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Abstract Recently, several observed anomalies in semilep-
tonic B meson decays have implied hints of lepton flavor
universal violation. Motivated by these inspiring results, we
study the baryon decays �b → �(�c)τ

−ν̄τ which are medi-
ated by b → u(c)τ−ν̄τ transitions at quark level in the
Standard Model and different New Physics scenarios. In the
framework of the extended Standard Model on assuming a
general effective theory, we constrain the Wilson coefficients
of the NP operators using the experimental measurement
results for the Br(B+

c → τ+ντ ), Rl
π , RD(∗) , RJ/ψ and FD∗

L
anomalies and investigate their New Physics effects on sev-
eral observables relative to the �b → �(�c)τ

−ν̄τ decays.
We mention the differential branching fraction dBr/dq2, the
ratio of branching fractions R(q2), the lepton-side forward–
backward asymmetry AFB(q2), the longitudinal polarization
P�(�c)
L (q2) of the daughter baryons �(�c) and Pτ

L (q2) of
the τ lepton, and the convexity parameter CF (q2).

1 Introduction

In the Standard Model (SM), the gauge interactions are lepton
flavor universal (LFU), but the hints of lepton flavor universal
violation (LFUV) have been observed in several anomalies
relative to the semileptonic B meson decays. The Belle [1–
3], BaBar [4,5] and LHCb [6–8] collaborations have reported
RD(∗) and RJ/ψ anomalies in various semileptonic B meson
decays mediated by b → c charged current interactions.
The experimental measurement results for these anomalies
show large deviations with their corresponding SM predic-
tions, which may imply the LFUV and the existence of New
Physics. The ratios are

RD(∗) = Br(B → D(∗)τ−ν̄τ )

Br(B → D(∗)l−ν̄l)
, (1)
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with l = e, μ. Very recently, the Belle collaboration announ-
ced the latest measurements of RD(∗) [9],

RBell
D = 0.307 ± 0.037 ± 0.016,

RBell
D∗ = 0.283 ± 0.018 ± 0.014, (2)

which agree with their SM predictions within 1.2σ in com-
bination. Although the tension between the new results and
the SM predictions is obviously reduced, it still amounts to
3.08σ relative to the corresponding SM predictions on com-
bining these measurements in the global average fields, and
the new average values reported by the Heavy Flavor Average
Group (HFAG) are [10]

Ravg
D = 0.340 ± 0.027 ± 0.013,

Ravg
D∗ = 0.295 ± 0.011 ± 0.008, (3)

which deviate from their SM predictions at 1.4σ and 2.5σ

level, respectively. The SM predictions for RD(∗) are [10]

RSM
D = 0.299 ± 0.003, RSM

D∗ = 0.258 ± 0.005. (4)

Another anomaly,

RJ/ψ = Br(B+ → J/ψτ+ντ )

Br(B+ → J/ψμ+μτ )
= 0.71 ± 0.17 ± 0.18,

(5)

was reported by [8] and deviated from the central value pre-
dicted in the SM 0.25–0.28 within 2σ range [11,12].

In addition, there is also discrepancy in the measured
ratio [13]

Rl
π = τB0

τB−

Br(B− → τ−ν̄τ )

Br(B0 → π+l−ν̄l)
= 0.699 ± 0.156, (6)

with l = e, μ, which also attracts our attention. The exper-
imental result has about 1σ tension with its SM prediction,
0.583 ± 0.055.

Except for the tensions mentioned above, we also inves-
tigate the effects of the very recently announced value for
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D∗ longitudinal polarization FD∗
L by the Belle collabora-

tion [14],

FD∗
L = 	λD∗=0(B → D∗τ+ντ )

	(B → D∗τ+ντ )
= 0.60 ± 0.08 ± 0.04, (7)

which differs from its SM prediction, 0.457 ± 0.010 [15]
(0.441 ± 0.006 [16]), by 1.6σ(1.8σ).

It is really interesting and important to investigate the
semileptonic baryon decays �b → �(�c)τ

−ν̄τ mediated by
the b → u(c)τ−ν̄τ transitions at the quark level. Studying
them not only can provide an independent determination of
the Cabibbo–Kobayashi–Maskawa (CKM) matrix elements
|Vub| and |Vcb|, but also it may confirm the LFUV again in
the ratios of branching fractions R�(�c) having a similar for-
malism to the RD(∗) . On the basis of these advantages, many
researchers have studied the decays �b → �(�c)τ

−ν̄τ in
the SM and NP scenarios [17–24]. In this paper, we set out
to explore the NP effects of these B meson decay anoma-
lies in the �b → �(�c)τ

−ν̄τ transitions. Using the Wilson
coefficients of the NP operators constrained from the experi-
mental values for Br(B+

c → τ+ντ ), the Rl
π , RD(∗) , RJ/ψ and

FD∗
L anomalies and the form factors for the �b → �(�c)

transitions calculated by [24], we investigate the NP effects
of these anomalies on the differential branching fraction
dBr/dq2, the ratio of branching fractions R(q2), the lepton-
side forward–backward asymmetry AFB(q2), the longitudi-
nal polarization P�(�c)

L (q2) of the daughter baryons �(�c)

and Pτ
L (q2) of the τ lepton, and the convexity parame-

ter Cl
F (q2) relative to these baryon decays. It is worth-

while to note that our study is different from [23] whose
authors also investigate the decay �b → �cτ

−ν̄τ using a
model-independent approach. We make the Wilson coeffi-
cients complex, though they are real in [23], and also we
consider the constraints on the NP Wilson coefficients com-
ing from RJ/ψ and FD∗

L anomalies, which are not mentioned
in [23]. In [13], the authors also consider the constraints on
the complex NP Wilson coefficients, but they treat the b → u
and b → c transitions separately. Therefore, the constraints
on the NP Wilson coefficients are different from ours as is
appropriate for both the b → u and the b → c transitions. In
addition, we also consider the interplay of vector and scalar
interactions scenarios, which are not mentioned in [13,23].
In this paper, we consider the b → u and b → c transi-
tions together in the same framework of effective theory and
perform a combined analysis using the constraints on the Wil-
son coefficients coming from the experimental results for the
Br(B+

c → τ+ντ ), Rl
π , RD(∗) , RJ/ψ and FD∗

L anomalies in
the end in determining the NP contributions to the observ-
ables aforementioned.

Our paper is organized as follows. In Sect. 2, we introduce
the effective theory describing the b → u(c)l−ν̄τ transitions
as well as the form factors, the helicity amplitudes and the
observables of the �b → �(�c)l−ν̄τ decays. In Sect. 3, the

Wilson coefficients of the NP operators are constrained from
the experimental values for Br(B+

c → τ+ντ ), Rl
π , RD(∗) ,

RJ/ψ and FD∗
L anomalies. In Sect. 4, the numerical results

for the observables dBr/dq2, R(q2), AFB(q2), P�(�c)
L (q2),

Pτ
L (q2) and Cl

F (q2) in the SM and different NP scenarios
are presented. Finally, we briefly conclude in Sect. 5.

2 Effective Hamiltonian, form factors, helicity
amplitude and observables for �b → �(�c)l−ν̄τ

decays

2.1 Effective Hamiltonian

The effective Hamiltonian including both the SM and the NP
contributions for the b → ql−ν̄τ , (q = u, c) transitions is
given by [25,26],

Heff = −4GF√
2
Vqb

{
(1 + VL)l̄LγμνL q̄Lγ μbL

+VRl̄LγμνL q̄Rγ μbR + SLl̄RνL q̄RbL

+SRl̄RνL q̄LbR + TLl̄RσμννL q̄RσμνbL
} + h.c.,

(8)

where GF is the Fermi constant, Vqb are the CKM matrix
elements and (q, b, l, ν)L ,R = 1∓γ5

2 (q, b, l, ν). The vector,
scalar and tensor type NP couplings are denoted VL ,R , SL ,R

and TL , respectively. They are all zero in the SM, and we
have assumed that there are only left-handed neutrinos. The
right-handed quark current for the tensor operator is omit-
ted because of its zero value. In addition, the NP effects are
supposed to appear only in the τ mode in Eq. (8). This paper
we dedicate to a study of the vector and scalar type interac-
tions, excepting the tensor interaction, and we assume that
the Wilson coefficients VL ,R and SL ,R are complex.

2.2 Form factors

The hadronic matrix elements of the vector and axial-
vector weak currents for the decays �b → �(�c)l−ν̄τ are
parametrized in terms of the six invariant form factors f1,2,3

and g1,2,3 [24,27–29],

〈�(�c), λ2|ū(c̄)γμb|�b, λ1〉 = ū�(�c)(p2, λ2)

×
[
f1(q

2)γμ − i f2(q
2)σμν

qν

M�b

+ f3(q
2)

qμ

M�b

]

u�b (p1, λ1),

×〈�(�c), λ2|ū(c̄)γμγ5b|�b, λ1〉 = ū�(�c)(p2, λ2)

×
[
g1(q

2)γμ − ig2(q
2)σμν

qν

M�b

+ g3(q
2)

qμ

M�b

]

× γ5u�b (p1, λ1), (9)
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where σμν = i
2 (γμγν − γνγμ), q = p1 − p2 is the four-

momentum transfer and the λi = ± 1
2 (i = 1, 2) denote

the helicities of the parent baryon �b and daughter baryons
�(�c), respectively. Using the equations of motion, we can
obtain the hadronic matrix elements of the scalar and pseudo-
scalar currents between the two baryons. The expressions for
them are

〈�(�c), λ2|ū(c̄)b|�b, λ1〉 = 1

mb − mu(c)
ū�(�c)(p2, λ2)

×
[
f1(q

2)(M�b − M�(�c)) + f3(q
2)

q2

M�b

]
u�b (p1, λ1),

〈�(�c), λ2|ū(c̄)γ5b|�b, λ1〉 = 1

mb + mu(c)
ū�(�c)(p2, λ2)

×
[
g1(q

2)(M�b + M�(�c)) − g3(q
2)

q2

M�b

]
γ5u�b (p1, λ1).

(10)

The form factors can be approximated with high accuracy by
the following analytic expression [24]:

f (q2) = g(q2) = 1

1 − q2/M2
pole

×{a0 + a1z(q
2) + a2[z(q2)]2}, (11)

where we have the variable

z(q2) =
√
t+ − q2 − √

t+ − t0√
t+ − q2 + √

t+ − t0
, (12)

with t+ = (M�b + M�(�c))
2 and t0 = (M�b − M�(�c))

2.
The values of a0,1,2 and the pole masses are given in Table 1.

2.3 Helicity amplitude and observables

The hadronic helicity amplitudes in the form of the form
factors and the NP couplings are [27–29]

HV
1
2 0

= (1 + VL + VR)

√
Q−√
q2

×
[
(M�b + M�(�c)) f1(q

2) + q2

M�b

f2(q
2)

]
,

H A
1
2 0

= (1 + VL − VR)

√
Q+√
q2

×
[
(M�b − M�(�c))g1(q

2) − q2

M�b

g2(q
2)

]
,

HV
1
2 1

= (1 + VL + VR)
√

2Q−

×
[
f1(q

2) + (M�b + M�(�c))

M�b

f2(q
2)

]
,

H A
1
2 1

= (1 + VL − VR)
√

2Q+

×
[
g1(q

2) − (M�b − M�(�c))

M�b

g2(q
2)

]
,

HV
1
2 t

= (1 + VL + VR)

√
Q+√
q2

×
[
(M�b − M�(�c)) f1(q

2) + q2

M�b

f3(q
2)

]
,

H A
1
2 t

= (1 + VL − VR)

√
Q−√
q2

×
[
(M�b + M�(�c))g1(q

2) − q2

M�b

g3(q
2)

]
,

Table 1 Form factors for the
weak �b → � and �b → �c
transitions

�b → � f1(q2) f2(q2) f3(q2) g1(q2) g2(q2) g3(q2)

f (0)/g(0) 0.092 0.029 −0.002 0.077 0.007 −0.041

f (q2
max)/g(q

2
max) 0.609 0.745 0.290 0.369 −0.528 −1.36

a0 0.139 0.170 0.098 0.122 −0.175 −0.292

a1 0.136 −0.368 −0.323 0.016 0.865 0.554

a2 −0.845 −0.180 0.059 −0.470 −0.947 0.630

Mpole 5.325 5.325 5.749 5.723 5.723 5.280

�b → �c f1(q2) f2(q2) f3(q2) g1(q2) g2(q2) g3(q2)

f (0)/g(0) 0.474 0.150 0.081 0.449 −0.030 −0.285

f (q2
max)/g(q

2
max) 0.945 0.426 0.161 0.962 −0.104 −0.752

a0 0.684 0.308 0.121 0.729 −0.078 −0.541

a1 −5.16 −4.18 −0.315 −7.11 0.775 6.93

a2 28 25.9 −5.81 41.5 0.372 −44.9

Mpole 6.333 6.333 6.699 6.743 6.743 6.275

123



863 Page 4 of 14 Eur. Phys. J. C (2019) 79 :863

HS
1
2 0

= (SL + SR)
√

2Q+
mb − mu(c)

×
[
(M�b − M�(�c)) f1(q

2) + q2

M�b

f3(q
2)

]
,

HP
1
2 0

= (SL − SR)
√

2Q−
mb + mu(c)

×
[
(M�b + M�(�c))g1(q

2) − q2

M�b

g3(q
2)

]
,

Hλ2,λW = HV
λ2,λW

− H A
λ2,λW

, HSP
λ2,0 = HS

λ2,0 − HP
λ2,0,

HV−λ2,−λW
= HV

λ2,λW
, HS−λ2,0 = HS

λ2,0,

H A−λ2,−λW
= −H A

λ2,λW
, HP−λ2,0 = −HP

λ2,0, (13)

where Q± = (M�b ± M�(�c))
2 − q2, λ2 and λW denote the

helicities of the daughter baryons �(�c) and the effective
(axial-)vector type current, respectively.

Including the NP contributions, the differential decay dis-
tributions for the �b → �(�c)l−ν̄τ decays are written
as [27–29]

d2	

dq2d cos θl
=

G2
F |Vu(c)b|2q2

√
λ(M2

�b
, M2

�(�c)
, q2)

2 × 512π3M3
�b

(

1 − m2
l

q2

)2 [

A1 + m2
l

q2 A2 + 2A3 + 4ml√
q2

A4

]

(14)

where

A1 = 2 sin2 θl

(∣∣∣H 1
2 ,0

∣∣∣
2 +

∣∣∣H− 1
2 ,0

∣∣∣
2
)

+ (1 − cos θl)
2

× |H 1
2 ,1|2 + (1 + cos θl)

2
∣∣∣H− 1

2 ,−1

∣∣∣
2
,

A2 = 2 cos2 θl

(∣∣∣H 1
2 ,0|2 + |H− 1

2 ,0

∣∣∣
2
)

+ sin2 θl

(∣∣∣H 1
2 ,1

∣∣∣
2

+
∣∣∣H− 1

2 ,−1

∣∣∣
2
)

+ 2

(∣∣∣H 1
2 ,t

∣∣∣
2 +

∣∣∣H− 1
2 ,t

∣∣∣
2
)

− 4 cos θlRe
[
H 1

2 ,t

(
H 1

2 ,0

)∗ + H− 1
2 ,t (H− 1

2 ,0)
∗] ,

A3 = |HSP
1
2 ,0

|2 + |HSP
− 1

2 ,0
|2,

A4 = − cos θlRe[H 1
2 ,0(H

SP
1
2 ,0

)∗ + H− 1
2 ,0(H

SP
− 1

2 ,0
)∗]

+ Re[H 1
2 ,t (H

SP
1
2 ,0

)∗ + H− 1
2 ,t (H

SP
− 1

2 ,0
)∗],

λ(a, b, c) = a2 + b2 + c2 − 2(ab + bc + ca), (15)

with θl is the angle between the directions of the parent �b

baryon and l− lepton in the dilepton rest frame. One can
obtain the q2 dependent differential decay rate by integrat-
ing over cos θl . The expressions of the differential branch-
ing fraction dBr/dq2, the ratios of the branching fractions
R�(�c)(q

2), the lepton-side forward–backward asymmetry

AFB(q2), the longitudinal polarization P�(�c)
L (q2) of the

daughter baryons �(�c) and Pτ
L (q2) of the τ lepton and the

convexity parameter Cl
F (q2) are written as

d	/dq2 =
∫ 1

−1
d cos θl

d2	

dq2d cos θl
, dBr/dq2 = d	/dq2

	tot
,

(16)

R�(�c)(q
2) ≡ Br(�b → �(�c)τ

−ν̄τ )

Br(�b → �(�c)l−ν̄l)
, (17)

AFB(q2) =
∫ 1

0 d cos θl
d2	

dq2d cos θl
− ∫ 0

−1 d cos θl
d2	

dq2d cos θl
∫ 1

0 d cos θl
d2	

dq2d cos θl
+ ∫ 0

−1 d cos θl
d2	

dq2d cos θl

,

(18)

P�(�c)
L (q2) = d	λ2=1/2/dq2 − d	λ2=−1/2/dq2

d	λ2=1/2/dq2 + d	λ2=−1/2/dq2 , (19)

Pτ
L (q2) = d	λτ =1/2/dq2 − d	λτ =−1/2/dq2

d	λτ =1/2/dq2 + d	λτ =−1/2/dq2 , (20)

CF (q2) = 1

Htot

d2W (θl)

d(cos θl)2 , Htot =
∫ 1

−1
W (θl)d cos θl ,

W (θl) = 3

8

[

A1 + m2
l

q2 A2 + 2A3 + 4ml√
q2

A4

]

,

d2W (θl)

d(cos θl)2 = 3

4

(

1 − m2
l

q2

)

[
|H 1

2 ,1|2 + |H− 1
2 ,−1|2 − 2

(
|H 1

2 ,0|2 + |H− 1
2 ,0|2

)]
, (21)

where d	λ2 = ±1/2 and d	λτ = ±1/2 are the helicity-
dependent differential decay rates, whose expressions are
given in [29].

3 Constraints on the NP Wilson coefficients

In this section, we introduce the constraints on the NP Wil-
son coefficients coming from the experimental results for the
Br(B+

c → τ+ντ ), Rl
π , RD(∗) , RJ/ψ and FD∗

L anomalies. We
assume that all the Wilson coefficients of the NP operators
are complex and we consider only one new vector (scalar)
coefficient or both vector and scalar coefficients existing in
Eq. (8) at a time. When using the current world average of the
Bc lifetime, the upper limit on Br(B+

c → τ+ντ ) is [30,31]

Br(B+
c → τ+ντ ) � 30%. (22)

The branching fraction of purely leptonic B+
c → τ+ντ

decay including NP contributions is written as [31]

Br(B+
c → τ+ντ )

= G2
F |Vcb|2
8π

τBc f
2
Bcm

2
τ MBc

(

1 − m2
τ

M2
Bc

)2

×
∣∣∣∣∣
(1 + VL − VR) − M2

Bc

mτ (mb + mc)
(SL − SR)

∣∣∣∣∣

2

, (23)
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where τBc is the lifetime and fBc is the leptonic decay con-
stant of Bc meson.

The differential branching fractions of the decays B →
π(D)l−ν̄l are expressed as [32,33]

dBr(B → π(D)l−ν̄l)

dq2

= τB
G2

F |Vu(c)b|2
192π3M3

B

q2
√

λπ(D)(q2)

(

1 − m2
l

q2

)2

×
{

|1 + VL + VR |2
[(

1 + m2
l

2q2

)

H2
0 + 3

2

m2
l

q2 H2
t

]

+3

2
|SL + SR |2H2

S + 3Re[(1 + VL + VR)(S∗
L + S∗

R)]
m2

l√
q2

HSHt

}

,

in which λπ(D)(q2) = λ(M2
B, M2

π(D), q
2) and the helicity

amplitudes can be written in terms of the form factors:

H0 =
√

λπ(D)(q2)

q2 F+(q2), Ht = M2
B − M2

π(D)√
q2

F0(q
2),

HS = M2
B − M2

π(D)

mb − mu(c)
F0(q

2), (24)

where F+,0(q2) are the form factors for the B → π(D) weak
transitions and are given in [32,34].

The differential branching fractions of the decays B →
D∗(J/ψ)l−ν̄l are given by [32,33,35]

dBr(B → D∗(J/ψ)l−ν̄l)

dq2

= τB
G2

F |Vcb|2
192π3M3

B

q2
√

λD∗(J/ψ)(q2)

(

1 − m2
l

q2

)2

×
{

(|1 + VL |2 + |VR |)2

[(

1 + m2
l

2q2

)

(H2
V,0 + H2

V,+

+H2
V,−) + 3

2

m2
l

q2 H2
V,t

]

−2Re[(1 + VL)V ∗
R ]

[(

1 + m2
l

2q2

)

(H2
V,0 + 2HV,+HV,−) + 3

2

m2
l

q2 H2
V,t

]

+3

2
|SL − SR |2H2

S + 3Re[(1 + VL − VR)(S∗
L − S∗

R)]
ml√
q2

HSHV,t

}

,

where

HV,± = (MB + MD∗)A1(q
2) ∓

√
λD∗(q2)

MB + MD∗
V (q2),

HV,0 = MB + MD∗

2MD∗
√
q2

[
− (M2

B − M2
D∗ − q2)A1(q

2)

+ λD∗(q2)

(MB + MD∗)2 A2(q
2)

]
,

HV,t = −
√

λD∗(q2)

q2 A0(q
2),

HS 	 −
√

λD∗(q2)

mb + mc
A0(q

2), (25)

are the hadronic helicity amplitudes for the B → D∗l−ν̄l
decays and the form factors V (q2), A0(q2), A1(q2) and
A2(q2) for the B → D∗ transition can be found in [32].

For the Bc → J/ψl+νl transitions, the hadronic helicity
amplitudes and the form factors can easily be found in [35,
36].

The B → D∗τ+ντ differential decay width into the
longitudinally-polarized D∗ meson (λD∗ = 0) is given
by [37]

d	λD∗=0

dq2

= G2
F |Vcb|2

192π3M3
B

q2
√

λD∗(q2)

(
1 − m2

τ

q2

)2

×
{

|1 + VL − VR |2
[(

1 + m2
τ

2q2

)2

H2
V,0 + 3

2

m2
τ

q2 H2
V,t

]

+3

2
|SL − SR |2H2

S

+ 3Re[(1 + VL − VR)(S∗
L − S∗

R)] mτ√
q2

HSHV,t

}

;
(26)

the helicity amplitudes are in Eq. (25).
Based on these functions, we calculate the predictions of

the Br(B+
c → τ+ντ ), Rl

π , RD(∗) , RJ/ψ and FD∗
L anomalies

including only one new vector (scalar) coupling or both the
vector and the scalar couplings at a time and compare the
results with their corresponding 2σ range of the observed
experimental values, are in Sect. 1. First of all, we display
the constrained range of NP Wilson coefficients VL , VR , SL
and SR with real and imaginary parts in Fig. 1a–d, respec-
tively. One can easily observe the constrained range of VL

and VR in Fig. 1a, b. We show the constrained range of SL and
SR more vividly in Fig. 1c, d and one can more easily notice
that SL and SR are ruled out. The constraints coming from
the FD∗

L anomaly are not shown in Fig. 1c, d since they can-
not be parameterized regularly but still have a common range
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Fig. 1 The constraints on both
real and imaginary parts of the
NP Wilson coefficients VL (a),
VR (b), SL (c) and SR (d)
coming from Br(B+

c → τ+ντ ),
Rl

π , RD(∗) , RJ/ψ and FD∗
L

anomalies within 2σ range of
their corresponding
experimental measurement
results

(a) (b)

(c) (d)

with the other anomalies. This conclusion has been confirmed
using the parameter scanning by us. The constraints on SL
coming from RD and RD∗ as well as the constraints on SR
coming from Rl

π and RD(∗) have no area in common on pan-
els c and d, respectively. Secondly, we show the constrained
range of VL and SL , VL and SR , VR and SL , and VR and SR
in Fig. 2a1–a4, b1–b4, c1–c4 and d1–d4, respectively. Tak-
ing the constrained range of VL and SL as an example, we
calculate the predictions of the Br(B+

c → τ+ντ ), Rl
π , RD(∗)

and FD∗
L anomalies including the contributions of both the

NP couplings VL and SL , and we then compare the predic-
tions with their corresponding 2σ range of the experimental
measurement values. We show the range (yellow area) of
different combinations of two parameters such as ReVL and
ReSL , ReVL and ImSL , ImVL and ReSL , and ImVL and
ImSL , contained in the couplings VL and SL in Fig. 2a1–a4,
respectively. From Fig. 2a1–a4, one can see that the values
of ReSL and ImSL are in a small range compared with the
values of ReVL and ImVL , since the NP coupling SL is ruled
out when it is considered separately.

4 Numerical results and discussions

In this section, we give the numerical results of the observ-
ables dBr/dq2, R(q2), AFB(q2), P�(�c)

L (q2), Pτ
L (q2) and

Cl
F (q2) relative to the �b → �(�c)τ

−ν̄τ transitions includ-
ing the contributions of only NP vector type couplings and
both vector and scalar type couplings except the ones of only
scalar type.

Before we present the numerical results, we have to clarify
the values of the SM input parameters used for the numerical
calculations in Table 2.

Firstly, we suppose that the NP contributions only come
from the new coefficient VL associated with the left-handed
vector like quark current. Using the constrained range within
2σ allowed for real and imaginary parts of VL in Fig. 1a,
we analyze the NP effects of VL on the q2 dependence
of the observables dBr/dq2, R(q2), AFB(q2), P�(�c)

L (q2),
Pτ
L (q2), and Cl

F (q2) and present the variations of these
observables in the reasonable kinematic range in Fig. 3. The
red bands represent the SM predictions and the orange bands
represent the NP predictions including the contributions of
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(a1) (a2) (a3) (a4)

(b1) (b2) (b3) (b4)

(c1) (c2) (c3) (c4)

(d1) (d2) (d3) (d4)

Fig. 2 The constraints on both real and imaginary parts of the NP Wilson coefficients VL and SL (a1–a4), VL and SR (b1–b4), VR and SL (c1–c4)
and VR and SR (d1–d4) coming from Br(B+

c → τ+ντ ), Rl
π , RD(∗) , RJ/ψ and FD∗

L anomalies within 2σ range of their corresponding experimental
results

VL . The dBr/dq2 relative to the �b → �(�c)τ
−ν̄τ decays

are both largely enhanced in the whole reasonable kinematic
region. The red band in Fig. 3a1 is wider than that in Fig. 3b1
because of the larger uncertainty of |Vub| compared with
|Vcb|. Additionally, the ratios R�(q2) and R�c (q

2) are also
largely enhanced in the whole kinematic region, especially
in the large q2 region compared with their corresponding SM
predictions. Therefore, measuring the ratios R�(�c)(q

2) in
the high kinematic region may be more useful for further

Table 2 Input parameters in the SM used for our numerical analy-
sis [38]

GF = 1.166378 × 10−5 GeV−2 mμ = 0.10565 GeV

mτ = 1.77682 GeV m�b = 5.7945 GeV

m�c = 2.47087 GeV m� = 1.1156 GeV

|Vcb| = 0.0422 ± 0.0008 |Vub| = 0.00394 ± 0.00036
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(a1) (a2) (a3)

(a4) (a5) (a6)

(b1) (b2) (b3)

(b4) (b5) (b6)

Fig. 3 The SM (red) and NP (orange) predictions in the presence of
only VL coupling for the q2 dependent observables dBr/dq2 (a1, b1),
R(q2) (a2, b2), AFB(q2) (a3, b3), P�(�c)

L (q2) (a4, b4), Pτ
L (q2) (a5,

b5) and Cl
F (q2) (a6, b6) relative to the decays �b → �τ−ν̄τ and

�b → �cτ
−ν̄τ , respectively. The bands contain the theoretical uncer-

tainty of the CKM matrix elements |Vu(c)b|

confirming the NP effects of the B meson decay anomalies.
We only show the SM predictions for AFB(q2), P�(�c)

L (q2),
Pτ
L (q2) and Cl

F (q2) of the two decays in Fig. 3. There is
no difference between the NP predictions including con-
tributions of VL and the SM predictions of the AFB(q2),
P�(�c)
L (q2), Pτ

L (q2) and Cl
F (q2). Because the NP operators

have the same Lorentz structure as the SM ones and the SM
decay rates of the two transitions are modified by the factor
|1 + VL |2. The factor |1 + VL |2 appears both in the numer-

ator and in the denominator of the expressions describing
AFB(q2), P�(�c)

L (q2), Pτ
L (q2) and Cl

F (q2) simultaneously.
Secondly, using the constrained range within 2σ allowed

for real and imaginary parts of the new coefficient VR

in Fig. 1b, the NP predictions including the contributions
of VR and the SM predictions for the dBr/dq2, R(q2),
AFB(q2), P�(�c)

L (q2), Pτ
L (q2) and Cl

F (q2) relative to the
�b → �(�c)τ

−ν̄τ decays are displayed in Fig. 4. The
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(a1) (a2) (a3)

(a4) (a5) (a6)

(b1) (b2) (b3)

(b4) (b5) (b6)

Fig. 4 The SM (red) and NP (pink) predictions in the presence of
only VR coupling for the q2 dependent observables dBr/dq2 (a1, b1),
R(q2) (a2, b2), AFB(q2) (a3, b3), P�(�c)

L (q2) (a4, b4), Pτ
L (q2) (a5,

b5) and Cl
F (q2) (a6, b6) relative to the decays �b → �τ−ν̄τ and

�b → �cτ
−ν̄τ , correspondingly. The bands contain the theoretical

uncertainty of the CKM matrix elements |Vu(c)b|

red bands represent the SM predictions and the pink bands
represent the NP predictions including the contributions of
VR . The NP contributions of VR to dBr/dq2 and R(q2) in
Fig. 4a1, a2, b1, b2 have large deviations from their corre-
sponding SM predictions in the same way as in the VL sce-
nario. Both dBr/dq2 and R(q2) are enhanced in the whole
reasonable kinematic region. More interesting, the NP con-
tributions of VR to the observables AFB(q2) and P�(�c)

L (q2)

in Fig. 4a3, a4, b3, b4 similarly have large deviations from

their SM predictions, which are really different from the sce-
nario for VL . The AFB(q2) including NP contributions of
VR are decreased but P�(�c)

L (q2) are enhanced in the whole
kinematic region. The extent of the decrement and enhance-
ment vary with the increasing of q2. In the lowest kinematic
region, the enhancement of P�(�c)

L (q2) is most prominent.

Therefore, it is crucial to measure P�(�c)
L (q2) in the low kine-

matic region. Additionally, one can see that the Pτ
L (q2) and

Cl
F (q2) of these two decays including NP contributions of
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(a1) (a2) (a3)

(a4) (a5) (a6)

(b1) (b2) (b3)

(b4) (b5) (b6)

Fig. 5 The SM (red) and NP (yellow) predictions in the presence of
both the VL and the SL couplings for the q2 dependent observables
dBr/dq2 (a1, b1), R(q2) (a2, b2), AFB(q2) (a3, b3), P�(�c)

L (q2) (a4,

b4), Pτ
L (q2) (a5, b5) and Cl

F (q2) (a6, b6) relative to the �b → �τ−ν̄τ

and �b → �cτ
−ν̄τ decays, respectively. The bands contain the theo-

retical uncertainty of the CKM matrix elements |Vu(c)b|

VR and their SM predictions in Fig. 4a5, a6, b5, b6 are almost
the same, which indicates that they are both insensitive to the
NP effects of the coupling VR .

Finally, we show the NP contributions of four combina-
tions of vector and scalar type couplings such as VL and SL ,
VL and SR , VR and SL , and VR and SR to dBr/dq2, R(q2),
AFB(q2), P�(�c)

L (q2), Pτ
L (q2) and Cl

F (q2) relative to the
�b → �(�c)τ

−ν̄τ decays in Figs. 5, 6, 7 and 8. In these
four figures, it is still easily to see that the NP effects of

the different combinations of vector or scalar type couplings
on dBr/dq2 and R(q2) relative to the �b → �(�c)τ

−ν̄τ

decays are all similarly significant. In Fig. 5, different from
the scenario only considering the NP couplings VL , the
observables Pτ

L (q2) relative to the two decays are also sen-
sitive to VL and SL . In the highest kinematic region, the
deviations between the NP predictions of Pτ

L (q2) including
the contributions of VL and SL and the SM predictions are
largest. Therefore, the observable Pτ

L (q2) is important to dis-

123



Eur. Phys. J. C (2019) 79 :863 Page 11 of 14 863

(a1) (a2) (a3)

(a4) (a5) (a6)

(b1) (b2) (b3)

(b4) (b5) (b6)

Fig. 6 The SM (red) and NP (purple) predictions in the presence of
both VL and SR couplings for the q2 dependent observables dBr/dq2

(a1, b1), R(q2) (a2, b2), AFB(q2) (a3, b3), P�(�c)
L (q2) (a4, b4),

Pτ
L (q2) (a5, b5) and Cl

F (q2) (a6, b6) relative to the decays �b →
�τ−ν̄τ and �b → �cτ

−ν̄τ , respectively. The bands contain the theo-
retical uncertainty of the CKM matrix elements |Vu(c)b|

tinguish the NP originating from the vector type or from both
vector and scalar type couplings. In Fig. 6, except that the
dBr/dq2 and R(q2) observables are sensitive to VL and SR ,
the observables P�(�c)

L (q2) are also both enhanced signifi-
cantly with the NP contributions of VL and SR ; nevertheless
they are not sensitive to VL and SL . Once the observable
P�(�c)
L (q2) is measured, they can be used to distinguish the

NP contributions provided by VL and SL or VL and SR . The
NP predictions of the same observables in Figs. 7 and 8 show

a similar variation tendency to the increasing of q2 and have
similar deviations to their corresponding SM predictions. The
contributions of VR and SL , and VR and SR to the observ-
ables dBr/dq2 and R(q2) are larger than the contributions
of only VR shown in Fig. 4. In addition, the P�(�c)

L (q2) are
also more sensitive to VR and SL , and VR and SR than VR ,
but the contributions of VR and SL on P�(�c)

L (q2) are a little
higher than those of VR and SR .
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(a1) (a2) (a3)

(a4) (a5) (a6)

(b1) (b2) (b3)

(b4) (b5) (b6)

Fig. 7 The SM (red) and NP (cyan) predictions in the presence of
both the VR and the SL couplings for the q2 dependent observables
dBr/dq2 (a1, b1), R(q2) (a2, b2), AFB(q2) (a3, b3), P�(�c)

L (q2)

(a4, b4), Pτ
L (q2) (a5, b5) and Cl

F (q2) (a6, b6) relative to the decays
�b → �τ−ν̄τ and �b → �cτ

−ν̄τ , respectively. The bands contain the
theoretical uncertainty of the CKM matrix elements |Vu(c)b|

5 Summary and conclusion

Several anomalies RD(∗) and RJ/ψ observed in the semilep-
tonic B meson decays have indicated the hints of LFUV and
attracted many researchers’ attention. Much work has been
done as regards the NP effects of these anomalies on the
transitions mediated by the b → c charged current, such as
the baryon decays �b → �cl−ν̄l . It is important to inves-
tigate the semileptonic �b → �(�c)τ

−ν̄τ baryon decays,

which are mediated by b → u(c)τ−ν̄τ transitions at quark
level. These decays not only can provide an independent
determination of the CKM matrix elements |Vub| and |Vcb|
but also may be further confirmation of the hints of LFUV,
which is helpful in exploring NP. Therefore, we investigate
the �b → �(�c)τ

−ν̄τ decays in the SM and various NP
scenarios.

We consider the NP effects of new vector type cou-
plings separately and the combinations of vector and scalar
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(a1) (a2) (a3)

(a4) (a5) (a6)

(b1) (b2) (b3)

(b4) (b5) (b6)

Fig. 8 The SM (red) and NP (brown) predictions in the presence of
both VR and SR couplings for the q2 dependent observables dBr/dq2

(a1, b1), R(q2) (a2, b2), AFB(q2) (a3, b3), P�(�c)
L (q2) (a4, b4),

Pτ
L (q2) (a5, b5) and Cl

F (q2) (a6, b6) relative to the decays �b →
�τ−ν̄τ and �b → �cτ

−ν̄τ , correspondingly. The bands contain the
theoretical uncertainty of the CKM matrix elements |Vu(c)b|

couplings on the observables dBr/dq2, R(q2), AFB(q2),
P�(�c)
L (q2), Pτ

L (q2) and Cl
F (q2) relative to the �b →

�(�c)τ
−ν̄τ transitions. The results show that dBr/dq2 and

R(q2) including any kind of NP couplings are all enhanced
largely and have significant deviations comparing to their
SM predictions. AFB(q2), P�(�c)

L (q2), Pτ
L (q2) and Cl

F (q2)

are the same as their corresponding SM predictions in VL

scenario, since the common coefficient |1 + VL |2 appears
in the numerator and the denominator of the expressions

describing these observables simultaneously. Nevertheless,
the contributions of VR to the AFB(q2) and P�(�c)

L (q2) are
also significant. In the lowest kinematic region, the enhance-
ment of P�(�c)

L (q2) is most prominent. Measuring R(q2) in

the large q2 region and P�(�c)
L (q2) in the low q2 region are

more important and useful to further confirm the NP effects
of the B meson decay anomalies and can be used to distin-
guish the new left- and right-handed vector interactions. It
is worth noting that the P�(�c)

L (q2) are sensitive to VL and
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SR but not VL and SL , so detecting P�(�c)
L (q2) is important

to confirm the origin of NP effects. For the VR and SL and
the VR and SR scenarios, the characters of the NP effects on
P�(�c)
L (q2) are similar and both are more significant than in

the scenario with only VR . In addition, the Pτ
L (q2) of these

two decays are both sensitive to VR and SL and to VR and SR ,
but not to only VR . In this case, the observables P�(�c)

L (q2)

and Pτ
L (q2) could be an effective target for differentiating

the VR from VR and SL , and from VR and SR . We think this
investigation will be helpful in exploring and distinguishing
different NP scenarios.
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