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Abstract Recently, the excess in the measurement of the
branching fractions of B̄ → D(∗)τ−ν̄τ and Bc → J/Ψ τ−ν̄τ

compared to the standard model expectation hints the exis-
tence of new physics beyond the standard model. Motivated
by these inspiring anomalies, which may imply hints of new
physics, as well as abundant Υ (nS) data samples, in this
work, we perform the analysis of the semileptonic decays
Υ (nS) → Bcl−ν̄l(n = 1, 2, 3), which is also induced by
b → cl−ν̄l transitions at the quark level, both within the
standard model and beyond. Starting with the most general
effective Hamiltonian relevant for the b → cl−ν̄l transi-
tion, we report the prediction of standard model for various
observables, such as branching ratios, the ratio of branching
fractions, the lepton side forward-backward asymmetries, the
initial hadron and final lepton longitudinal polarization asym-
metries and the convexity parameter, as well as for some new
observable that is similar to lepton non-universality, RBc (q

2),
which is related to the processes Υ (nS) → Bcl−ν̄l(n =
1, 2, 3). These predictions are made using transition form
factors which are calculated in the Bauer Stech Wirbel frame-
work. Using previously obtained significant fits of the new
physics couplings, predictions for the q2 dependence of dif-
ferent observable within various new physics scenarios are
also presented. Some observable of the decay modes are size-
able and deviate significantly from their corresponding pre-
diction of the standard model, especially in new physics sce-
narios with SR coupling parameter. We hope that the corre-
sponding investigation in this work will be testified by future
experiments. Additionally, the study of the meson decays will
also enhance the study of b hadron decay processes, as they
provide good complementary environment for searching new
physics signal.

a e-mail: jinhuanwuli@126.com (corresponding author)

1 Introduction

The high precision frontier research of heavy flavor physics
is one of the very important goals in contemporary particle
physics. Related decay processes not only involves a pre-
cise test of the Standard Model(SM) but also relates to the
search for new physic (NP) beyond the SM. One approach is
directly compare with experimental results to identify some
important discrepancies, for example, decay constant, parti-
cle mass, and decay rate of a particular physical decay pro-
cess. The another method entails researching different fla-
vor changing weak decay processes to extract the Cabibbo–
Kobayashi–Maskawa (CKM) matrix elements. The precise
experimental measurements and theoretical calculations are
both essential and indispensable in above two methods. His-
torically, experimental measurements and precise theoretical
calculations are often not synchronised. The high precise the-
oretical calculations often provide some reference value for
experimental measurements.

In last few years, the existence of NP that breaks the
universality of lepton flavour in many processes induced
by the b → cτ−ν̄τ transitions at the quark level has
been implied by the anomalous measurements in bottom
meson B̄ → D(∗)τ−ν̄τ Bc → J/Ψ (ηc)l−ν̄l [1–4], Bs →
D(∗)
s (K (∗))l−ν̄l [5–9], B∗ → P(V )l−ν̄l [10–17] and bottom

baryon decays Λb → Λc(p)l−ν̄l [18–27], Ξb → Ξcl−ν̄l
[28–30], Ωb → Ωcl−ν̄l , Σb → Σcl−ν̄l [31–36]. With
the discovery of the upsilon in proton-nucleus collisions at
Femilab [37,38], the study about bottomonium has obtained
remarkable achievement. The upsilon meson Υ (nS) with
(n = 1, 2, 3) is the spin-triplet S-wave states of bottomonium
(bound state consisting of bottom quark b and antibottom
quark b̄). The meson have some common features that they all
lie below the open bottom threshold and they carry the same
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quantum numbers of I G J PC = 001−− [39]. In a close anal-
ogy with the charmonium J/Ψ , ψ(1 S, 2 S) and ηc(1S, 2S)

which predominantly decay through the strong and electro-
magnetic interactions, the Υ (nS) also occur mainly through
strong, electromagnetic processes. Besides, the coupling
constant for hadronic upsilon decay is smaller than the one
for charmonium decay owing to the quantum chromo dynam-
ics (QCD) asymptotic freedom. Thanks to the significant
process achieved in recent years about the improvement of
luminosity of colliders, a large number of rare weak decays
have been observed. For instance, the decays of Υ (1S) and
J/Ψ have been researched widely, both theoretically and
experimentally. And the weak decay channels of them attract
lots of attention [40–53]. Especially, the detailed study about
Υ (1 S) → BcM(M = ρ, D(∗)

s , π, K ) weak decays with the
perturbative QCD (PQCD) [54–56] approach and the QCD
factorization (QCDF) [57,58] approach are done by research
group of Profs. Sun and Chang. On this basis, they also
further explored Υ (nS) → BcM(M = ρ, D(∗)

s(d), π, K (∗)

weak decays with PQCD and QCDF approach [59–63]. From
the discussion of these references, we know that the Υ (nS)

decays, especially, the Υ (1S) is dominated by the annihila-
tion of the bb̄ quark pairs into three gluons and the branch-
ing ratios B(Υ (nS)n=1,2,3 → ggg) = (81.7 ± 0.7, 58.8 ±
1.2, 35.7 ± 2.6)% [39]. Besides, as an essential complement
to Υ (nS) decay modes, the weak decays of Υ (nS) mesons
are very rare generally [40,64], and the weak decays of these
mesons is also allowable within the SM.

Experimentally, there is a large number of Υ (nS) mesons
at high luminosity dedicated bottomonium factories. So far,
there is over 108 data samples about Υ (nS) that have been
accumulated by the Belle detector at the KEKB and the
BaBar detector at the PEP-II e+e− asymmetric energy col-
liders due to their outstanding performance [65]. Further-
more, the ATLAS, CMS and LHCb experiments also col-
lect large number the data samples Υ (nS). It is hopefully
expected that much more bb̄ quark pairs will be collected
with great precision at the forthcoming SuperKEKB [66]
and running upgraded LHC. And large amount of data sam-
ples will provide a very good opportunity to search about the
weak decay of Υ (nS) that in some cases may be detectable.
Besides, the small branching ratios about nonleptonic two
body Υ (nS) → BcDs,d(π, K ) make the observation of other
upsilon weak decays more challenge experimentally. Signif-
icantly, all the possible measurements will be affected seri-
ously from the efficiency of reconstruction and assessment
of backgrounds. Furthermore, any discernible evidences of
an anomalous large production rate of single Bc meson in
Υ (nS) decays might be a sign of NP beyond the SM. It is
crucial that the theoretical research about the weak decays of
Υ (nS) and the research can also offer a ready reference. It is
reasonable to investigate the similar decay process of the bot-
tomonium in the light of the extensive search and investiga-

tion of rare charmonium from Refs. [67,68] experimentally
and theoretically [41,44,69–71].

It is well known that the clear hierarchy of the quark-
mixing Cabibbo-Kabayashi-Maskawa (CKM) matrix ele-
ments favors the b → c transition. The existing predictions
about the semileptonic decays Υ (1S) → Bcl−ν̄l investi-
gated in several theoretical studies still differ. In this work,
we will pay our attention to the semileptonic weak decay
process Υ (nS) → Bcl−ν̄l(n = 1, 2, 3) which are mediated
by b → cl−ν̄l transition at the quark level in SM and various
NP scenarios. Studying the decay modes not only provide an
independent determination of the CKM matrix element Vcb,
but also confirm the LFUV in RBc which have a similar for-
malism to RD(∗) . It will draw very interesting results to inves-
tigate RBc on the decay processes Υ (nS) → Bc�

−ν̄�. The
complexity of the meson structures and the lack of precise
predictions for various form factors may lead to variations
in the prediction of different observables, such as the total
decay rate Γ , the forward-backward asymmetries AFB , and
so on.

Studying these decay processes will facilitate signifi-
cant improvements in our understanding of the processes
involved. In this work, using the best fit solution for the
Wilson coefficients of the new operators and the relevant
the result of the form factors, we provide numerical results
and contributions of NP effect on some observables that
have not yet been measured, such as the differential decay
rate dΓ/dq2, the ratio of the branching fraction RBc (q

2),
the polarization fraction of the initial meson PΥ

L(T )(q
2), the

lepton forward-backward asymmetry Al
FB(q2), the lepton

spin asymmetry Pl(q2), the convexity parameterCl
F (q2) and

other interesting observables.
The remainder of this paper is structured as follows: In

Sect. 2, we remind the reader of the theoretical framework
of our calculation, including the corresponding low-energy
effective Hamiltonian, the form factors, and the helicity
amplitudes. We further define various observables expressed
in terms of q2 and NP coupling parameters for the Υ (nS) →
Bclν̄l decays in this section. The numerical results and dis-
cussions about the predictions of observables within the SM
and various NP scenarios are presented in Sect. 3. The sum-
mary of our work is in Sect. 4.

2 Theory framework

2.1 Effective weak Lagrangian

Assuming the NP scale is higher than the electroweak scale,
one can integrate out the possible NP particles as well as the
SM heavy particles such as the Z0, W±, the top quark and
the Higgs boson. To account for both the SM and the effect of
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NP, the quark level b → cl−ν̄l(l = τ, μ, e) transition occur
through W-exchange and could be described by the effective
Lagrangian at μ = O(mb) in a model-independent scheme
[72,73]

Leff = −4GF√
2
Vcb

{
(1 + VL) l̄L γμ νL q̄L γ μ bL

+VR l̄L γμ νL q̄R γ μ bR + SL l̄R νL q̄R bL

+SR l̄R νL q̄L bR + TL l̄R σμν νL q̄R σμν bL

}
+ h.c.,

(1)

whereGF is the Fermi constant, Vcb denotes the CKM matrix
elements and PL ,R = (1∓γ5)/2 as the projection operators.
In this work we only consider the NP coupling parameters
VL ,R and SL ,R which characterizing the NP contributions
coming from the new vector and scalar interactions. And we
also do not consider the contributions of the right-handed
neutrinos and the tensor operator. After setting all of the NP
couplings to zero, VL = VR = SL = SR = 0, the SM
contribution can be obtained obviously. In addition, we also
assume that NP effects appear in the tau mode only. And
in this section, we list directly the helicity amplitudes and
angular distribution which are shown in following text.

Using the Eq. (1), the transition amplitudes can be written
as the production of the hadronic matrix element and the
leptonic current for the Υ (nS) → Bcl−ν̄l

MΥ (nS)→Bcl−ν̄l

= GF√
2
Vcb

∑
k

Ck(μ)〈Bc|c̄Γ kb|Υ (nS)〉 ū� Γk νν, (2)

where Γ k is the product of gamma matrices that gives rise to
various Lorentz structure of leptonic and hadronic currents of
Eq. (1). Γ k is written as Γ k = γ μ(1±γ5) and (1±γ5). And
the Ck(μ) represents the Wilson coefficient with the values

Ck(μ) =
{

1 for SM
VL ,R, SL ,R for NP

. (3)

And the square amplitude can be expressed as the product
of leptonic (Lμν) and hadronic (Hμν) tensor

|MΥ (nS)→Bcl ν̄l |2 = G2
F

2
|Vcb|2

∑
i j

Ci, j (μ)(Li j
μνH

μν,i j ) (4)

andCi j (μ) denotes the product of Wilson coefficientsCi and
C j . Lμν and Hμν are built from the respective product of the
lepton and hadron currents. For convenience, hadronic helic-
ity amplitudes and leptonic helicity amplitudes are generally
calculated in the rest frame of Υ (nS) mesons and the l − ν̄l
center of mass frame, respectively.

2.2 Form factors and helicity amplitudes

Before calculating the hadronic helicity amplitudes, we use
the following matrix elements of the vector and axial-vector
current for Υ (nS) → Bc transition

〈Bc(pBc )|c̄γμb|Υ (ε, pΥ )〉 = − 2iV (q2)

mΥ + mBc
εμνρσ εν pρ

Bc
pσ
Υ ,

〈Bc(pBc )|c̄γμγ5b|Υ (ε, pΥ )〉 = 2mΥ A0(q
2)

ε · q
q2 qμ

+ (mBc + mΥ )A1(q
2)

(
εμ − ε · q

q2 qμ

)

+ A2(q
2)

ε · q
mBc + mΥ

[
(pΥ + pBc )μ − m2

Υ − m2
Bc

q2 qμ

]
,

where V (q2) and A0,1,2(q2) are the various QCD form fac-
tors for Υ (nS) → Bclν̄l . And the sign convention in the
equation ε0123 = −1 and q ≡ pΥ − pBc.

In the rest frame of the Υ (nS) mesons with a daughter
Bc meson moving in the position z direction, more detailed
expressions about the momenta and the polarization vectors
of the particles Υ (nS), Bc and the virtual W ∗ can be found
in Refs. [10–13].

The matrix elements for the scalar and pseudoscalar cur-
rents can also be obtained by using the equation of motion

i∂μ(c̄γ μb) = [mb − mc]c̄b
i∂μ(c̄γ μγ5b) = −[mb + mc]c̄γ5b

as

〈Bc(pBc)| p̄b|Υ (ε, pΥ )〉 = 0,

〈Bc(pBc)| p̄γ5b|Υ (ε, pΥ )〉 = −(ε · q)
2mΥ

mb + mc
A0(q

2),

with the mb,c represent the current quark masses evaluated at
the scale μ = mb. The hadronic parts in the above decompo-
sition are evaluated by using the explicit for matrix elements,

the hadronic helicity amplitudes H
VL ,R
λΥ ,λW∗ and H

SL ,R
λΥ ,λW∗ for

the Υ (nS) → Bclν̄l are defined as

HVL
λΥ λW∗ (q2) = ε̄∗μ(λW ∗ )〈Bc(pBc )|c̄γμ(1 − γ5)b|Υ (ε(λΥ ), pΥ )〉,

HVR
λΥ λW∗ (q2) = ε̄∗μ(λW ∗ )〈Bc(pBc )|c̄γμ(1 + γ5)b|Υ (ε(λΥ ), pΥ )〉,

HSL
λΥ λW∗ (q2) = 〈Bc(pBc )|c̄(1 − γ5)b|Υ (ε(λΥ ), pΥ )〉,

HSR
λΥ λW∗ (q2) = 〈Bc(pBc )|c̄ (1 + γ5)b|Υ (ε(λΥ ), pΥ )〉,

for simplicity, the notations λΥ = 0,± and λW ∗ = 0,±, t to
represent the helicity states of the mesons Υ (nS) and boson
W ∗ will be used in this work.

In a more explicit form, based on the above above hadronic
matrix elements with the polarization vectors in the Υ (nS)

mesons rest frame, the following non-zero helicity ampli-
tudes in the terms of the various form factors have been
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worked out and can be expressed as follows

H0t (q
2) = HVL

0t (q2) = −HVR
0t (q2) = 2mΥ | 	p|√

q2
A0(q

2),

H00(q
2) = HVL

00 (q2) = −HVR
00 (q2)

= 1

2mΥ

√
q2

[
(mΥ + mBc)(m

2
Υ

− m2
Bc + q2)A1(q

2) + 4m2
Υ | 	p|2

mΥ + mBc
A2(q

2)

]
,

H±∓(q2) = HVL±∓(q2) = −HVR∓±(q2)

= −(mΥ + mBc )A1(q
2) ∓ 2mΥ | 	p|

mΥ + mBc
V (q2),

H ′
0t (q

2) = HSL
0t (q2) = −HSR

0t (q2) = − 2mΥ | 	p|
mb + mc

A0(q
2),

where | 	p| =
√

λ(m2
Υ ,m2

Bc
, q2)/(2mΥ ) is the momentum of

the outgoing meson Bc and the function λ(a, b, c) ≡ a2 +
b2 + c2 − 2(ab + bc + ac) and q2 being the momentum
transfer squared bounded at m2

l ≤ q2 ≤ (mΥ − mBc)
2.

The leptonic helicity amplitudes with the massless right-
handed antineutrinos with λν̄l = 1/2 can be defined as

h
VL ,R
λl ,λν̄l

= ūl(λl)γ
μ(1 ∓ γ5)νν̄(λν̄l )ε̄μ(λW ∗),

h
SL ,R
λl ,λν̄l

= ūl(λl)(1 ∓ γ5)νν̄(λν̄l ),

with λW ∗ = λl −λν̄l . More detail information about the four
momenta of lepton and antineutrino pair in the l − ν̄l center
of mass frame can be found in the Refs. [10,13,74,75]. After
taking the exact forms of the spinor and polarization vectors,
we obtain following nonvanishing contributions in the l − ν̄l
center of mass frame

|hVL ,R

− 1
2 , 1

2
|2 = 8(q2 − m2

l ), |hVL ,R
1
2 , 1

2
|2 = 8

m2
l

2q2 (q2 − m2
l ),

|hSL ,R
1
2 , 1

2
|2 = 4(q2 − m2

l ), |hVL ,R
1
2 , 1

2
| × |hSL ,R

1
2 , 1

2
|

= 8
ml

2
√
q2

(q2 − m2
l ),

and these result exactly have the same expressions as the ones
in semileptonic vector B meson decay process [10,13].

2.3 Angular decay distribution of Υ (nS) → Bcl−ν̄l decays

With all of the above ingredients in hands, we then present
the observables considered in our following evaluations. In
the presence of NP, the differential angular decay distribution
for Υ (nS) → Bcl−ν̄l decays can be expressed as (both for
heavy and light leptons)

d2Γ

dq2d cos θ
= G2

F

192π3

| 	p|
m2

B∗
|Vqb|2

(
1 − m2

l

q2

)

×∣∣M(Υ (nS) → Bcl
−ν̄l)

∣∣2
. (5)

Thus, after including the NP contributions, we can obtain
the differential angular distribution for three-body Υ (nS) →
Bcl−ν̄l in terms of q2, θl and helicity amplitudes for a given
helicity state (λl = ± 1

2 )

d2Γ (λl = − 1
2 )

dq2 d cos θl

= G2
F | 	p|

256π3m2
Υ

2

3
|Vqb|2 q2

(
1 − m2

l

q2

)2

×
{
|1 + VL |2[(1 − cos θl)

2H2−+
+(1 + cos θl)

2H2+− + 2 sin2 θl H
2
00

]
+|VR |2[(1 − cos θl)

2H2+− + (1 + cos θl)
2H2−+

+2 sin2 θl H
2
00

] − 4Re
[
(1 + VL)V ∗

R ]
×[

(1 + cos θl)
2H+−H−+ + sin2 θl H

2
00

]}
, (6)

d2Γ (λl = 1
2 )

dq2 d cos θl

= G2
F | 	p|

256π3m2
Υ

2

3
|Vqb|2 q2

(
1 − m2

l

q2

)2
m2

l

q2

×
{(|1 + VL |2 + |VR |2)[ sin2 θl(H

2−+ + H2+−)

+2(H0t − cos θl H00)
2] − 4Re

[
(1 + VL)V ∗

R

]
×[

sin2 θl H−+H+− + (H0t − cos θl H00)
2]

+4Re[(1 + VL − VR)(S∗
L − S∗

R)]
√
q2

ml

×[
H ′

0t (H0t − cos θl H00)
] + 2|SL − SR |2 q

2

m2
l

H ′
0t

2
}
,

(7)

in which, comparing to the B meson semileptonic decays, the
decaying of bottom and anti-bottom quarks in Υ (nS) and
averaging over the spins of initial state Υ (nS) can causes
an additional 2/3. The θl is the angle between the directions
of the final meson Bc and final lepton l three momentum
vector in the dilepton rest frame. From Eq. (7), we find that
the distributions for λl = −1/2 do not contain the coupling
parameters SL ,R which make them totally insensitive to the
NP scalar operators.

The normalized differential decay rate depending only on
q2 is then obviously obtained after integrating over the θl and
summing over the λl = 1/2 and λl = −1/2. The explicit
expressions with the NP coupling parameters can be written
as
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dΓ

dq2 = G2
F |Vqb|2| 	p|

96π3 m2
Υ (nS)

2

3
q2

(
1 − m2

l

q2

)2

×
{
(|1 + VL |2 + |VR |2)

[ (
H2−+ + H2+− + H2

00

)

·
(

1 + m2
l

2q2

)
+ 3m2

l

2q2 H2
0t

]
− 2Re[(1 + VL)V ∗

R ]

·
[
(2H−+H+− + H2

00)

(
1 + m2

l

2q2

)
+ 3m2

l

2q2 H2
0t

]

+3
ml√
q2

Re

[
(1 + VL − VR)(S∗

L − S∗
R)

]
H ′

0t H0t

+3

2
|SL − SR |2H ′2

0t

}
(8)

where the values of the helicity amplitudes are got from
Sect. 2.2. If we pick out the H00, H0t , H ′

0t from Eq. (8), we
can get the longitudinal decay rate dΓ L/dq2 of the initial
meson Υ (nS). This observable is different from dΓ L/dq2

which is the differential decay width into longitudinally-
polarized final meson D∗ for the decay process such as
B → D∗lν̄l [76].

There have been a lot of calculations for the differential
decay rates of Υ (nS) → Bcl−ν̄l in the presence of all the
operators which are given in Eq. (1). In this paper, we will
follow the analytical expressions given in Refs. [12,24,33,
77], and consider the other NP sensitive q2- dependent of the
observables which are written as follows:

(i) The differential branching fraction

dB(Υ (nS) → Bclν̄l)

dq2 = τΥ (nS)

dΓ

dq2 . (9)

(ii) The forward-backward asymmetries parameter for
charged lepton

Al
FB(q2) =

(∫ 0

−1
d cos θl

d2Γ

dq2d cos θl

−
∫ 1

0
d cos θl

d2Γ

dq2d cos θl

)/ dΓ

dq2 . (10)

(iii) The convexity parameter

Cl
F (q2) = 1

dΓ/dq2

d2

d(cos θl)2

(
d2Γ

dq2d cos θl

)
. (11)

(iv) The lepton-spin asymmetry:

Pl(q
2) = dΓ λl=−1/2/dq2 − dΓ λl=1/2/dq2

dΓ/dq2 , (12)

where dΓ λl=±1/2/dq2 are differential decay rates for
positive and negative helicity of lepton and their detailed
expressions can be got after integrating over cos θl for
Eqs. (6) and (7) respectively.

(v) The lepton non-universality observable

R(L)
Bc

(q2) = dΓ (L)(Υ (nS) → Bcτ ν̄τ )/dq2

dΓ (L)(Υ (nS) → Bc�ν̄�)/dq2
, (13)

in which, on the theoretical side, we define

dΓ (Υ (nS) → Bc�ν̄�)/dq
2

= 1

2

[
dΓ (Υ (nS) → Bcμν̄μ)/dq2

+dΓ (Υ (nS) → Bceν̄e)/dq
2
]

(vi) The longitudinal and transverse polarizations fraction of
initial meson Υ (nS)

FΥ
L (q2)= dΓ λΥ =0/dq2

dΓ/dq2 , and FΥ
T (q2)=1 − FΥ

L (q2).

(14)

Before continuing, it is interesting to note that similar
to the lepton non-universality observable RBc (q

2), we also
define and construct the following observables to probe the
universality of lepton flavor

• Lepton forward and backward fractions

χ1,2(q
2) = 1

2
RBc (q

2)[1 ± Al
FB(q2)]. (15)

• Lepton spin 1/2 and −1/2 fraction

χ3,4(q
2) = 1

2
RBc (q

2)[1 ± Pl(q
2)]. (16)

• Ratios of the longitudinal (transverse) polarization asym-
metries parameters of the initial meson

RFΥ
L

(q2) = FΥ
L (Υ (nS) → Bcτ

−ν̄τ )(q2)

FΥ
L (Υ (nS) → Bcμ−ν̄μ)(q2)

,

RFΥ
T

(q2) = FΥ
T (Υ (nS) → Bcτ

−ν̄τ )(q2)

FΥ
T (Υ (nS) → Bcμ−ν̄μ)(q2)

. (17)

• Ratios of the lepton-spin asymmetry

RPl (q
2) = Pl(Υ (nS) → Bcτ

−ν̄τ )(q2)

Pl(Υ (nS) → Bcμ−ν̄μ)(q2)
, (18)
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Note that, the value of CKM matrix elements is canceled to
a large extent, so it has no effect on the calculation of these
observables. Moreover for q2 integration of above observ-
ables X(q2) shown in Eqs. (10)–(17), following Ref. [78], in
this work two ways of integration are considered. One com-
mon method is also called the “normalized integrated” that
these observables 〈X〉 are got by integrating the numerator
and denominator over the same q2 bins separately before
taking the ratio. The other method is the so-called “naively
integrated” which is defined

X = 1

q2
max − q2

min

∫ q2
max

q2
min

dq2X (q2) (19)

3 Numerical results and discussion

In the previous sections, we have defined various observ-
ables about asymmetries of the spins and angles that can be
extracted from the fully differential distribution of the visible
final-state kinematics in the Υ (nS) → Bclν̄l processes. In
order to get a general discussion and ideas about the sensitiv-
ities of the above various observables to the different Wilson
coefficients Ck listed in Eq. (3), in this section we will select
a variety of best fit results inferred from the B̄ → D(∗)τ−ν̄τ

decay resolutions as the NP benchmark points. We will then
study how these observables are affected by the various NP
scenarios. In this section, we will present our numerical pre-
dictions and results for the aforementioned observables of
Υ (nS) → Bclν̄l both within the SM and in various NP
benchmark points in a model independent way. Then we will
examine whether the NP effects are large enough to cause
siginificant deviations from the SM predictions.

3.1 Input parameters

The main stumbling point in the discussion of the weak
interaction processes of hadrons is the theoretical treatment
of hadronic form factors. For other input parameters rele-
vant for our numerical computation, such as the masses of
various particles and the well-known Fermi coupling con-
stant GF , we will take the values of these input parameters
from the Particle Data Group [39]. For the CKM element,
|Vcb| = (41.5 ± 0.5) × 10−3 is fitted by CKMFitter Group
in this work [79]. Besides, when we evaluate the branching
fractions of the Υ (nS) → Bclν̄l decays, the total widths
of Υ (nS) mesons are also very important and indispens-
able. In this work, Γ

Υ (1S,2S,3S)
tot = (54.02 ± 1.25, 31.98 ±

2.63, 20.32 ± 1.85) keV, and it is very clear to find that
Γ

Υ (1S)
tot > Γ

Υ (2S)
tot > Γ

Υ (3S)
tot .

In addition, it is important that the form factors about
Υ (nS) → Bc processes defined in Sect. 2.2 are indispens-
able input parameters especially when calculate the branch-

Table 1 The input parameters of the form factors of Υ (nS) → Bc
transition used in this work

Transition A0(0) A1(0) A2(0) V (0)

Υ (1S) → Bc 0.67 0.70 0.51 1.66

Υ (2S) → Bc 0.65 0.69 0.48 1.44

Υ (3S) → Bc 0.57 0.64 0.29 1.25

ing fraction. They are calculated and discussed in Refs.
[12,59,80,81] within the Bauer Stech Wirbel (BSW) model.
And the results evaluated in the BSW model will be used in
our work and the dependence of the form factors on q2 can
be explicitly written as

AΥ (nS)→Bc
0 (q2) � A0(0)

1 − q2/m2
Bc(0−)

,

AΥ (nS)→Bc
1 (q2) � A1(0)

1 − q2/m2
Bc(1+)

,

AΥ (nS)→Bc
2 (q2) � A2(0)

1 − q2/m2
Bc(1+)

,

V Υ (nS)→Bc(q2) � V (0)

1 − q2/m2
Bc(1−)

, (20)

wheremBc (0
±) andmBc (1

±) are the pole masses of the states
of Bc with quantum number of J P (J and P are the quantum
number of total angular momenta and parity, respectively).
More details on the form factors on the values of these masses
can easily be found in Table of Ref. [80].

The values at zero-momentum transfer are calculated in
Refs. [12] and they are listed in the Table 1.

Similar to the analysis methods used in many work of anal-
ogous processes, such B → D(∗), B∗ → P(V ), J/ψ →
P(V ) and Υ → P(V ) decays, the analysis of form factors
and their uncertainties often involves techniques such as lin-
ear regression to understand potential sources of error in the
input parameters [70,71,82–85].

At the same time, high-luminosity collider experiments
are crucial for precisely measuring particle decay processes.
The related physical experiments require higher luminosity
and precision for the measurement of this particle. However,
the accuracy of theoretical calculations may not be able to
reach the required precision of experiments in the short term.
So, in the subsequent sections about the impact of the NP on
aforementioned various observables, to be conservative, 10%
uncertainties of the hadronic form factors at q2 = 0 listed
in Table 1 will be assigned due to the possible corrections
from the high-twist effects and relativistic contributions. In
addition, when calculating the theoretical errors of the decay
branching ratios and their longitudinal components, 10% the
uncertainties of the total width Γ

Υ (nS)
tot and CKM matrix ele-

ments Vcb are also considered.
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The model independent analyses of the NP effects in
b → cτ−ν̄τ processes have been done in many previ-
ous works. A global fit on the Wilson coefficients of the
effective low energy Hamiltonian has been made, and the
solutions have also been interpreted in terms of hypotheti-
cal NP mediators [9,10,22,76,77,86–93]. In order to illus-
trate the NP effects on a series of angular distributions in
Υ (nS) → Bcτ

−ν̄τ decays, we will choose the best-fit val-
ues of Wilson coefficients from resent global analyses in
Refs. [9,10,87] as our NP benchmark points(BMP). These
literatures have taken into account the experimental result
on R(D(∗)), R(J/ψ) and the longitudinal polarization frac-
tions Pτ (D∗) and FD∗

L reported by BaBar, Belle and LHCb.
In order to study in detail the NP effects of various types
of Wilson coefficients on individual observables, the Wilson
coefficients are classified into three types as follows:

• Case A: we adopt the strategy of switching on one real
NP Wilson coefficient VL , VR , SL and SR at one time.
The values are as follows: VL = -2.07, VR = -0.0434, SL =
-1.51 and SR = -1.443. We mark them as BMP1, BMP2,
BMP3 and BMP4, respectively.

• Case B: we adopt the strategy of switching on one com-
plex NP Wilson coefficient VL , VR , SL and SR at one
time. The values are as follows: (Re[VL], Im[VL]) =
(−1.233, 1.045), (Re[VR], Im[VR]) = (−0.030, 0.46),
(Re[SL], Im[SL]) =(−0.06, 0.31) and (Re[SR], Im[SR])
= (−1.35, 0.74). We mark them as BMP5, BMP6, BMP7
and BMP8, respectively.

• Case C: we adopt the strategy of switching on two
real Wilson coefficients at one time, and the values
are as follows: (VL , VR) = (0.0694, −0.0026), (VL , SL)

= (0.0714, −0.0063), (VL , SR) = (0.0724, −0.0086),
(VR, SL) = (−0.09, 0.1726), (VR, SR) = (−0.072, 0.154),
and (SL , SR) = (−1.04, −0.449). We mark them as
BMP9-BMP14.

Though the available precise experimental measurements
about Υ (nS) → Bclν̄l have not yet been measured, the
Wilson coefficients appeared in the b → clν̄l transitions,
especially those relevant to B meson semileptonic decay
processes, have already been comprehensively studied in
many works. For simplicity, only the central values of best-
fit results of the Wilson coefficients are considered as the
benchmark point to qualitatively discuss the impact of the
NP effect on various physical observables.

3.2 SM prediction for Υ (nS) → Bclν̄l

Using the transition form factors, the SM theoretical predic-
tions of above various observables with two ways of integra-
tion for Υ (nS) → Bclν̄l decays undergoing b → clνl quark

level transitions where l is either lighter leptons (e or μ) or
heavier τ lepton have been computed.

These expectation predictions values of many observ-
ables are very accurate. Due to the limitation of page space,
we present the theoretical results (including errors) of var-
ious observables in the SM for the three decay processes
in Table 2, respectively. Many of the observables in these
processes are being effectively calculated for the first time.
These calculations provide an important theoretical founda-
tion for understanding these decay processes and help to test
the correctness of the SM as well as explore NP effects.

From the table, we notice that the results for lighter leptons
(e or μ) mode is close for Υ (nS) → Bclν̄l when n = 1, 2, 3
respectively, with two ways of integration. There are three
theoretical error for the the branching fractions and its lon-
gitudinal component and these errors are mainly caused by
the uncertainties of form factor at q2 = 0, total decay widths
Γ

Υ (nS)
tot and CKM element Vcb, respectively. It is obvious that

the theoretical theoretical error are dominated by the input
parameters of form factor at q2 = 0 listed in Table 1. For
other observables, since they are all in the form of ratios, the
uncertainties in the CKM matrix elements and decay widths
do not have any impact on these observables. Although only
the uncertainties in the form factor contribute to the theoret-
ical errors of the observables in the form of ratios, it can be
observed from the table that the errors that introduce to these
observables are not particularly significant.

The central value predictsabout about branching frac-
tions and their longitudinal component (in units of 10−10)
for Υ (nS) → Bclν̄l to be smaller for the τ lepton com-
pared to the lighter leptons (e and μ). It is noteworthy
that a clear hierarchical relation B(L)(Υ (1S) → Bclν̄l) <

B(L)(Υ (2S) → Bclν̄l) < B(L)(Υ (3S) → Bclν̄l). The rea-
sons that lead to this phenomenon mainly come from two
aspects: (i) the relationship on the total decay width of these
mesons Γ

Υ (1S)
tot > Γ

Υ (2S)
tot > Γ

Υ (3S)
tot ; (ii) the relationship on

the mass of these mesons mΥ (1S) < mΥ (2S) < mΥ (3S), can
also lead to the phase spaces of final states increase with the
radial quantum number n. Similar to results on the branching
fractions, the same phenomenon of relations for heavier lep-
ton τ mode and lighter leptons (e or μ) modes also appears in
the lepton-side asymmetry Pl , longitudinal polarization frac-
tion of initial meson FΥ

L , χ2 andχ3 with two ways of integra-
tion. The phenomenon of the central result for heavier lepton
τ mode ibeing larger than that for lighter leptons (e of μ)
modes appears in AFB , Cl

F , χ1 andχ4 with two ways of inte-
gration in these three decay processes. Besides, the central
results of Cμ(e)

F , both Pl and χ4 only for τ mode, χ1,2,3, R(L)
Bc

and RPl increase sequentially for Υ (nS) → Bclν̄l decays
when n = 1, 2, 3, respectively with two ways of integration.
In contrast, the central results of Cτ

F and FΥ
L for μ and e

modes decrease sequentially in the semileptonic decays of
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Υ (nS)(n = 1, 2, 3), respectively with two ways of integra-
tion. The forward–backward asymmetry Al

FB and ratios of
the longitudinal polarization asymmetries parameters RFΥ

L

are most peculiar. 〈Aμ(e)
FB 〉 and 〈RFΥ

L
〉 increase sequentially in

the semileptonic decays of Υ (nS)(n = 1, 2, 3) with the nor-
malized integrated way. And Aτ

FB and RFΥ
L

decrease sequen-
tially in the semileptonic decays of Υ (nS)(n = 1, 2, 3) with
the naively integrated way. At the same time, all the results
of Cl

F and Al
FB are negative in three decay processes with

two ways of integration. Moreover, due to all the results of
the Pl for e mode are 1, which lead to all the results about χ4

for e mode are 0 and this is easy to get from Eq. (16).
For the decay branching fraction B, forward backward

asymmetry AFB , lepton spin asymmetry Pl and the lepton
nonuniversality RBc by normalized integration, it is observed
that our results of these observables of Υ (1S) → Bclν̄l decay
process are consistent with calculated results in the Refs.
[12,70,71,82]. This agreement is also expected, as our form
factors also match well. Moreover, relevant research about
other different observables have not been studied in the lit-
erature so far. At the same time, some of these observables
are yet to be identified experimentally. With the continu-
ous improvement and enhancement of high-energy physics
experimental conditions, the future can provide important
experimental information for the research ofΥ (1S), and offer
more possibilities for precise Υ (1S) measurements.

To better understand these observables, it is useful to study
their q2 behavior. To simplify, we only depict the dependence
of the central values of various observables on q2, without
considering the impact of uncertainties in the input parame-
ters such as form factors, Vcb and Γ

Υ (nS)
tot . And the impact of

unvertainties for these input parameters have been listed in
Table 2. Within the reasonable kinematic range, the depen-
dence of the decay width and the various observables intro-
duced above on q2 are shown in Figs. 1, 2 and 3. The familiar
observables such as dΓ/dq2, Al

FB(q2) and Pl(q2) were also
presented for Υ (nS) → Bc in Ref. [12]. The rest of the
observables are shown in this work for the very first time for
the SM in Figs. 1, 2 and 3, and for some extensions of the SM
in the following figures. It’s worth noting that the variation
trend of these observables for three decay processes are simi-
lar to each other. In these figures, in order to better distinguish
the variation tendency of each observable for the final state
being different three generations leptons, the red (dot dash),
blue (solid) and green (solid) lines indicate the e, μ and τ

mode, respectively. It can be clearly observed that for lighter
leptons lighter leptons (μ/emode) compared to heavier epton
(τ mode), the dependence of all the observables on q2 is dis-
tinctly differentiated. However, it is difficult to distinct the
distribution tendency of dΓ/dq2, Al

FB(q2), Cl
F (q2), Pl(q2)

and χ4(q2) for lighter leptons (μ, e modes) except in low q2

region. Furthermore, for the same initial states, the values

of AFB(q2), Cl
F (q2) and FΥ

L (q2) for τ mode is larger than
those for e(μ) mode at a settled point of q2. And the opposite
phenomenon appears in dΓ/dq2, FΥ

L (q2) and Pl(q2). Note
that for μ mode, the dΓ (L)/dq2 changes to zero quickly at
the largest recoil range q2 → 0. We can also find that at the
largest recoil range q2 → 0, the values of dΓ (L)/dq2 for
Υ (2S) → Bce−ν̄e and Υ (3S) → Bce−ν̄e are both larger
than the dΓ (L)/dq2 for Υ (1S) → Bce−ν̄e which is below
20. For Υ (1S) → Bcl−ν̄l decay, the dΓ/dq2 of the lighter
lepton modes is maximum when q2 ≈ 6.5GeV2, as well as,
the dΓ/dq2 of the τ mode is maximum when q2 ≈ 8GeV2

and approaches zero at q2
min and q2

max. The maximum value of
dΓ/dq2 for Υ (nS) → Bcl−ν̄l(n = 2, 3) shifts to a higher
q2 region. The AFB(q2) is negative for e mode in all q2

region, and at zero recoil region q2 = (mΥ − mBc)
2, all

the AFB(q2) is zero. Meanwhile, when q2 → q2
min, Aμ

FB
changes to 0.5 quickly. There are also a SM zero-crossing
point for Aμ,τ

FB . The SM zero-crossing point of Aμ
FB(q2) for

Υ (nS) → Bcμ
−ν̄μ decays are all in small q2 region with

q2 ≈ 0.5GeV2. The SM zero-crossing point of Aτ
FB(q2) for

Υ (1S) → Bcτ
−ν̄τ decay is q2 ≈ 5.5GeV2 and it shifts

to a higer q2 region for Υ (nS) → Bcl−ν̄l(n = 2, 3). All
the Cl

F (q2) are negative in the whole q2 region. Cμ(τ)
F = 0

at q2
min and q2

max for Υ (nS) → Bcl−ν̄l(n = 1, 2, 3). In
the small q2 region Ce

F = −1.5 at q2
min, and Cμ

F = −1.25
when q2 ≈ 0.4GeV2 and it changes to zero quickly when
q2 → q2

min. Furthermore, theCμ(e)
F (q2) great increasing with

the q2 except in the small q2 region. The Cτ
F (q2) is small in

the whole q2 range, which implies a straight line behavior of
the cosθ distribution.

From Fig. 1, one can also see that the variation trends
of longitudinal and transverse polarization fraction of ini-
tial meson FΥ

L (q2) and FΥ
T (q2), present an axial symmetric

distribution in the horizontal direction between each other.
And the corresponding axis of symmetry is the horizontal line
where the vertical axis values is 0.5. All the FΥ

L (q2) are great
decreasing with q2 over the whole q2 region, so the oppo-
site phenomenon (increase phenomenon) appears in FΥ

T (q2)

and this is easy to get from Eq. (14). Note that for the lighter
lepton modes, at q2

min the FΥ
L is 1. However, for τ mode,

at q2
min = m2

τ , FΥ (1S)
L → 0.69 and FΥ (2S,3S)

L → 0.75.
We have observed the feature of FΥ

L and FΥ
T that the e

mode and μ mode overlap completely over the entire q2

region. For the lepton spin asymmetry Pl(q2), it is clear to
find that all the Pe is +1 in the whole q2 ranges and Pμ

changes to −0.3 quickly when q2 → q2
min. For the heav-

ier lepton mode, Pτ (q2) is great increasing with q2 in the
whole q2 region and there is a SM zero-crossing point at
q2 ≈ 3.3GeV2 for Υ (1S) → Bcτ

−ν̄τ and q2 ≈ 3.5GeV2

for Υ (2S, 3S) → Bcτ
−ν̄τ .

As can be seen from the Fig. 2, which represents the
trend of the observables listed in Eqs. (15) and (16). For
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Fig. 1 The q2 distributions of the observables dΓ/dq2,Al
FB(q2),

Cl
F (q2),FΥ (nS)

T ,FΥ (nS)
T and Pl (q2) for the decays Υ (nS) → Bcl ν̄l

with n=1 (left column), 2 (middle column), 3 (right column) in the SM.

The red (dot dash ), blue (solid), and green (solid) lines indicate the e, μ
and τ mode, respectively. The corresponding light colours for dΓ/dq2

indicate the longitudinal decay rate dΓ L/dq2. And the same in Fig. 2
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the τ mode, all of χ1,2,3(q2) increase significantly with q2

throughout the entire q2 region. However, for lighter lep-
ton modes, χ1,2,3(q2) decrease significantly with q2 when
0 < q2 < m2

τ and increase siginificantly with q2 when
m2

τ < q2 < q2
max. One can find that for the same initial states,

when q2 → q2
max, the value of χ1(2)(q2) for both lighter lep-

ton modes and τ mode are same. Furthermore, for the same
initial states, at a settled point of q2, the values of χ1(4) for
τ mode are larger than those for e(μ) mode. Conversely, the
opposite phenomenon occurs in χ2(3)(q2).

In Fig. 3, we analyze sequentially the q2 distributions of
the ratios of branching fraction R(L)

Bc
(q2), and ratios of the

longitudinal (transverse) polarization asymmetries param-
eters of the initial meson RFΥ

L(T )
(q2), as well as, ratios of

the lepton-spin asymmetry RPΥ
l

(q2). It is clear to find that

R(L)
Bc

(q2), RFΥ
T

(q2) and RPΥ
l

(q2) all increase with q2 over

the whole q2 region. Furthermore, it is very evident from
the first picture of Fig. 3, in which the SM prediction of
the longitudinal branching fraction ratios RL

Bc
, displayed by

the light colour, is larger than the result of RBc for the
Υ (nS) → Bclν̄l processes at a settled point of q2. At the
same time, it is evident that the result of R(L)

Bc
becomes larger

in turn for the decays Υ (1S) → Bclν̄l , Υ (2S) → Bclν̄l ,
and Υ (3S) → Bclν̄l , respectively, at a settled point of q2.
Conversely, the opposite phenomenon arises in RFΥ

T
(q2) and

RPΥ
l

(q2). These two observables are also increasing with q2

over the whole q2 region. It should also be noted that RFΥ
T

is decreasing with q2 over the whole q2 region, and there is
also no continuous distribution of size relationships for this
observable. Though there is symmetric phenomenon between
FΥ
L and FΥ

T , it is obvious from the figure that there is no such
symmetry between RFΥ

L
and RFΥ

T
at a settled point of q2.

3.3 New physics effects analysis on Υ (nS) → Bcτ ν̄τ

Let us now focus on the impact of the vector and scalar NP
Wilson coefficients on the above mentioned different phys-
ical observables, and examin their discriminatory power for
NP in the semileptonic decays of Υ (nS) → Bcτ

−ν̄τ . As can
be seen from to the previous analysis, the variation trends
of various observables for the Υ (nS) → Bcτ

−ν̄τ processes
with n = 1, 2, 3 are similar to each other. In order to avoid
unnecessary repetition of the description, we will take the
Υ (3S) → Bcτ

−ν̄τ process as an example for the detailed
analysis on the NP effects.

We will broadly analyze all the available information
about the NP effects on the above mentioned various observ-
ables, following the different NP scenarios presented in
Figs. 4 and 5. The q2 dependency distribution of the observ-
ables dΓ/dq2, Aτ

FB(q2), Cτ
F (q2), FΥ

L (q2), FΥ
T (q2) and

Pτ (q2), for Υ (3S) → Bcτ
−ν̄τ decay mode, both in the SM

case and including the contribution from different types of
NP scenarios, are presented in Fig. 4. In the figure, we dis-
tinguish the results for both SM and various NP scenarios
using different colors, respectively. The width of each curve is
derived from the theoretical uncertainties of the input param-
eters, which include hadronic form factors. In this work,
we temporarily do not take into account the impact of the
uncertainties of NP coupling parameters on the errors of var-
ious observables. From these figures, we make the following
observations:

• After considering the contribution of various real NP cou-
pling parameters in the case A, it is observed that the dif-
ferential decay rate dΓ/dq2 exhibits a more pronounced
deviation from the SM prediction when the BMP1, BMP2
and BMP3 scenarios are considered, as opposed to the
situation with the BMP4 scenario. There is a significant
enhancement effect ondΓ/dq2 after considering the con-
tribution of NP for BMP1, BMP2 and BMP3 scenarios.
A shared characteristic is observed near the zero recoil
point, where the predictions under various NP scenarios
align with those of SM for these observables. AFB(q2)

shows a distinct deviation from the prediction of SM
across the entire q2 range for the BMP3 and BMP4 sce-
narios. In BMP3 scenario, AFB(q2) is enhanced relative
to the scalar coupling, while in the BMP4 scenario, it
is decreased throughout the entire q2 region. Besides,
when compared to the zero-crossing point of the SM, the
zero-crossing point of AFB(q2) is observed to shifts to a
significant lower q2 value in the BMP3 scenario due to
the scalar coupling. Conversely, in the BMP4 scenario,
the zero crossing point of AFB(q2) moves to a notably
higher q2 values as a result of the scalar coupling. No
sizable deviation is observed for AFB(q2) in the pres-
ence of vector coupling in BMP1 scenario. The similar
phenomenon is also found in Cτ

F (q2) and FΥ
L (q2). And

the opposite phenomenon that BMP4 caused a significant
enhancement effect for lowerq2 region and BMP3 caused
a significant decrease effect for entire q2 region appears
in FΥ

T (q2) and Pτ (q2). In addition, after accounting for
the NP contribution of scalar coupling in the BMP4 sce-
nario, FΥ

T (q2) and Pτ (q2) no longer exhibit zero crossing
point. In contrast, zero-crossing points are present in the
predictions of the SM as well as in the BMP1,BMP2,
and BMP3 scenarios. So measuring these observables in
the corresponding q2 region will further substantiate the
observed anomalies in b-decays.

• Though the NP coupling parameters are set to the com-
plex in case B, the NP effects on different observables for
these NP scenarios are similar to the prediction results in
Case A. The differential decay rate dΓ/dq2 is enhanced
with respect to the vector coupling but shows no siz-
able deviation for the scalar coupling over the whole q2
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Fig. 2 The q2 distributions of the observables χ1(q2), χ2(q2),χ3(q2) and χ4(q2) for the decays Υ (nS) → Bcl ν̄l in the SM

region. Aτ
FB(q2) is enhanced compared to the SM predic-

tion for the vector coupling in the BMP6 scenario, but it
is significantly decreased in the BMP8 scenario over the
whole q2 region. Additionally, the zero crossing point of
Aτ
FB(q2) shifts to a significant lower and higher q2 value.

For Cτ
F (q2), FΥ

L(T )(q
2) and Pτ (q2), different from the

results considering the NP coupling in case A, there is a
slight deviation from the SM prediction in the lower q2

range for these four observables when considering the NP
contribution in BMP8 scenario. The measurement of this
four observables may do not further endorse existence of
NP beyond the SM in this case. However, measuring these

observables may provide insight into distinguishing the
contribution of the scalar coupling for the SR parameter
from other types of NP coupling contributions.

• From the last column in Fig. 4 in which two real NP cou-
pling parameters are considered at a time in case C. One
can see that the q2 dependence of dΓ/dq2 is similar to
the case A. In various NP scenarios, except for BMP14
scenario, dΓ/dq2 is enhanced compared for the SM pre-
diction. AFB(q2) displays a distinctive deviation from
the prediction of SM in the entire q2 range for BMP13
and BMP14 scenarios in which SR parameters is con-
sidered. There is a slight deviation from the prediction of

123



Eur. Phys. J. C           (2025) 85:345 Page 13 of 18   345 

Fig. 3 The q2 distributions of the observables R(L)
Bc

(q2), RFΥ
L

(q2),

RFΥ
T

(q2) and RPl (q
2). The corresponding light colours for RBc indi-

cate the longitudinal RL
Bc

. Note that the colors in this figures is a different

from Figs. 1 and 2. The green, blue and red solid lines in this figures
indicate the Υ (nS) → Bcl ν̄l(n = 1, 2, 3) processes, respectively

SM in the lower q2 range for FΥ
L(T )(q

2) and Pτ (q2) when
consider the NP contribution for BMP13 and BMP14 sce-
narios in which SR parameters is considered.

In order to better and further distinguish these different
NP scenarios, we need to continue studying some observ-
ables that are similar to the ratio RBc and they are displayed
in Eqs. (15), (16) and (17). And the q2 dependence of these
observables is displayed in Fig. 5. Though the NP effect in NP
scenarios which contain SR coupling parameter contributes
the most to χ2(q2), there is no much impact on χ2(q2), even
when the uncertainties of the some input parameter have been
taken into account for all three cases. The predicted value
of χ3(q2) decreases slightly in the BMP3, BMP4, BMP8
and BMP14 scenarios. And the predictions of χ3(q2) in
the SM and other NP scenarios have overlapped with each
other completely. The same phenomenon also appears in the
RBc (q

2), except for the result of the BMP3 scenario. The
BMP4 scenario can significantly decrease the predicted val-
ues of χ1(q2), χ4(q2), and RFΥ

L
(q2). But the BMP3 scenario

can increase the predicted values of these observables. Fur-
thermore, the BMP8 scenario in Case B and the BMP14 sce-
nario in Case C can also significantly decrease the predicted
values of above three observables. The opposite change phe-
nomenon occurs in RFΥ

T
(q2). In addition, there is a zero

crossing point for RFΥ
T

(q2) when considering NP contribu-
tion of the BMP3 and BMP13 scenarios. In contrast, there are
no zero crossing points in the SM and in other NP scenarios.
There is also a very obvious feature that when q2 tends to
the endpoint q2

max, the prediction of this observable is a fixed
value both in SM and in all NP scenarios. And when q2 tends
to the endpoint q2

min, the values of χ1,2,3,4 are all zero. The
measurement of the above observables may further endorse
the existence of NP signals beyond the SM.

4 Summary

The most experimentally observed phenomena have been
explained elegantly by SM, and there is no new particle
beyond SM have been discovered thus far. However, there
are some deviations from SM prediction have been observed
in the B hadron decay transitions involving the third gener-
ation of lepton, especially in the b → cτ ν̄τ process. In this
scenario, it is very important to investigate thoroughly how to
explain these indirect signals of NP. With the sharp increase
in the Υ (1S) data samples at high luminosity dedicated heavy
flavor factories, the bottomonium weak decay, especially
the weak decay of Υ (1S), is interesting for exploring the
underlying mechanism responsible for transition between the
heavy quarks, over-constraining parameters from B decay
processes, and investigating perturbative or non-perturbative
effects. The weak decays of Υ (1S) are also legal in the
SM, though their branching ratios are expected to be tiny
in comparison to the conventional strong and electromag-
netic decays. Motivated by several anomalies RD(∗) and RJ/ψ

observed in semileptonic B meson decays as well as the
abundant Υ (nS) data sample at high luminosity heavy flavor
experiments in the future, we perform a detail analysis for
the semileptonic Υ (nS) → Bcl−ν̄l which is also induced
by the b → cτ ν̄τ quark level transition as B → D(∗)τ ν̄τ

processes.
Using the form factors of the transition Υ (nS) → Bc,

which are calculated in the Bauer-Stech-Wirbel framework,
the SM prediction values of various observables that is in the
form of ratios for the decays Υ (nS) → Bcl−ν̄l are first calcu-
lated. Then the contribution of NP parameters mainly come
from vector and scalar couplings to different observables rel-
ative to Υ (3S) → Bcτ

−ν̄τ are also discussed in various NP
scenarios. The results show that the many observables after
considering the contributions of NP couplings, have signif-
icant deviations from the prediction of the SM. No sizable
deviation is observed for dΓ/dq2 in the presence of scalar
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Fig. 4 The q2 distributions of the various observables for the decays
Υ (3S) → Bcτ ν̄τ in the SM, case A (left column), case B (middle col-
umn), case C (right column) NP scenarios, respectively. Apart from the

differential decay rates, the band widths represent the theoretical uncer-
tainties of other observables only comes from hadronic form factors.
And the same in Fig. 5
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Fig. 5 The q2 distributions of the observables χ1(2,3,4)(q2), and RBc (q
2) as well as RFΥ

L(T )
(q2) for the decays Υ (3S) → Bcτ ν̄τ in the SM, case

A (left column), case B (middle column), case C (right column) NP scenarios, respectively
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coupling in BMP4, BMP8, BMP13 and BMP14 scenarios.
However, significant decrease effect appears in AFB(q2),
Cτ
F (q2), FΥ

L (q2) for lower q2 region and in χ1,3,4(q2),
RBc (q

2) and RFΥ
L

(q2) for entail q2 region after consider-
ing the NP parameters in BMP4, BMP8 and BMP14 sce-
narios. And significant enhancement effect also appears in
FΥ
T (q2), Pτ (q2) and RFΥ

L
(q2) in the reasonable kinematic

region in BMP4, BMP8 and BMP14 scenarios. Though it is
clear to find that there is an axial symmetric phenomenon
between FΥ (nS)

L (q2) and FΥ (nS)
T (q2) shown in Fig. 4, the

same axial symmetric phenomenon does not occur in the
RFΥ

T
(q2) and RFΥ

L
(q2) which is displayed in Fig. 5. In this

work, for the various NP scenarios, we only consider the
impact of hadronic form factor uncertainties on the errors
of various observables., while ignoring the errors brough
by the uncertainties of the different NP coupling parameters
So these analysis is merely illustrative. With the continuous
upgrading of the high energy physics experimental facilities
in the future, there may be better improvements in the rele-
vant decay processes.

Unlike B meson decays, which have been extensively
investigated both experimentally and theoretically in the last
few years, research on the Υ (nS) mesons remains very
scarce, especially on the theoretical side. Although some
observables studied above are very sensitive to NP effects
within the NP scenarios, it is difficult to measure them soon
because there are no effective techniques or methods to mea-
sure them directly under current experimental conditions.
Since hadronic decays involving b → c transitions play a sig-
nificate role in heavy flavor physics experiments, this work is
very crucial to research such decay modes. The exploration
of these decays is also beneficial for the study of charmed
hadron decays. The research on the Υ (nS) mesons in this
work would be found to be very important in shedding light
on the nature of NP. The existence of the NP signal that con-
tributes to the heavy flavor sector is expected to be discovered
in the era of precision measurements. Therefore, the study
of semileptonic decays of the Υ (nS) mesons will not only
contribute to a better understanding of heavy flavor physics
but also provide a good environment for the search of NP
signal in the future.
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