

10Þ; ð22Þ

and the normalization constant N, a function of q2, is
given by

Nðq2Þ ¼
�
G2

FjVtbV�
tsj2α2e

3.211m3
Λb
π5

q2λ1=2ðm2
Λb
; m2

Λ; q
2Þβl

�
1=2

;

βl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
l

q2

s
; ð23Þ

with λða; b; cÞ ¼ a2 þ b2 þ c2 − 2ðabþ bcþ caÞ.
In the expressions of Ki, the parity violating decay

parameter αΛ arises through the secondary decayΛ → pπ−.
The corresponding hadronic matrix element is given
by [46],

hpðk1; spÞπ−ðk2Þjðd̄uÞV−AðūsÞV−AjΛðk; sΛÞi
¼ ½ūðk1; spÞðξγ5 þ ωÞuðk; sΛÞ�; ð24Þ

which depends on only two parameters, ξ and ω. These can
be determined from experimental data on Λ → pπ−. The
decay parameter αΛ then is given by [46]

αΛ ¼ −2ReðωξÞffiffiffiffiffiffiffiffiffiffiffiffi
r−=rþ

p jξj2 þ ffiffiffiffiffiffiffiffiffiffiffiffi
rþ=r−

p jωj2 ; ð25Þ

where r� ¼ ðmΛ �mpÞ2 −m2
π .

To write down the corresponding distribution for
CP-conjugated mode Λ̄b → Λ̄ð→ p̄πþÞlþl−, we take
the following definition for Euler angles: In the rest frame
of the Λb, the Λ̄ is assumed to travel along the þz axis, and
θΛ is the angle between Λ̄ and the antiproton in the ðp̄πþÞ
rest frame. The lepton angle θl is the angle between Λ̄ and
l−3 in the dilepton rest frame, and ϕ is the angle between
planes of ðp̄πþÞ and the lepton pair. With the above
convention, the decay distribution for Λ̄b → Λ̄ð→
p̄πþÞlþl− is simply obtained from Eq. (6) after the
transformation (θΛ → θΛ, θl ¼ θl − π, and ϕ → −ϕ).
This is equivalent to replacing the functions Ki’s in
Eq. (6) with K̄i’s in the following way:

K1cc;1ss;2cc;2ss;4sc;3s → þK̄1cc;1ss;2cc;2ss;4sc;3s; ð26Þ

K1c;2c;4s;3sc → −K̄1c;2c;4s;3sc; ð27Þ

where K̄i equals Ki except for the weak phases conjugated.
Additionally, in all but three coefficients, K1ss, K1cc, and
K1c, we replace the Λ → pπ− decay parameter αΛ by ᾱΛ,
which corresponds to the CP-conjugated decay Λ̄ → p̄πþ.
This replacement follows from the fact that under a CP
transformation the Dirac-field bilinears transform as

ψ̄1ψ2⟶
CP

ψ̄2ψ1, ψ̄1γ5ψ2⟶
CP

− ψ̄2γ5ψ1. Therefore, in the
expression of Λ̄ → p̄πþ, the hadronic matrix element

3Note that direction of l− is taken as reference for both the
decay and CP-conjugated mode. This convention is similar to the
one used for mesonic counterpart decay in Ref. [41].
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obtained through a CP transformation of Eq. (24), the ξ
term picks up a minus sign but the ω term does not. The
definition of ᾱΛ, defined similarly to Eq. (25), then implies
ᾱΛ ¼ −αΛ under strict CP symmetry. Experimentally
measured values αΛ ¼ 0.7519� 0.0036� 0.0024 and
ᾱΛ ¼ −0.7559� 0.0036� 0.0030 by the BESIII
Collaboration [84] agree well with theory.

IV. CP-VIOLATING ASYMMETRIES
AND RESULTS

Let ΓðH → fÞ be the decay rate of H → f (where H
indicates the initial state Λb and f indicates the final state)
and Γ̄ðH̄ → f̄Þ be the decay rate of the CP-conjugate mode
H̄ → f̄. As one needs two interfering decay amplitudes to
observe a direct CPV, we write the amplitudes as

A½H → f� ¼ jA1jeiϕw
1 eiϕ

s
1 þ jA2jeiϕw

2 eiϕ
s
2 ; ð28Þ

A½H̄ → f̄� ¼ jA1je−iϕw
1 eiϕ

s
1 þ jA2je−iϕw

2 eiϕ
s
2 ; ð29Þ

where ϕw
1;2 are the weak phases, ϕs

1;2 are the strong phases
(arising due to final state interactions), and jA1;2j are the
moduli of the interfering matrix elements. The decay rate
asymmetry that signals the presence of CPV is

ΓðH → fÞ − Γ̄ðH̄ → f̄Þ
∝ jA1jjA2j sinðϕs

1 − ϕs
2Þ sinðϕw

1 − ϕw
2 Þ: ð30Þ

As evident from this expression, a nonvanishing CP
asymmetry requires that both the relative strong and weak
phases of the amplitudes must be nonvanishing. The SM
has a finite strong phase emanating from the imaginary part
of Ceff

9 , which is generated by the q̄q loops (q ¼ c, u) in the
current-current operators. However, the weak phase, com-
ing from the CKM elements in the last term of Eq. (5), is
doubly Cabibbo suppressed and small. Therefore, the CPV
in b → slþl− transitions in the SM is expected to be
very small.
As discussed in the Introduction, the measurements of

several observables associated with the b → slþl− current
are in tension with the SM, and the global fits to data show
large preference to a NP hypothesis over the SM. Except for
the direct CP asymmetry AKð�Þ

CP [85] and a few angular CP-
asymmetries in B → K�μþμ− [5] and Bs → ϕμþμ− [7,8],
most of the measured b → slþl− observables, including
the ones that show the tensions with the SM, are CP
averaged and therefore are not sensitive to the complex
phases of NP. Therefore whether the NP in question is real
or complex is not clear at present. To answer this question,
one needs to study CP-violating observable in b → slþl−

transition. To this purpose, we construct several CP-
violating observables in Λb → Λlþl− decay and inves-
tigate their sensitivity to complex NP Wilson coefficients.
We follow the results of Ref. [17] which performed a global

fit analysis of the b → sμþμ− data to complex Wilson
coefficients assuming lepton flavor universal couplings to
electrons and muons. In particular, we consider the follow-
ing two LFU NP scenarios:4

(i) Case I: CNP
9 ¼ −1.07 − 0.86i (NP in left-handed

vector operator only)
(ii) Case II: CNP

9 ¼ −CNP
10 ¼ −0.58 − 1.21i [SUð2ÞL

invariant NP]
associated with the left-handed operators only. In addition,
we will also present results for a NP scenario involving
purely right-handed current
(iii) Case III: C0

9 ¼ −C0
10 ¼ 0.04þ 0.16i (right-

handed NP)
Case I and case II can significantly improve the theory
description of the data. Case III, although it cannot explain
tensions in b → s data (see Ref. [86]), we include it in our
analysis to assess the sensitivity of CP asymmetries to
right-handed NP.5

In order to make numerical predictions of observables,
one also needs Λb → Λ form factors for which we use the
lattice QCD results of Ref. [47]. The Λb → Λ hadronic
matrix elements are parametrized in terms of ten form
factors6 fVt;0;⊥, fAt;0;⊥, fT0;⊥, fT50;⊥, which are function of q2.
The lattice calculations are fitted to two z parametrizations:
the “nominal” fit and “higher-order” fit. Defining the
parameter zðq2; tþÞ as

zðq2; tþÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − t0

pffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
tþ − q2

p
þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

tþ − t0
p ; ð31Þ

where t0¼ðmΛb
−mΛÞ2 and tþ¼ðmBþmKÞ2, in the so-

called nominal fit the form factor parametrization is given as

fðq2Þ ¼ 1

1 − q2=ðmf
poleÞ2

h
af0 þ af1zðq2; tþÞ

i
; ð32Þ

while in higher-order fit, the parametrization is given as

fðq2Þ¼ 1

1−q2=ðmf
poleÞ2

h
af0þaf1zðq2;tþÞþaf2ðzðq2;tþÞÞ2

i
;

ð33Þ

where values of the coefficients afi and the correlations
among them are taken from Ref. [47].

4Since Ref. [17] provided only a 1σ range of WC values, in
choosing the NP benchmark for our analysis, we take median for
the real part but the maximum of the 1σ range for the imaginary
part to have maximum CP violation effects.

5Combination C9 ¼ −C0
9 involving both left- and right-current

NP is also favored [17] by the current data.
6Note that the form factor labels used in Ref. [47] are different

from labels we use in this paper. These are related as fVt;0;⊥ ¼
f0;þ;⊥, fAt;0;⊥ ¼ g0;þ;⊥, fT0;⊥ ¼ hþ;⊥, and fT50;⊥ ¼ h̃þ;⊥.
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In our numerical analysis, apart from the already dis-
cussed form factors and the Wilson coefficients, we use the
results of the CKMfitter Group [87] for values of CKM
elements, while particle masses and their lifetime values are
taken from the Particle Data Group [88].
With the numerical inputs at our disposal, we make bin-

wise predictions of different observables that we describe in
the next section. To be precise, the prediction of an
observable Oðq2Þ in a given bin q2 ∈ ½a; b� is

hOi ¼ 1

jb − aj
Z

b

a
dq2Oðq2Þ: ð34Þ

For an observable involving a ratio of two quantities, the
binned prediction is obtained after integrating the numer-
ator and denominator separately and then taking their ratio.
The two regions of q2 where we make the predictions are
q2 ∈ ½0.1; 6� and q2 ∈ ½15; 20�. To avoid the charmonium
resonances, we refrain from making any prediction in the
6–15 GeV2 range.
Our numerical determinations are subject to uncertainties

coming from different inputs including the form factors.
Regarding form factor uncertainties, as described in
Ref. [47], we use the nominal fit of Eq. (32) and for an
estimation of systematic uncertainties the higher-order fit of
Eq. (33) is used. The total uncertainty is obtained after
adding statistical and systematic uncertainties in quadra-
ture. In the Appendix we have collected bin-wise predic-
tions of all observables that we describe next.

A. CP asymmetry in decay rate

The CP asymmetry in decay rate is defined as

ACP ¼ dΓ=dq2 − dΓ̄=dq2

dΓ=dq2 þ dΓ̄=dq2
; ð35Þ

where dΓ=dq2 and dΓ̄=dq2 are decay rates of the decay
Λb → Λð→ pπ−Þμþμ− and its CP-conjugate decay, respec-
tively, which in terms of angular coefficients are defined as

dΓ
dq2

¼ 2K1ss þ K1cc;
dΓ̄
dq2

¼ 2K̄1ss þ K̄1cc: ð36Þ

In Fig. 1, we show the ACP as a function of q2 (left plot)
in the SM and NP scenarios. The corresponding binned
predictions are shown in the plot to the right. We find that in
the SM the ACP is, as expected, very small and is
∼Oð10−3Þ. In the NP case, we note the following:

(i) ACP is sensitive to left-handed NP at large q2 as seen
from Fig. 1 where NP cases I and II show a large
deviation from the SM.We find that in case II, which
has WCs with larger imaginary part, ACP can be up
to 5%.

(ii) We find that ACP is not sensitive to right-handed
currents (NP case III).

(iii) At low q2, we find ACP is not sensitive to any of NP
scenarios.

B. CP asymmetry in longitudinal polarization

We define the CP asymmetry in the longitudinal
polarization fraction as the difference between the longi-
tudinal polarization of Λb → Λð→ pπ−Þμþμ− [denoted as
FLðq2Þ] and its CP-conjugate decay [denoted as F̄Lðq2Þ],
normalized by the sum of corresponding decay rates,

AFL
¼ FLðq2Þ − F̄Lðq2Þ

dΓ=dq2 þ dΓ̄=dq2
; ð37Þ

where FLðq2Þ and F̄Lðq2Þ, in terms of angular coefficients,
are given as

FIG. 1. Predictions for direct CP asymmetry in decay rate (ACP) of Λb → Λμþμ−. In the left plot, the theoretical uncertainties are
shown only for the SM case as a dark grey band. In the right plot, the width of rectangle boxes denotes q2-bin size, and the height of the
boxes shows the prediction of the observable together with corresponding (1σ) uncertainties. The same style is used in the rest of figures
of this paper.
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FLðq2Þ ¼ 2K1ss − K1cc;

F̄Lðq2Þ ¼ 2K̄1ss − K̄1cc: ð38Þ

Since angular coefficients appearing in AfL are the same
as inACP, one expectsAfL to be sensitive toNP. In Fig. 2, we
show results for asymmetry AfL, and indeed we find that
observable is sensitive to left-handed NP (NP cases I and II)
while veryweakly sensitive to right-handedNP (NP case III).
The NP effects are higher in the large q2 region andAfL can
be ∼2%. In the low q2 region, AfL remains well below 1%.

C. CP asymmetry in forward-backward asymmetries

The decay Λb → Λð→ pπ−Þμþμ− offers three types of
forward-backward (FB) asymmetries [46]: FB asymmetry
(alFB) with respect to leptonic angle θl, FB asymmetry (aΛFB)
with respect to hadronic angle θΛ, and FB asymmetry (alΛFB)
with respect to the combination of θl and θΛ, respectively. In
terms of angular coefficients, these are given as

alFB ¼ 3

2
K1c; aΛFB ¼ 1

2
ð2K2ss þK2ccÞ; alΛFB ¼ 3

4
K2c:

ð39Þ
One can then take the difference between themeasurement of
the FB asymmetry in the decay Λb → Λð→ pπ−Þμþμ− and
its CP conjugate to define new CP asymmetries. These CP
asymmetries can be accessed by measuring the CP asym-
metries associated with angular coefficients K1c, K2c, K2ss,
and K2cc. To this end, we define the following four CP
asymmetries:

A1c ¼
K1cðq2Þ − K̄1cðq2Þ
dΓ=dq2 þ dΓ̄=dq2

; ð40Þ

Aj ¼
Kjðq2Þ þ K̄jðq2Þ
dΓ=dq2 þ dΓ̄=dq2

; for j ¼ 2c; 2ss; 2cc: ð41Þ

A1c andA2c are equivalent toCP asymmetries inalFB anda
lΛ
FB

up to a normalization constant, while the CP asymmetry in

aΛFB can be determined from combinedmeasurements ofA2ss
andA2cc. Also, note that A1c involves the difference of K1c

and K̄1c, while the other CP asymmetries involve the sum of
corresponding coefficients. This is because the angular
coefficients in Eqs. (8)–(17) are proportional to the decay
parameter αΛ (or ᾱΛ in the case of the CP-conjugate mode).
As discussed in the previous section, αΛ ≃ −ᾱΛ experimen-
tally, therefore it is the combination Kj þ K̄j

(j ¼ 2c; 2ss; 2cc; 3s; 3sc; 4s; 4sc) that vanishes in the case
of purely real WCs.
In Fig. 3, we show results for A1c, A2c, A2cc, and A2ss.

We note the following:
(i) CP asymmetry A1c is sensitive to C10, while no

sensitivity to vector and right-handed current is
found. We find that in NP case II, which has nonzero
CNP
10 , the value of A1c can be at ∼1.3% level in the

large q2 region. In other NP cases considered, A1c
remain indistinguishable from the SM.

(ii) For the asymmetry A2c, we observe similar NP
sensitivity as in A1c except that the sign of the
asymmetry is opposite to that of A1c. We also note
that A2c is largest (∼1.3%) at the kinematic end
point q2 ∼ 20 GeV2.

(iii) In contrast, the asymmetries A2ss and A2ss are
sensitive to C9, while no sensitivity to axial vector
and right-handed currents is found. Both asymme-
tries are found to be ∼1% in the large q2 region, with
A2ss being somewhat slightly larger.

D. More CP asymmetries

One can define fourmoreCP asymmetries associatedwith
angular coefficients K3s, K3sc, K4s, and K4sc, respectively,

Aj ¼
Kjðq2Þ þ K̄jðq2Þ
dΓ=dq2 þ dΓ̄=dq2

; for j ¼ 3s; 3sc; 4s; 4sc: ð42Þ

In Fig. 4 we show the results for these CP asymmetries
and make the following observations:

FIG. 2. Predictions for CP asymmetry in longitudinal polarization of Λb → Λμþμ−.
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FIG. 3. Predictions for CP asymmetries A1c, A2c, A2cc, and A2ss.
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FIG. 4. Predictions for CP asymmetries A3s, A3sc, A4s, and A4sc.
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(i) We find A3s to be sensitive to right-handed currents
(NP case III) in both low and large q2 regions, where
it can be up to ∼2%. It is also mildly sensitive to C10

in the low q2 region, but has large theoretical
uncertainties, as can be seen from low q2 bins.
Another point worth mentioning is that there is zero
crossing in the low q2 region of A3s for the right-
handed NP scenario (case III), while no such
behavior is seen in left-handed NP scenarios.

(ii) In case of A3sc, we find the CP asymmetry to be
sensitive toC9 as well as to the right-handed NP case,
with its size being ∼1%–3% in the low q2 region. At
large q2, the CP asymmetry remains negligible.

(iii) For A4s, we find that the asymmetry is sensitive to
C10 at large q2. The CP asymmetry remains SM-like
in cases with NP in C9 or right-handed NP. In NP
case II (which has nonzero C10), A4s can be ∼1%.

(iv) On the other hand, for A4sc we find that the
observable is most sensitive to C9 (NP cases I
and II), but the asymmetry remains very small,
at Oð10−3Þ.

V. CONCLUSION

The experimental data on the b → slþl− transitions hints
towards the presence of NP that is lepton flavor universal in
nature. However, the CP properties of the possible under-
lying NP is unknown. One concrete way to answer this
question is provided by the measurements of CP-violating
asymmetries associated with the b → slþl− transitions. In
the SM, the CPV in the b → slþl− transition is very small,
but can be enhanced in many NP models. Thus, measure-
ments of sizable b → slþl− CP asymmetries are highly
motivated. With this in mind, in this paper, we have
investigated in a model-independent fashion the prospects

of probing CP-violating NP in Λb → Λð→ pπ−Þμþμ−
decay. To this end, we list all the CP asymmetries offered
by the angular distribution of an unpolarized Λb decay
Λb → Λð→ pπ−Þμþμ−. We then present their determina-
tions in the SM and several NP scenarios motivated by the
present global fits to b → slþl− data. We find that several
of the CP asymmetries, depending on their NP sensitivity
and q2 region, can be enhanced to a few percent level. More
importantly, we find that the measurements of these CP
asymmetries can provide new methods to not only probe but
also potentially distinguish NP cases discussed in the paper.
Therefore, the CP asymmetries in Λb → Λð→ pπ−Þμþμ−
provide new avenues to cross-check the SM and, in
conjunction with CP asymmetries of B → K�lþl−, can
play a useful role in searching NP in b → slþl− transitions.
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APPENDIX: PREDICTION OF CP ASYMMETRIES

1. ACP (in units of 10− 2)

Bin SM Case I Case II Case III

[0.1, 1] 0.399� 0.052 0.401� 0.104 0.389� 0.129 0.405� 0.052
[1, 2] 0.197� 0.046 0.170� 0.165 0.141� 0.216 0.209� 0.047
[2, 4] 0.098� 0.024 0.038� 0.168 0.005� 0.237 0.112� 0.030
[4, 6] 0.066� 0.017 −0.010� 0.162 −0.038� 0.224 0.079� 0.020
[1.1, 6] 0.098� 0.021 0.037� 0.165 0.006� 0.223 0.111� 0.025
[15, 16] −0.201� 0.021 −3.367� 0.227 −4.614� 0.311 −0.335� 0.029
[16, 18] −0.229� 0.021 −3.409� 0.207 −4.659� 0.283 −0.433� 0.024
[18, 20] −0.250� 0.018 −3.464� 0.173 −4.720� 0.240 −0.590� 0.019
[15, 20] −0.231� 0.019 −3.420� 0.197 −4.671� 0.283 −0.467� 0.024
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2. Af L (in units of 10− 2)
Bin SM Case I Case II Case III

[0.1, 1] 0.033� 0.003 −0.081� 0.043 −0.130� 0.059 0.042� 0.007
[1, 2] 0.039� 0.011 −0.244� 0.055 −0.358� 0.074 0.058� 0.018
[2, 4] 0.068� 0.012 −0.247� 0.052 −0.367� 0.073 0.087� 0.018
[4, 6] 0.084� 0.011 −0.189� 0.053 −0.284� 0.078 0.097� 0.014
[1.1, 6] 0.071� 0.011 −0.220� 0.052 −0.328� 0.075 0.087� 0.016
[15, 16] −0.084� 0.009 −1.516� 0.098 −2.076� 0.136 −0.123� 0.015
[16, 18] −0.090� 0.008 −1.419� 0.085 −1.938� 0.118 −0.155� 0.013
[18, 20] −0.090� 0.007 −1.285� 0.061 −1.750� 0.083 −0.202� 0.008
[15, 20] −0.089� 0.008 −1.392� 0.079 −1.901� 0.105 −0.165� 0.012

3. A1c (in units of 10− 2)
Bin SM Case I Case II Case III

[0.1, 1] 0.020� 0.004 0.021� 0.004 −0.055� 0.019 0.022� 0.005
[1, 2] 0.044� 0.010 0.048� 0.011 −0.118� 0.045 0.046� 0.010
[2, 4] 0.044� 0.011 0.051� 0.011 −0.122� 0.064 0.046� 0.013
[4, 6] 0.030� 0.009 0.036� 0.010 −0.100� 0.072 0.032� 0.010
[1.1, 6] 0.037� 0.009 0.044� 0.010 −0.111� 0.065 0.040� 0.010
[15, 16] 0.080� 0.008 0.100� 0.010 1.213� 0.112 0.080� 0.008
[16, 18] 0.083� 0.007 0.103� 0.009 1.206� 0.094 0.082� 0.007
[18, 20] 0.069� 0.006 0.086� 0.007 1.006� 0.074 0.069� 0.006
[15, 20] 0.078� 0.007 0.096� 0.008 1.137� 0.084 0.077� 0.007

4. A2c (in units of 10− 2)
Bin SM Case I Case II Case III

[0.1, 1] −0.004� 0.017 −0.004� 0.017 0.048� 0.021 −0.006� 0.017
[1, 2] −0.015� 0.029 −0.015� 0.032 0.104� 0.047 −0.018� 0.029
[2, 4] −0.025� 0.015 −0.023� 0.025 0.099� 0.053 −0.026� 0.015
[4, 6] −0.031� 0.015 −0.026� 0.010 0.068� 0.057 −0.031� 0.015
[1.1, 6] −0.026� 0.010 −0.023� 0.018 0.086� 0.052 −0.027� 0.010
[15, 16] −0.118� 0.087 −0.126� 0.075 −1.03� 0.123 −0.153� 0.086
[16, 18] −0.128� 0.094 −0.138� 0.082 −1.101� 0.118 −0.180� 0.094
[18, 20] −0.138� 0.102 −0.150� 0.091 −1.197� 0.120 −0.224� 0.102
[15, 20] −0.129� 0.095 −0.140� 0.086 −1.12� 0.122 −0.190� 0.095

5. A2cc (in units of 10− 2)
Bin SM Case I Case II Case III

[0.1, 1] −0.076� 0.101 −0.115� 0.110 −0.129� 0.103 −0.074� 0.100
[1, 2] −0.034� 0.044 −0.123� 0.061 −0.158� 0.072 −0.031� 0.043
[2, 4] 0.003� 0.024 −0.089� 0.055 −0.124� 0.066 0.005� 0.024
[4, 6] 0.025� 0.030 −0.047� 0.051 −0.075� 0.067 0.026� 0.030
[1.1, 6] 0.008� 0.029 −0.075� 0.047 −0.107� 0.064 0.010� 0.029
[15, 16] 0.092� 0.082 0.703� 0.100 0.944� 0.114 0.092� 0.082
[16, 18] 0.096� 0.083 0.702� 0.099 0.941� 0.111 0.096� 0.083
[18, 20] 0.083� 0.069 0.589� 0.079 0.788� 0.082 0.082� 0.069
[15, 20] 0.091� 0.078 0.663� 0.087 0.888� 0.104 0.090� 0.078
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6. A2ss (in units of 10− 2)
Bin SM Case I Case II Case III

[0.1, 1] −0.014� 0.111 0.001� 0.116 0.011� 0.112 −0.013� 0.110
[1, 2] 0.040� 0.137 0.087� 0.140 0.111� 0.139 0.043� 0.137
[2, 4] 0.060� 0.147 0.120� 0.140 0.147� 0.150 0.062� 0.146
[4, 6] 0.062� 0.142 0.120� 0.154 0.143� 0.143 0.064� 0.142
[1.1, 6] 0.058� 0.149 0.115� 0.148 0.139� 0.152 0.060� 0.149
[15, 16] 0.122� 0.111 0.958� 0.128 1.286� 0.139 0.123� 0.112
[16, 18] 0.119� 0.106 0.896� 0.114 1.201� 0.120 0.121� 0.107
[18, 20] 0.096� 0.088 0.699� 0.090 0.934� 0.098 0.097� 0.089
[15, 20] 0.112� 0.097 0.840� 0.108 1.125� 0.123 0.113� 0.097

7. A3s (in units of 10− 2)
Bin SM Case I Case II Case III

[0.1, 1] 0.021� 0.023 0.022� 0.024 −0.636� 0.780 0.392� 0.061
[1, 2] 0.026� 0.026 0.029� 0.030 −0.859� 0.959 −0.194� 0.226
[2, 4] 0.020� 0.020 0.023� 0.023 −0.680� 0.738 −1.059� 0.270
[4, 6] 0.013� 0.012 0.015� 0.015 −0.451� 0.494 −1.686� 0.196
[1.1, 6] 0.017� 0.018 0.020� 0.021 −0.604� 0.683 −1.223� 0.244
[15, 16] 0.002� 0.002 0.002� 0.002 −0.039� 0.068 −2.047� 0.038
[16, 18] 0.001� 0.001 0.001� 0.002 −0.020� 0.056 −1.917� 0.045
[18, 20] 0.000� 0.001 0.001� 0.001 −0.002� 0.040 −1.494� 0.058
[15, 20] 0.001� 0.001 0.001� 0.001 −0.018� 0.051 −1.796� 0.046

8. A3sc (in units of 10− 2)
Bin SM Case I Case II Case III

[0.1, 1] −0.023� 0.032 0.702� 0.853 1.003� 1.232 −0.618� 0.038
[1, 2] −0.030� 0.038 0.918� 1.034 1.321� 1.522 −0.802� 0.069
[2, 4] −0.022� 0.025 0.658� 0.667 0.945� 0.992 −0.600� 0.081
[4, 6] −0.013� 0.013 0.384� 0.333 0.547� 0.479 −0.384� 0.063
[1.1, 6] −0.019� 0.022 0.575� 0.571 0.822� 0.826 −0.530� 0.073
[15, 16] −0.001� 0.002 0.023� 0.033 0.032� 0.047 −0.046� 0.006
[16, 18] −0.001� 0.001 0.014� 0.023 0.019� 0.035 −0.031� 0.004
[18, 20] −0.000� 0.001 0.005� 0.012 0.007� 0.017 −0.013� 0.002
[15, 20] −0.000� 0.001 0.013� 0.021 0.017� 0.029 −0.028� 0.004

9. A4s (in units of 10− 2)
Bin SM Case I Case II Case III

[0.1, 1] −0.004� 0.016 −0.004� 0.017 0.031� 0.048 −0.029� 0.017
[1, 2] −0.010� 0.016 −0.008� 0.016 0.017� 0.042 −0.037� 0.019
[2, 4] −0.011� 0.024 −0.008� 0.017 −0.009� 0.038 −0.027� 0.026
[4, 6] −0.008� 0.027 −0.005� 0.022 −0.020� 0.035 −0.015� 0.031
[1.1, 6] −0.010� 0.023 −0.007� 0.017 −0.010� 0.040 −0.023� 0.025
[15, 16] 0.039� 0.032 0.042� 0.029 0.356� 0.081 0.165� 0.031
[16, 18] 0.060� 0.049 0.065� 0.042 0.534� 0.084 0.185� 0.047
[18, 20] 0.100� 0.071 0.108� 0.069 0.875� 0.088 0.225� 0.070
[15, 20] 0.070� 0.055 0.076� 0.044 0.617� 0.082 0.195� 0.054
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10. A4sc (in units of 10− 2)
Bin SM Case I Case II Case III

[0.1, 1] 0.003� 0.013 −0.016� 0.023 −0.024� 0.032 0.028� 0.015
[1, 2] 0.006� 0.017 −0.019� 0.033 −0.029� 0.047 0.040� 0.020
[2, 4] 0.006� 0.019 −0.011� 0.030 −0.017� 0.038 0.033� 0.020
[4, 6] 0.005� 0.017 −0.002� 0.027 −0.005� 0.030 0.023� 0.019
[1.1, 6] 0.005� 0.017 −0.008� 0.027 −0.013� 0.033 0.029� 0.018
[15, 16] 0.010� 0.011 0.087� 0.034 0.117� 0.046 0.015� 0.011
[16, 18] 0.011� 0.011 0.088� 0.028 0.118� 0.037 0.014� 0.011
[18, 20] 0.009� 0.009 0.075� 0.020 0.100� 0.025 0.011� 0.009
[15, 20] 0.010� 0.011 0.083� 0.026 0.112� 0.034 0.013� 0.011
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