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The decays Bþ
c → Bal̄νl and Bþ

c → B�
að→ BaγÞl̄νl, with a ¼ s, d and l ¼ e, μ, are studied in the

Standard Model (SM) and in the extension based on the low-energy Hamiltonian comprising the full set of
dimension-6 semileptonic c → s; d operators with left-handed neutrinos. Tests of μ=e universality are
investigated using such modes. The heavy quark spin symmetry is applied to relate the relevant hadronic
matrix elements and to exploit lattice QCD results on Bc form factors. Optimized observables are selected,
and the pattern of their correlations is studied to identify the effects of the various operators in the extended
low-energy Hamiltonian.
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I. INTRODUCTION

The Bc meson, first observed by the CDF Collaboration
[1], is interesting since it has the structure of the heavy
quarkonium but it decays weakly. Therefore, this meson is
well suited to study both quarkonium and weak interaction
features within the same hadronic system. As for weak
interactions, in addition to the purely leptonic mode which
proceeds through the weak annihilation of the constituent
quarks, the Bc decays occur through the transitions of both
the charm and beauty quark. The decays induced by the
charm transition represent the dominant contribution to the
full width despite the smaller available phase-space [2–5].
In our study we focus on the exclusive semileptonic modes
Bþ
c → Bs;dl̄νl and Bþ

c → B�
s;dl̄νl induced at the quark

level by c → ðs; dÞl̄νl, with l ¼ e, μ (the tauonic mode is
phase-space forbidden). There are various reasons for such
a choice.
The first one is the possibility of exploiting the heavy

quark spin symmetry [6], which allows us to relate the
observables in the modes with final pseudoscalar and
vector meson, as well as the different observables in the
vector channel. The relatively small phase-space justifies
the extrapolation to the full kinematical range of the spin

symmetry relations, that strictly hold close to the zero-
recoil point where the produced meson is at rest in the Bc
rest frame [7]. Invoking the heavy quark spin symmetry the
relevant hadronic matrix elements can be expressed in
terms of two independent functions, that can be derived
from the Bc → Bs and Bc → Bd form factors (FF) precisely
determined by lattice QCD [8].
The second reason is the possibility to scrutinize the

sensitivity of such processes to beyond the Standard Model
(BSM) effects of the kind emerging in B decays, where
hints of violation of lepton flavor universality (LFU) are
found.1 The measurement of BðBc → J=ψτ̄ντÞ is also
important in this regard [11]. Such effects can be analyzed
in an effective theory framework extending the low-energy
SM Hamiltonian that governs the c → ðs; dÞl̄νl transitions
with the inclusion of the full set of semileptonic dimension-
6 operators with lepton flavour dependent Wilson
coefficients. The impact of the new operators on the
experimental Bc observables can be assessed. The D and
Ds semileptonic decay modes have been recently studied in
this context, and the Wilson coefficients of the new
operators in the extended Hamiltonian have been con-
strained using the available experimental data [12–16].
The study of the sensitivity of this class of Bc decays to
extensions of the Standard Model (the new physics—NP) is
timely, as these channels are accessible at the present
facilities. The hadronic matrix elements of the new oper-
ators can also be given in terms of the same independent
functions entering in the SM ones, invoking the heavy
quark spin symmetry. Since the produced B�

s and B�
d

*pietro.colangelo@ba.infn.it
†fulvia.defazio@ba.infn.it
‡francesco.loparco1@ba.infn.it

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3. 1For recent overviews see [9,10].

PHYSICAL REVIEW D 103, 075019 (2021)

2470-0010=2021=103(7)=075019(15) 075019-1 Published by the American Physical Society

https://orcid.org/0000-0002-5921-7701
https://orcid.org/0000-0003-0695-2566
https://orcid.org/0000-0002-6494-767X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.103.075019&domain=pdf&date_stamp=2021-04-20
https://doi.org/10.1103/PhysRevD.103.075019
https://doi.org/10.1103/PhysRevD.103.075019
https://doi.org/10.1103/PhysRevD.103.075019
https://doi.org/10.1103/PhysRevD.103.075019
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


mesons decay radiatively, we shall provide the expressions
of the fully differential Bþ

c → B�
s;dð→ Bs;dγÞl̄νl decay

distribution for the extended low-energy Hamiltonian: such
general expressions can also be used for different
processes.
In Sec. II we introduce the effective semileptonic

Hamiltonian comprising the full set of dimension-6 oper-
ators with left-handed neutrinos, that generalizes the SM
low-energy Hamiltonian. In Sec. III we provide the decay
distributions of Bc → Bs;dl̄νl and Bc → B�

s;dð→ Bs;dγÞl̄νl
obtained from the extended Hamiltonian. In Sec. IV we
discuss the heavy quark spin symmetry relations connect-
ing the SM and NP operator matrix elements. Section V
contains the numerical analysis in SM and a discussion of
the effects of the new operators on the Bc decay observ-
ables. The summary and the outlook are presented in the
last section. The appendixes contain the relations among
the hadronic form factors obtained by the heavy quark spin
symmetry (Appendix A), and the coefficient functions of
the full angular distribution of the four-body radiative
modes Bc → B�

s;dð→ Bs;dγÞl̄νl (Appendix B).

II. EFFECTIVE c → s;d SEMILEPTONIC
HAMILTONIAN

We consider the low-energy Hamiltonian comprising the
full set of dimension-6 semileptonic Q → q operators with
left-handed neutrinos:

HQ→ql̄ν
eff ¼ GFffiffiffi

2
p VCKM

× ½ð1þ ϵlVÞðq̄γμð1 − γ5ÞQÞðν̄lð1þ γ5ÞγμlÞ
þ ϵlRðq̄γμð1þ γ5ÞQÞðν̄lð1þ γ5ÞγμlÞ
þ ϵlSðq̄QÞðν̄lð1þ γ5ÞlÞ
þ ϵlPðq̄γ5QÞðν̄lð1þ γ5ÞlÞ
þ ϵlTðq̄ð1þ γ5ÞσμνQÞðν̄lð1þ γ5ÞσμνlÞ�; ð1Þ

with Q ¼ c, and q either the s or the d quark. VCKM
is the Cabibbo-Kobayashi-Maskawa (CKM) matrix
element Vcs or Vcd. In addition to the SM operator
OSM ¼ 4ðq̄LγμQLÞðν̄lLγμlLÞ and to the operators OS ¼
ðq̄QÞðν̄lð1þ γ5ÞlÞ, OP ¼ ðq̄γ5QÞðν̄lð1þ γ5ÞlÞ and
OT ¼ ðq̄ð1þ γ5ÞσμνQÞðν̄lð1þ γ5ÞσμνlÞ, the operator
OR ¼ 4ðq̄RγμQRÞðν̄lLγμlLÞ is included in Eq. (1). It is
worth remarking that in the Standard Model effective field
theory the only dimension-6 operator with the right-handed
quark current is nonlinear in the Higgs field [17–19], and its
role has been the subject of several discussions [19–24].
The complex coefficients ϵlV;R;S;P;T in the low-energy
Hamiltonian (1) are lepton-flavor dependent.
Generalized Hamiltonians as in Eq. (1) have been

studied for b → c transitions in connection with the

anomalies in semileptonic B → Dð�Þτντ decays, obtaining
information on the various operators [25–32]. Modes
induced by the b → u induced transition have also been
analyzed in such an effective theory approach [33]. For
both classes of b-quark transitions, suitable observables
testing the Standard Model and challenging LFU have been
identified. Observables in baryon decays, in particular in
inclusive modes, have also been studied [34]. Here we
focus on the Bc decays governed by the Hamiltonian (1), to
study the SM phenomenology and to assess the sensitivity
of such channels to deviations from the SM.

III. MODES Bc → Pl̄νl AND Bc → Vð→ PγÞl̄νl
The q2 distribution of the Bc → Pl̄νl decay, with P a

pseudoscalar meson, governed by the low-energy
Hamiltonian (1) reads:

dΓðBc →Pl̄νlÞ
dq2

¼G2
FjVCKMj2λ1=2
128m3

Bc
π3q2

�
1−

m2
l

q2

�
2

×

�����mlð1þ ϵlV þ ϵlRÞþ
q2ϵlS

mQ−mq

����2ðm2
Bc
−m2

PÞ2f20ðq2Þ

þ λ

�
1

3

����mlð1þ ϵlV þ ϵlRÞfþðq2Þþ
4q2

mBc
þmP

ϵlTfTðq2Þ
����2

þ 2q2

3

����ð1þ ϵlV þ ϵlRÞfþðq2Þþ 4
ml

mBc
þmP

ϵlTfTðq2Þ
����2
�	

:

ð2Þ

GF is the Fermi constant, q2 the squared momentum
transferred to the lepton pair and λ ¼ λðm2

Bc
; m2

P; q
2Þ is

the triangular function. The form factors fþ, f0, and fT are
defined in Appendix A. The SM expression is recovered
setting to zero all couplings ϵli .
In the case of a final vector meson V decaying to Pγ,

namely B�
s;d, the four-body kinematics of Bc → Vð→

PγÞl̄νl is shown in Fig. 1. The fully differential decay
width is expressed in terms of q2 and of the angles θV , θ and
ϕ defined in the figure:

FIG. 1. Kinematics of the Bc → B�
sðBsγÞl̄νl decay.
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d4ΓðBc → Vð→ PγÞl̄νlÞ
dq2d cos θVd cos θdϕ

¼ N γjp⃗V j
�
1 −

m2
l

q2

�
2

fI1ssin2θV þ I1cð3þ cos 2θVÞ

þ ðI2ssin2θV þ I2cð3þ cos 2θVÞÞ cos 2θ
þ I3sin2θVsin2θ cos 2ϕþ I4 sin 2θV sin 2θ cosϕ

þ I5 sin 2θV sin θ cosϕþ ðI6ssin2θV þ I6cð3þ cos 2θVÞÞ cos θ
þ I7 sin 2θV sin θ sinϕþ I8 sin 2θV sin 2θ sinϕ

þ I9sin2θVsin2θ sin 2ϕg; ð3Þ

with jp⃗V j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

Bc
; m2

V; q
2Þ

q
=2mBc

. The distribution (3) is obtained in the narrow width approximation for the meson V,

and the factor N γ ¼ 3G2
FjVCKMj2BðV→PγÞ
128ð2πÞ4m2

Bc

comprises the V → Pγ branching fraction. The angular coefficient functions Iiðq2Þ
encode the dynamics and the SM and of NP described by the Hamiltonian (1). We provide them for the full set of operators,
generalizing the results obtained in [30] for the tensor operator:

Ii ¼ j1þ ϵV j2ISMi þ jϵRj2INP;Ri þ jϵPj2INP;Pi þ jϵT j2INP;Ti þ 2Re½ϵRð1þ ϵ�VÞ�IINT;Ri

þ 2Re½ϵPð1þ ϵ�VÞ�IINT;Pi þ 2Re½ϵTð1þ ϵ�VÞ�IINT;Ti

þ 2Re½ϵRϵ�T �IINT;RTi þ 2Re½ϵPϵ�T �IINT;PTi þ 2Re½ϵPϵ�R�IINT;PRi ð4Þ

for i ¼ 1;…6,

I7 ¼ 2Im½ϵRð1þ ϵ�VÞ�IINT;R7 þ 2Im½ϵPð1þ ϵ�VÞ�IINT;P7 þ 2Im½ϵTð1þ ϵ�VÞ�IINT;T7

þ 2Im½ϵRϵ�T �IINT;RT7 þ 2Im½ϵPϵ�T �IINT;PT7 þ 2Im½ϵPϵ�R�IINT;PR7 ; ð5Þ

and

Ii ¼ 2Im½ϵRð1þ ϵ�VÞ�IINT;Ri ð6Þ

for i ¼ 8, 9. In SM the angular coefficient functions are given in terms of the helicity amplitudes

H0 ¼
1

2mVðmBc
þmVÞ

ffiffiffiffiffi
q2

p ððmBc
þmVÞ2ðm2

Bc
−m2

V − q2ÞA1ðq2Þ − λðm2
Bc
; m2

V; q
2ÞA2ðq2ÞÞ

H� ¼
ðmBc

þmVÞ2A1ðq2Þ ∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

Bc
; m2

V; q
2Þ

q
Vðq2Þ

mBc
þmV

Ht ¼ −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

Bc
; m2

V; q
2Þ

q
ffiffiffiffiffi
q2

p A0ðq2Þ: ð7Þ

For the NP operators the following amplitudes are also introduced:

HNP
� ¼ 1ffiffiffiffiffi

q2
p ��

m2
Bc

−m2
V �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

Bc
; m2

V; q
2Þ

q �
ðT1 þ T2Þ þ q2ðT1 − T2Þ

	

HNP
L ¼ 4

�
λðm2

Bc
; m2

V; q
2Þ

mVðmBc
þmVÞ2

T0 þ 2
m2

Bc
þm2

V − q2

mV
T1 þ 4mVT2

	
: ð8Þ

The form factors V, Ai, and Ti are defined in Appendix A. The coefficient functions in Eqs. (4), (5), and (6), expressed in
terms of the amplitudes (7) and (8), are collected in Appendix B. With such expressions the various observables can be
computed by suitable integrations of the distribution in Eq. (3).
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IV. HEAVY QUARK SPIN SYMMETRY AND
RELATIONS AMONG FORM FACTORS

In the infinite heavy quark mass limit mQ ≫ ΛQCD the
QCD Lagrangian exhibits a heavy quark (HQ) spin
symmetry, with the decoupling of the heavy quark
spin from gluons [35]. This produces the decoupling
of the spins of the heavy quarks in Bc: the spin-spin
interaction vanishes in this limit. Important con-
sequences of the HQ spin symmetry are the relations
among the form factors parametrizing the weak current
matrix elements of Bc and mesons comprising a single

heavy quark (Bð�Þ
s ; Bð�Þ

d ; Dð�Þ;…) or two heavy quarks
(ηc; J=ψ ;ψð2SÞ;…) [6].

In the semileptonic Bc → Bð�Þ
a (a ¼ s, d) decays induced

by the c → s; d transition, since mc ≪ mb the energy
released to the final hadronic system is much smaller than
mb. The b quark remains almost unaffected, so that the final
meson keeps the same Bc four-velocity v. Denoting the
initial and final meson four-momenta as p ¼ mBc

v and
p0 ¼ mBa

v0 ¼ mBa
vþ k, with k a small residual momen-

tum, the four-momentum transferred to the leptons is
q ¼ p − p0 ¼ ðmBc

−mBa
Þv − k, with v · k ¼ Oð1=mbÞ.

The relations stemming from the HQ spin symmetry can
be worked out using the trace formalism [36]. The heavy
pseudoscalar and vector mesons are collected in doublets,
the two components of which represent states differing only
for the orientation of the heavy quark spins. The Bþ

c and
B�þ
c doublet comprising the heavy c and b̄ quarks is

described by the effective fields

Hcb̄ ¼ 1þ =v
2

½B�μ
c γμ − Bcγ5�

1 − =v
2

: ð9Þ

The Ba and B�
a doublet (a an SUð3ÞF index) with the single

heavy antiquark b̄ is described by the effective fields

Hb̄ ¼ ½B�μ
a γμ − Baγ5�

1 − =v
2

: ð10Þ

B and B� are operators that include a factor
ffiffiffiffiffiffiffi
mB

p
and

ffiffiffiffiffiffiffi
m�

B

p
and have dimension 3=2. The equations =vHcb̄ ¼ Hcb̄,
Hcb̄=v ¼ −Hcb̄, =vHb̄ ¼ Hb̄, Hb̄=v ¼ −Hb̄ are satisfied.
Under the heavy quark spin transformations and light
quark SUð3ÞF transformations the doublets transform as

Hcb̄ → ScHcb̄S†b

Hb̄
a → ðUHb̄ÞaS†b: ð11Þ

The matrix elements of the quark current q̄ΓQ between Bc

and Bð�Þ
a , with Γ a generic product of Dirac matrices, can be

written as

hBð�Þ
a ðv; kÞjq̄ΓQjBcðvÞi
¼ − ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

mBc
mBa

p
Tr½H̄ðb̄Þ

a Ωaðv; a0kÞΓHðcb̄Þ�; ð12Þ

with H̄a ¼ γ0H†
aγ0 and are invariant under rotations of the

b̄ spin. The most general matrix depending on v and k is

Ωaðv; a0kÞ ¼ Ω1a þ =ka0Ω2a: ð13Þ

It involves two dimensionless nonperturbative functions,
the form factors Ω1a and Ω2a. The dimensionful parameter
a0 can be identified with the length scale of the process,
typically the Bohr radius of the mesons. At odds with the
weak matrix elements of mesons comprising a single heavy
quark, that are expressed in terms of a single universal
function (the Isgur-Wise function [37,38]) normalized to 1
at the zero-recoil point v · v0 ¼ 1 due to the heavy quark
flavour symmetry, no normalization is fixed for Ω1 and Ω2.
Such form factors encode the QCD dynamics and must be
determined by nonperturbative methods.
The SM matrix elements relevant for Bþ

c → Balþνl
involve the form factors fBc→Paþ and fBc→Pa

0 defined in (A1).
On the other hand, four form factors are needed in SM for
each Bc → B�

alν̄l mode, VBc→Va and ABc→Va
1;2;0 defined in

(A2). They parametrize the hadronic matrix elements of the
SM operator in the low-energy Hamiltonian (1). The matrix
elements of the operators with a scalar and pseudoscalar
quark current in Eq. (1) do not involve new form factors:
the scalar operator contributes only to Bc → Balν̄l and its
hadronic matrix element is given in terms of fBc→Ba

0 and of
the masses of the quarks involved in the transitions. The
pseudoscalar operator contributes only to Bc → B�

alν̄l and
its matrix element can be expressed in terms of ABc→B�

a
0 and

the quark masses (Appendix A). The matrix elements of the
tensor operator in (1) require the form factors fBc→Ba

T for
Bþ
c → Balþνl and TBc→B�

a
1;2;0 for Bþ

c → B�
alþνl defined in

Appendix A.
Exploiting the HQ spin symmetry all the form factors

fþ; f0; fT and V; Ai; Ti can be given in terms of the
functions Ω1;2 in (13). Such relations can be inverted to
expressΩ1 andΩ2 in terms of fþ and f0, Eq. (A6), and can
be used once such functions are determined in a non-
perturbative way. All relations are in Appendix A. The
result is that fþ and f0, accompanied with the relations
from the HQ spin symmetry, provide enough information to

study the full phenomenology of the Bc → Bð�Þ
a semi-

leptonic modes in SM and beyond.
The relations among the form factors are valid close to

the zero-recoil point, at maximum momentum squared
transferred to the lepton pair q2max ¼ ðmBc

−m
Bð�Þ
a
Þ2.

However, since the phase space for Bc → Bð�Þ
a is small,

such relations can be extrapolated to the full kinematical q2

range. The assumption can be checked once other form
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factors are available, by a comparison with the expressions
in the heavy quark limit.

V. NUMERICAL ANALYSIS

We describe several observables in Bþ
c → Bs;dlþνl and

Bþ
c → B�

s;dð→ Bs;dγÞlþνl in the Standard Model. We also
study their sensitivity to the BSM operators in the low-
energy Hamiltonian.
For the hadronic matrix elements of the various operators

in Eq. (1) we exploit the HQ spin symmetry and express all
form factors in terms of the universal functions Ω1sðdÞ and
Ω2sðdÞ using the relations in Appendix A. Ω1sðdÞ and Ω2sðdÞ
are determined from the form factors fBc→Bs

þ;0 and fBc→Bd
þ;0

computed by lattice QCD in Ref. [8]. In such computation
the form factors are evaluated in the full q2 range, by a
chain fit of the results obtained by a nonrelativistic
QCD treatment of the b quark and by using the highly
improved staggered quark method. The variable t ¼ q2,
with kinematical bound m2

l ≤ t ≤ t− ¼ ðmBc
−mBsðdÞ Þ2, is

mapped into the variable zðtÞ ¼
ffiffiffiffiffiffiffi
tþ−t

p
−

ffiffi
t

p
þffiffiffiffiffiffiffi

tþ−t
p þ ffiffi

t
p

þ
with tþ ¼

ðmBc
þmBsðdÞ Þ2 chosen to be larger than the lowest thresh-

old for hadron production in the t channel, the DK and Dπ
threshold. To optimize the calculation, a rescaled variable
zpðtÞ ¼ zðtÞ=zðM2

resÞ is defined, with Mres a suitably
chosen mass parameter. Each form factor fðtÞ is expressed
(in the continuum limit of the lattice discretization) as a
truncated power series of zp:

fðtÞ ¼ PðtÞ
XN
n

AnzpðtÞn; ð14Þ

with PðtÞ a function chosen to describe the main computed
t-dependence. As a result, each form factor is determined
by the set of coefficients An together with their errors and
error correlation matrices. The functions Ω1ðyÞ and
a0Ω2ðyÞ obtained for the c → s and c → d transitions
are depicted in Fig. 2 together with their uncertainties. They

are expressed in terms of the variable y ¼ p·p0
mBcmBa

¼
m2

Bc
þm2

Ba
−q2

2mBcmBa
in the range ½1; ymax�, with ymax corresponding

to q2min ¼ m2
l. The numerical values of the other parame-

ters, taken from the Particle Data Group [39], are listed in
Table I.
The analysis of the sensitivity to the BSM operators in

Eq. (1) requires a set of input values for the coefficients ϵli .
There are experimental constraints, in particular from the
purely leptonic Ds and Dþ decay widths, from the

FIG. 2. Universal functions Ω1ðyÞ (top) and a0Ω2ðyÞ (bottom panels) obtained using Eq. (A6) and the form factors fþ and f0
computed in Ref. [8] for Bc → Bs (left) and Bc → Bd matrix elements (right panels), with y ¼ p·p0

mBcmBa
.

TABLE I. Parameters, from Ref. [39].

mBc
6274.9� 0.8 MeV

τBc ð0.510� 0.009Þ × 10−12 s
mBs

5366.88� 0.14 MeV
mB�

s
5415.8� 1.5 MeV

BðB�
s → BsγÞ 1

mBd
5279.63� 0.20 MeV

mB�
d

5324.7� 0.21 MeV
BðB�

d → BdγÞ 1
jVcsj 0.987� 0.011
jVcdj 0.221� 0.004

mMS
d ð2 GeVÞ 4.67þ0.48

−0.17 MeV

mMS
s ð2 GeVÞ 93þ11

−5 MeV
mc 1.67� 0.07 GeV
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semileptonic D0ðþÞ decays to K−ð0Þ; K�−ð0Þ and π−ð0Þ; ρ−ð0Þ,
and from the semileptonic Ds → ϕ transitions [12,13,
15,16]. Ranges of values have been determined upon the
assumption that all ϵli are real [16]: ϵμV ¼ ð1.65� 2.02Þ×
10−2, ϵμR¼ð−1.35�2.02Þ×10−2, ϵμS¼ð−1.0�2.0Þ×10−2,
ϵμP ¼ ð0.9� 1.4Þ × 10−3, and ϵμT ¼ ð1.2� 1.8Þ × 10−2 for
the c → s transition, and ϵμV ¼ ð5.0� 2.1Þ × 10−2, ϵμR ¼
ð2.0� 2.0Þ × 10−2, ϵμS ¼ ð−9.0� 7.0Þ × 10−2, ϵμP ¼
ð−2.6� 1.3Þ × 10−3, and ϵμT ¼ð−2.0�1.4Þ×10−1 for the
c → d transition. Interestingly, the allowed range for ϵμT in
the c → d transition is wide. We vary the couplings in these
intervals with the purpose of describing the effects of the
various NP operators. Assuming a hierarchy in LFU viola-
tion, all couplings for the electron operators ϵeV;R;S;P;T are
kept to zero, hence such modes are only described in SM.

A. Bc → Bsl− ν̄l and Bc → B�
s ð→ BsγÞl− ν̄l

The semileptonic Bc decays induced by the c → s
transition are expected to constitute the largest fraction
of semileptonic modes [7,40–50]. The prediction in SM

BðBþ
c → Bsμ

þνμÞ ¼ 0.0125ð4Þ
� jVcsj
0.987

�
2

ð15Þ

follows from the use of form factors in [8]. The quoted error
refers only to the form factor uncertainties, the errors from
the CKMmatrix element and from the Bc lifetime in Table I
can be simply added, the error from the mass parameters is
small. For the electron mode the result is

BðBþ
c → BseþνeÞ ¼ 0.0131ð4Þ

� jVcsj
0.987

�
2

: ð16Þ

In the case of μ we describe below how the branching
fraction changes due to the NP operators, studying also the
correlation with other observables. We notice that the q2

spectrum in Fig. 3 is modified with respect to the Standard
Model when the additional operators in (1) are considered.
The SM prediction including the FF uncertainty is enlarged
if the NP operators are considered, varying the couplings ϵμi
in their quoted ranges. However, the shape of the spectrum
is unchanged.
For Bþ

c → B�
aμ

þνμ (a ¼ s, d), the SM helicity ampli-
tudes (7) can be expressed in terms of Ω1a and Ω2a:

H0¼
ffiffiffiffiffiffiffiffi
mBc

mB�
a

r ðm2
Bc
−m2

B�
a
−q2Þffiffiffiffiffi

q2
p Ω1aþ

λðm2
Bc
;m2

B�
a
;q2Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBc

mB�
a
q2

q a0Ω2a

H�¼
ffiffiffiffiffiffiffiffi
mB�

a

mBc

r
ð2mBc

Ω1a∓ λ1=2ðm2
Bc
;m2

B�
a
;q2Þa0Ω2aÞ

Ht¼−
λ1=2ðm2

Bc
;m2

B�
a
;q2Þ

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBc

mB�
a
q2

q ð2mBc
Ω1a

þðm2
Bc
−m2

B�
a
þq2Þa0Ω2aÞ; ð17Þ

while the NP amplitudes (8) read:

HNP
� ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mB�

a

mBc
q2

s
½ðm2

Bc
−m2

B�
a
þq2�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

Bc
;m2

B�
a
;q2Þ

q
ÞΩ1

þððmBc
þmB�

a
ÞððmBc

−mB�
a
Þ2 −q2Þ

� ðmBc
−mB�

a
Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðm2

Bc
;m2

B�
a
;q2Þ

q
Þa0Ω2�

HNP
L ¼ 16ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimBc

mB�
a

p ½ðm2
Bc
þm2

B�
a
−q2ÞΩ1

−mB�
a
ððmBc

−mB�
a
Þ2−q2Þa0Ω2�: ð18Þ

For a ¼ s the SM predictions

BðBþ
c → B�

sμ
þνμÞ ¼ 0.030ð1Þ

� jVcsj
0.987

�
2

BðBþ
c → B�

seþνeÞ ¼ 0.032ð1Þ
� jVcsj
0.987

�
2

ð19Þ

include only the error on the form factors. For μ channel,
the q2 distribution in Fig. 3 is affected by a small FF

FIG. 3. q2 spectrum of the modes Bþ
c → Bsμ

þνμ (top) and
Bþ
c → B�

sμ
þνμ (bottom). The Standard Model result (red SM

band) includes the uncertainty on the form factors. The result for
the full Hamiltonian Eq. (1) is obtained varying the effective
couplings in the quoted ranges (gray NP band). For Bþ

c →
B�
sμ

þνμ the spectrum obtained omitting the tensor operator T
is also displayed (dashed cyan lines).
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uncertainty. In the NP extension the tensor operator has a
visible effect on the spectrum. Moreover, the spectra of
longitudinally and transversely polarized B�

s in Fig. 4 show
that NPmainly affects the longitudinalB�

s polarization in the
small q2 region. The ratio FT ¼ ΓT

ΓLþΓT
, with ΓT;L the decay

widths to transversely and longitudinally polarized B�
s , is

predicted in the SM: FT ¼ 0.413� 0.004, and remains
smaller than 1=2 when the NP operators are included, with
the main effect due to the T operator, as shown in Fig. 5.
The q2-dependent forward-backward (FB) lepton asym-

metry

AFBðq2Þ ¼
�
dΓ
dq2

�
−1
�Z

1

0

d cos θ
d2Γ

dq2d cos θ

−
Z

0

−1
d cos θ

d2Γ
dq2d cos θ

�
ð20Þ

is affected by a small uncertainty in the SM (Fig. 6).
The asymmetry has a zero precisely determined at q20 ≃
0.1905ð5Þ GeV2. This observable is particular sensitive to
the tensor operator: indeed, as shown in Fig. 6, excluding
this operator the asymmetry in NP practically coincides
with SM. When all the operators in the extended
Hamiltonian are considered the position of the zero is in
the range q20 ∈ ½0.149; 0.208� GeV2.
The effects of the new operators can also be observed in

the coefficients c0;1;2 defined in the expression [51,52]

dBðBþ
c → B�

sμ
þνμÞ

dq2d cos θ
¼ c0 þ c1 cos θ þ c2 cos2 θ; ð21Þ

as shown in Fig. 7.
Interesting information is encoded in the correlations

between the various observables in the decay modes to the
pseudoscalar and vector meson. We analyze them in turn,
neglecting the common FF uncertainties, considering the
SM, each NP operator and all operators together. Since the
scalar and pseudoscalar operators have a minor impact on
the results, we do not discuss them individually.
Figure 8 shows the correlation between the branching

fractions of the pseudoscalar and vector modes BðBþ
c →

Bsμ
þνμÞ and BðBþ

c → B�
sμ

þνμÞ. The SM point corresponds
to the central values in Eqs. (15) and (19). When all NP
operators are considered the enlarged (pink) region is
obtained. Anticorrelation between the branching fractions
is found when the R operator is considered. Increasing ϵμV
produces a positive correlation between the two observ-
ables. The tensor operator T can allow a reduction of
BðBþ

c → B�
sμ

þνμÞ with respect to SM. Structured patterns
are found in the correlations of the branching fractions
BðBþ

c → Bsμ
þνμÞ and BðBþ

c → B�
sμ

þνμÞ with the inte-
grated FB lepton asymmetry in the B�

s mode

FIG. 4. q2 distribution for longitudinally (top) and transversely
polarized B�

s meson (bottom) in Bþ
c → B�

sμ
þνμ. The color codes

are the same as in Fig. 3.

0.400 0.405 0.410 0.415 0.420

FT

NP All

NP P

NP V

NP R

NP T

SM

FIG. 5. Fraction of transversely polarized B�
s . The lines

correspond to SM, to the NP operators in Eq. (1) separately
considered, and to the full set of NP operators.

FIG. 6. q2-dependent forward-backward lepton asymmetry in
Bþ
c → B�

sμ
þνμ. The red band corresponds to SM, the gray band to

the full Hamiltonian (1). The region obtained excluding the tensor
operator T is indicated by the dashed cyan lines.
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AFB ¼
Z

q2max

q2min

dq2AFBðq2Þ; ð22Þ

as shown in Fig. 9. Varying the R and V coefficients
produces anticorrelations in case of the Bs channel, same
sign correlation in case of B�

s . The tensor operator results in
a mild anticorrelation in the B�

s case. The combined
analysis of all observables can allow to isolate the signature
of the different NP operators.

B. B+
c → Bdl+ νl and B+

c → B�
dð→ BdγÞl+ νl

The c → d semileptonic Bc modes also give access to
relevant information. The SM expectations

BðBþ
c → Bdμ

þνμÞ ¼ 8.3ð5Þ × 10−4
� jVcdj
0.221

�
2

BðBþ
c → BdeþνeÞ ¼ 8.7ð5Þ × 10−4

� jVcdj
0.221

�
2

ð23Þ

derive from the form factors in [8]. The quoted errors are
only due to the FF uncertainty. The corresponding pre-
dictions for Bþ

c → B�
dl̄νl in SM are

BðBþ
c → B�

dμ
þνμÞ ¼ 20ð1Þ × 10−4

� jVcdj
0.221

�
2

BðBþ
c → B�

de
þνeÞ ¼ 21ð1Þ × 10−4

� jVcdj
0.221

�
2

: ð24Þ

FIG. 9. Correlations between the integrated forward-backward
lepton asymmetry AFB in Bþ

c → B�
sμ

þνμ, defined in Eq. (22),
with BðBþ

c → Bsμ
þνμÞ (top) and BðBþ

c → B�
sμ

þνμÞ (bottom
panel). The color codes are the same as in Fig. 8.

FIG. 8. Correlation between the branching fractions
BðBþ

c → Bsμ
þνμ) and BðBþ

c → B�
sμ

þνμ) in SM (black dot)
and for the NP operators in Eq. (1). The regions labeled VR,
V, R, and T are obtained varying separately the coefficients of the
corresponding operators in their quoted ranges. The NP-All
region refers to the full set of operators in (1).

FIG. 7. Coefficients c0;1;2 in Eq. (21) for Bc → B�
sμ

þνμ. The
color codes are the same as in Fig. 6.
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For the μ channel, the impact of the NP operators in the
decay distributions is shown in Fig. 10. The spectra in SM
are affected by a small FF uncertainty. Including the NP

operators sizably enlarges the spectrum of the pseudoscalar
mode. The forward-backward asymmetry Eq. (20) for the
pseudoscalar mode shows deviations from the SM expect-
ation mainly due to the tensor operator, Fig. 11.
Large effects are allowed in Bþ

c → B�
dð→ BdγÞlþνl: this

is due to the contribution of the tensor operator, that over-
whelms the other ones if the coefficient ϵμT is varied in the
parameter space bound in [16] using D meson decays.
The distributions of longitudinally and transversely

polarized B�
d, Fig. 12, show that the tensor operator can

sizably affect the transverse distribution. In SM the
integrated width to longitudinal B�

d is larger than to the
transverse one, as shown in Fig. 13. The tensor operator can
reverse such a hierarchy.

FIG. 10. q2 spectrum of the modes Bþ
c → Bdμ

þνμ (top) and
Bþ
c → B�

dμ
þνμ (bottom). The Standard Model results (green SM

band) include the uncertainty on the form factors. The spectra for
the full Hamiltonian in Eq. (1) are obtained varying the effective
couplings in their quoted ranges (gray NP band). For Bþ

c →
B�
dμ

þνμ the spectrum obtained omitting the tensor operator T is
also shown (dashed orange lines).

FIG. 11. q2-dependent forward-backward lepton asymmetry in
Bþ
c → Bdμ

þνμ. The green line corresponds to SM, the gray band
is obtained for the Hamiltonian (1). The dashed orange lines are
obtained excluding the tensor operator T.

FIG. 12. q2 distribution of longitudinally (top) and transversely
polarized B�

d (bottom) in Bþ
c → B�

dμ
þνμ. The color codes are as

in Fig. 10.

FIG. 13. Fraction of transversely polarized B�
d. The lines

correspond to the SM, to the NP operators in Eq. (1) separately
considered, and to the full set of NP operators.
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Also the q2-dependent forward-backward lepton asym-
metry shows this effect, as seen in Fig. 14. The inclusion of
the tensor operator produces a zero for theAFB distribution
in the range q20 ∈ ½0.27 GeV2; q2max�, while in the SM q20 ¼
0.188ð1Þ GeV2 is expected. The position of the zero of
AFBðq2Þ has a remarkable discriminating power of NP
operators. The effects of the new operators on the coef-
ficients defined in (21) are shown in Fig. 15.

FIG. 14. q2-dependent forward-backward lepton asymmetry in
Bþ
c → B�

dμ
þνμ. The green band corresponds to SM, the gray one

is obtained for the Hamiltonian (1). The region obtained
excluding the tensor operator T (dashed orange lines) is also
displayed.

FIG. 15. Coefficients c0;1;2 in Eq. (21) for Bc → B�
dμ

þνμ. The
color codes are as in Fig. 14.

FIG. 16. Correlation between the branching fractions
BðBþ

c → Bdμ
þνμ) and BðBþ

c → B�
dμ

þνμ) in SM (black dot)
and considering the NP operators in Eq. (1). The regions labeled
VR, V, R and T are obtained varying separately the coefficients of
the corresponding operators in their quoted ranges. The NP-All
region refers to the full set of operators in (1).

FIG. 17. Correlations between the integrated forward-backward
lepton asymmetry AFB in Bþ

c → B�
dμ

þνμ, defined in Eq. (22),
with BðBþ

c → Bdμ
þνμÞ (top) and BðBþ

c → B�
dμ

þνμÞ (bottom
panel). The color codes are the same as in Fig. 16.
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The correlation plots in Figs. 16 and 17 give access to
other information. The branching factions BðBþ

c →B�
dμ

þνμÞ
and BðBþ

c → Bdμ
þνμÞ are sizably affected by the NP

contributions. The R operator anticorrelates the decay
widths of the pseudoscalar and vector modes, while the V
contribution results in a positive correlation. In particular,
BðBþ

c → B�
dμ

þνμÞ increases with respect to SM if R is
included, and decreases considering only V. However, the
main effect is due to the tensor operator that strongly
enhances BðBþ

c → Bdμ
þνμÞ if its coefficient is varied in

the range quoted in [16]. Such a macroscopic effect on the
one hand requires to further scrutinize the bounds from theD
meson decays, on the other hand shows the relevance of the
Bc modes in the search of BSM signals. This is confirmed by
the correlations between the integrated forward-backward
lepton asymmetry AFB and the branching fractions of the
pseudoscalar and vector modes. As shown in Fig. 17, the
integrated AFB, that in SM is predicted to be negative, is
anticorrelated with BðBþ

c → Bdμ
þνμÞ mainly due to the

tensor operator. AFB can become positive in the allowed
range for the coefficient of such an operator, an interesting
experimental signature. On the other hand,AFB andBðBþ

c →
B�
dμ

þνμÞ are positively correlated, and the enhancement of
the branching fraction closely follows the enhancement of
AFB obtained varying the coefficient of the tensor operator.

VI. CONCLUSIONS

The semileptonic Bc decays induced by the c → s; d
transitions play an interesting role in SM and in the search
of BSM effects analogous to the ones emerging in B
decays. The heavy quark spin symmetry has allowed to
analyze the full phenomenology of such decays using two
nonperturbative form factors obtained by lattice QCD. The
assessment of the role of the symmetry-breaking terms
requires additional nonperturbative information, namely

some other form factor in few points of the kinematical
range. We have studied several significant observables in
these decay modes, together with the effects and their
correlations of the SM extension involving dimension-6
operators and left-handed neutrinos.
On the basis of the available information on semileptonic

D decays we have found that sizable deviations from SM are
allowed in Bþ

c → B�
dμ

þνμ. Of particular interest are the
correlations of the effects of the NP operators in the various
observables, that can be used to pin down the single
contributions. For example, the branching fractions of the
pseudoscalar and vector modes are positively or negatively
correlated if the R or V contributions are considered. Other
correlations involve the integrated FB lepton asymmetry, in
particular the effect of the tensor operator in the Bþ

c →
B�
dμ

þνμ mode correlated to the branching fraction. The
position of the zero in the FB lepton distribution, as well
as the fraction of longitudinally vs transversely polarized
final vector mesons constitute other observables worth to
measure.
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APPENDIX A: HADRONIC MATRIX ELEMENTS
AND FORM FACTORS IN SM AND NP

We use the standard parametrization of the hadronic
Bc → P; V matrix elements in terms of form factors, with P
a pseudoscalar and V a vector meson. The Bc → P matrix
elements of the vector q̄γμQ current, of the scalar density
q̄Q, and of the tensor q̄σμνQ and q̄σμνγ5Q currents are
parametrized as:

hPðp0Þjq̄γμQjBcðpÞi ¼ fBc→P
þ ðq2Þ

�
pμ þ p0

μ −
m2

Bc
−m2

P

q2
qμ

�
þ fBc→P

0 ðq2Þm
2
Bc

−m2
P

q2
qμ;

hPðp0Þjq̄QjBcðpÞi ¼ fBc→P
S ðq2Þ;

hPðp0Þjq̄σμνQjBcðpÞi ¼ −i
2fBc→P

T ðq2Þ
mBc

þmP
ðpμp0

ν − pνp0
μÞ;

hPðp0Þjq̄σμνγ5QjBcðpÞi ¼ −
2fBc→P

T ðq2Þ
mBc

þmP
ϵμναβpαp0β; ðA1Þ

with ϵ0123 ¼ þ1. The condition fBc→P
þ ð0Þ ¼ fBc→P

0 ð0Þ holds. Moreover, one has fBc→P
S ðq2Þ ¼ m2

Bc
−m2

P

mQ−mq
fBc→P
0 ðq2Þ in terms of

the quark masses mQ and mq.

The Bc → V matrix elements are parametrized as:

hVðp0; ϵÞjq̄γμQjBcðpÞi ¼ −
2VBc→Vðq2Þ
mBc

þmV
iϵμναβϵ�νpαp0β;
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hVðp0; ϵÞjq̄γμγ5QjBcðpÞi ¼ ðmBc
þmVÞ

�
ϵ�μ −

ðϵ� · qÞ
q2

qμ

�
ABc→V
1 ðq2Þ

−
ðϵ� · qÞ

mBc
þmV

�
ðpþ p0Þμ −

m2
Bc

−m2
V

q2
qμ

�
ABc→V
2 ðq2Þ þ ðϵ� · qÞ 2mV

q2
qμA

Bc→V
0 ðq2Þ;

hVðp0; ϵÞjq̄γ5QjBcðpÞi ¼ −
2mV

mQ þmq
ðϵ� · qÞABc→V

0 ðq2Þ;

hVðp0; ϵÞjq̄σμνQjBcðpÞi ¼ TBc→V
0 ðq2Þ ϵ� · q

ðmBc
þmVÞ2

ϵμναβpαp0β þ TBc→V
1 ðq2Þϵμναβpαϵ�β þ TBc→V

2 ðq2Þϵμναβp0αϵ�β;

hVðp0; ϵÞjq̄σμνγ5QjBcðpÞi ¼ iTBc→V
0 ðq2Þ ϵ� · q

ðmBc
þmVÞ2

ðpμp0
ν − pνp0

μÞ þ iTBc→V
1 ðq2Þðpμϵ

�
ν − ϵ�μpνÞ

þ iTBc→V
2 ðq2Þðp0

μϵ
�
ν − ϵ�μp0

νÞ; ðA2Þ

with the condition

ABc→V
0 ð0Þ ¼ mBc

þmV

2mV
ABc→V
1 ð0Þ −mBc

−mV

2mV
ABc→V
2 ð0Þ: ðA3Þ

The relations among the form factors and the universal functions Ω1ðyÞ and Ω2ðyÞ are obtained using Eq. (12) [6]:

hPðv; kÞjq̄γμQjBcðvÞi ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBc

mP
p ðΩ1ðyÞvμ þ a0Ω2ðyÞkμÞ;

hPðv; kÞjq̄QjBcðvÞi ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBc

mP
p ðΩ1ðyÞ þ a0Ω2ðyÞv · kÞ;

hPðv; kÞjq̄σμνQjBcðvÞi ¼ −2i ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBc

mP
p

a0Ω2ðyÞðvμkν − vνkμÞ; ðA4Þ
with P ¼ Bs;d, p ¼ mBc

v, and p0 ¼ mPvþ k,

hVðv; k; ϵÞjq̄γμQjBcðvÞi ¼ 2i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBc

mV
p

a0Ω2ðyÞϵμναβϵ�νkαvβ;

hVðv; k; ϵÞjq̄γμγ5bjBcðvÞi ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBc

mV
p �

ϵ�μðΩ1ðyÞ þ v · ka0Ω2ðyÞÞ −
�
vμ −

kμ
mV

�
ϵ� · ka0Ω2ðyÞ

�
;

hVðv; k; ϵÞjq̄σμνQjBcðvÞi ¼ −2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBc

mV
p ðϵμναβϵ�αvβΩ1ðyÞ þ ϵμναβϵ

�αkβa0Ω2ðyÞÞ;
hVðv; k; ϵÞjq̄σμνγ5QjBcðvÞi ¼ 2i

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBc

mV
p ðϵ�νðvμΩ1ðyÞ þ kμa0Ω2ðyÞÞ − ϵ�μðvνΩ1ðyÞ þ kνa0Ω2ðyÞÞÞ; ðA5Þ

where V ¼ B�
s;d and y ¼ 1þ v·k

mP;V
. Invoking the HQ spin symmetry and comparing the first equation in (A1) to the

corresponding one in (A4), the form factors Ω1 and Ω2 are obtained from fþ and f0:

Ω1 ¼
mBc

þmP

2q2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffimBc
mP

p ððmBc
−mPÞ2ðf0 − fþÞ þ q2fþÞ

a0Ω2 ¼
1

2q2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffimBc
mP

p ððm2
Bc

−m2
PÞðfþ − f0Þ þ q2fþÞ ðA6Þ

with q2 ¼ m2
Bc

þm2
P − 2mBc

mPy. These correspond to the results in Fig. 2. Further comparing (A1) to (A4), as well as (A2)
to (A5), the relations of all form factors in terms of Ω1;2 can be derived. For Bc → P one has:

fBc→P
þ ¼

ffiffiffiffiffiffiffiffi
mP

mBc

r
ðΩ1 þ ðmBc

−mPÞa0Ω2Þ;

fBc→P
0 ¼

ffiffiffiffiffiffiffiffi
mP

mBc

r
1

m2
Bc

−m2
P
ððm2

Bc
þ q2 −m2

PÞΩ1 þ ðmBc
þmPÞððmBc

−mPÞ2 − q2Þa0Ω2Þ;

fBc→P
T ¼

ffiffiffiffiffiffiffiffi
mP

mBc

r
ðmBc

þmPÞa0Ω2: ðA7Þ
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For Bc → V one has:

VBc→V ¼
ffiffiffiffiffiffiffiffi
mV

mBc

r
ðmBc

þmVÞa0Ω2;

ABc→V
0 ¼ 1

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffimBc

mV
p ð2mBc

Ω1 þ ðm2
Bc

−m2
V þ q2Þa0Ω2Þ;

ABc→V
1 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBc

mV
p 1

mBc
þmV

Ω1;

ABc→V
2 ¼ −

ffiffiffiffiffiffiffiffi
mV

mBc

r
ðmBc

þmVÞa0Ω2;

TBc→V
1 ¼ 2

ffiffiffiffiffiffiffiffi
mV

mBc

r
ðΩ1 −mVa0Ω2Þ;

TBc→V
2 ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
mBc

mV
p

a0Ω2;

TBc→V
0 ¼ 0: ðA8Þ

Eqs. (A7)–(A8) are obtained for v · k ¼ 0. Only A0;1;2 are modified if this condition is not imposed, the other relations
remain unaffected.

APPENDIX B: COEFFICIENT FUNCTIONS IN THE Bc → Vð→ PγÞl̄νl FULL
ANGULAR DISTRIBUTION

In Tables II–VI we collect the functions Ii in Eq. (3) for all operators in the Hamiltonian (1), with H�; H0; Ht and
HNP

� ; HNP
L defined in Eqs. (7), (8).

TABLE II. Angular coefficient functions in the decay distribution Eq. (3) for the Standard Model.

i ISMi

I1s 2m2
lH

2
t þH2

0ðm2
l þ q2Þ

I1c 1
8
ðH2þ þH2

−Þðm2
l þ 3q2Þ

I2s H2
0ðm2

l − q2Þ
I2c − 1

8
ðH2þ þH2

−Þðm2
l − q2Þ

I3 HþH−ðq2 −m2
lÞ

I4 − 1
2
H0ðHþ þH−Þðm2

l − q2Þ
I5 HtðHþ þH−Þm2

l þH0ðHþ −H−Þq2
I6s −4HtH0m2

l
I6c 1

2
ðH2þ −H2

−Þq2
I7;8;9 0

TABLE III. Angular coefficient functions in NP with the operatorOR and interference SM-R terms. The functions
IRi are obtained from the corresponding SM functions replacing Hþ ↔ H−.

i IRi IINT;Ri

I1s 2m2
lH

2
t þH2

0ðm2
l þ q2Þ −2m2

lH
2
t −H2

0ðm2
l þ q2Þ

I1c 1
8
ðH2þ þH2

−Þðm2
l þ 3q2Þ − 1

4
HþH−ðm2

l þ 3q2Þ
I2s H2

0ðm2
l − q2Þ −H2

0ðm2
l − q2Þ

I2c − 1
8
ðH2þ þH2

−Þðm2
l − q2Þ 1

4
HþH−ðm2

l − q2Þ
I3 HþH−ðq2 −m2

lÞ 1
2
ðH2þ þH2

−Þðm2
l − q2Þ

I4 − 1
2
H0ðHþ þH−Þðm2

l − q2Þ 1
2
H0ðHþ þH−Þðm2

l − q2Þ
(Table continued)
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TABLE III. (Continued)

i IRi IINT;Ri

I5 HtðHþ þH−Þm2
l −H0ðHþ −H−Þq2 −HtðHþ þH−Þm2

l
I6s −4HtH0m2

l 4HtH0m2
l

I6c − 1
2
ðH2þ −H2

−Þq2 0
I7 0 −HtðHþ −H−Þm2

l
I8 0 1

2
H0ðHþ −H−Þðm2

l − q2Þ
I9 0 1

2
ðH2þ −H2

−Þðm2
l − q2Þ

TABLE IV. Angular coefficient functions for NP with the pseudoscalar P operator, and interference SM-P terms.

i INP;Pi IINT;Pi

I1s 2H2
t

q4

ðmQþmqÞ2 2H2
t

mlq2

mQþmq

I1c;2s;2c;6c;3;4;8;9 0 0
I5 0 HtðHþ þH−Þ mlq2

2ðmQþmqÞ
I6s 0 −2HtH0

mlq2

mQþmq

I7 0 HtðHþ −H−Þ mlq2

2ðmQþmqÞ

TABLE V. Angular coefficient functions for NP with the tensor T operator and interference SM-T terms.

i INP;Ti IINT;Ti

I1s 1
16
ðHNP

L Þ2ðm2
l þ q2Þ − 1

2
HNP

L H0ml

ffiffiffiffiffi
q2

p
I1c 1

2
½ðHNPþ Þ2 þ ðHNP

− Þ2�ð3m2
l þ q2Þ −ðHNPþ Hþ þHNP

− H−Þml

ffiffiffiffiffi
q2

p
I2s 1

16
ðHNP

L Þ2ðq2 −m2
lÞ 0

I2c 1
2
½ðHNPþ Þ2 þ ðHNP

− Þ2�ðm2
l − q2Þ 0

I3 −4HNPþ HNP
− ðq2 −m2

lÞ 0
I4 − 1

4
HNP

L ðHNPþ þHNP
− Þðq2 −m2

lÞ 0
I5 1

2
HNP

L ðHNPþ −HNP
− Þm2

l − 1
8
½HNP

L ðHþ −H−Þ þ 8HNPþ ðHt þH0Þ þ 8HNP
− ðHt −H0Þ�ml

ffiffiffiffiffi
q2

p
I6s 0 1

2
HNP

L Html

ffiffiffiffiffi
q2

p
I6c 2½ðHNPþ Þ2 − ðHNP

− Þ2�m2
l −ðHNPþ Hþ −HNP

− H−Þml

ffiffiffiffiffi
q2

p
I7 0 − 1

8
½HNP

L ðHþ þH−Þ − 8HNPþ ðHt þH0Þ þ 8HNP
− ðHt −H0Þ�ml

ffiffiffiffiffi
q2

p
I8;9 0 0

TABLE VI. P-R, R-T and P-T interference terms in the angular coefficient functions.

i IINT;PRi IINT;RTi IINT;PTi

I1s −2H2
t

mlq2

ðmQþmqÞ
1
2
H0HNP

L ml

ffiffiffiffiffi
q2

p
0

I1c 0 ðHNPþ H− þHNP
− HþÞml

ffiffiffiffiffi
q2

p
0

I2s;2c;3;4;8;9 0 0 0
I5 −HtðHþ þH−Þ mlq2

2ðmQþmqÞ
1
8
½HNP

L ðH− −HþÞ þ 8HNPþ ðHt þH0Þ þ8HNP
− ðHt −H0Þ�ml

ffiffiffiffiffi
q2

p
−HtðHNPþ þHNP

− Þ ðq2Þ3=2
mQþmq

I6s 2HtH0
mlq2

mQþmq
− 1

2
HtHNP

L ml

ffiffiffiffiffi
q2

p
HtHNP

L
ðq2Þ3=2

2ðmQþmqÞ
I6c 0 ðHNPþ H− −HNP

− HþÞml

ffiffiffiffiffi
q2

p
0

I7 HtðHþ −H−Þ mlq2

2ðmQþmqÞ − 1
8
½HNP

L ðH− þHþÞ − 8HNPþ ðHt þH0Þ þ8HNP
− ðHt −H0Þ�ml

ffiffiffiffiffi
q2

p
−HtðHNPþ −HNP

− Þ ðq2Þ3=2
mQþmq
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