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Inspired by the recent anomalies on the lepton flavor universalities, we present an investigation of
baryonic form factors induced by heavy-to-light tensor currents. With the light-front quark model, we
calculate the tensor form factors, and the momentum distributions are accessed with two parametrization
forms. Numerical results for the form factors at ¢g> = 0 are derived and parameters in ¢ distributions are
obtained through extrapolation. Our results are helpful for the analysis of new physics contributions in the

heavy-to-light transition.
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I. INTRODUCTION

Nowadays testing the standard model (SM) of particle
physics and hunting for new physics (NP) beyond the SM is
a foremost task in particle physics. In recent years, heavy
flavor physics has received remarkable attentions and quite
interestingly some anomalies are found in weak decays of
heavy mesons and baryons. Hints for the lepton flavor
universality (LFU) deviating from the standard model were
found recently in ratios of branching fractions such as
R(D™) [1-9], R(J/w) [10], and R(A,) [11]. A collection
of the latest experimental measurement is given as [12]

Rexp(D) = 0.441 + 0.060 + 0.066,
Rexp(D*) = 0.247 £ 0.015 + 0.015 + 0.012,
Rexp(J/w) = 0.71 £ 0.17 £ 0.18,
Rexp(Ac) = 0242 +0.026 + 0.040 £ 0.059, (1)

while the recent average of SM predictions on R(D™)) is
given as [12]
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Rem(D) = 0.298 + 0.004,
Rsm(D*) = 0.254 = 0.005. (2)

One can see that the latest experimental measurement on
R(D™)) shows about a 2¢ standard deviation from SM
prediction. While the most precise SM predictions on
R(J/y) and R(A,) are generally consistent with exper-
imental measurements [13—15],

Rem(J/w) = 0.258 £ 0.004,
Rem(A) = 0.324 £ 0.004, (3)

there are also noticeable discrepancies in the central values
between the SM predictions and experimental results.
Thereby, more theoretical and experimental investigations
are needed to clarify this obscure situation.

Many interesting theoretical explanations have emerged
to explain these deviations, including contributions from
new physics. For a recent review on the topic, please refer
to Ref. [16]. In some of these analyses, new effective NP
Hamiltonians have been introduced [17-26]. Unlike the
SM, some of these Hamiltonians introduce a new structure
of b — ¢ current in the hadron matrix element: the tensor
current. While the tensor current contribution resolves the
current discrepancies, it should be noticed that this con-
tribution can also affect baryonic decay processes induced
by the b — cfv. Though the explicit contributions of
the tensor current depend on the details of NP models,
the low-energy nonperturbative matrix elements, namely
form factors, are universal and mandatory. Therefore for a
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comprehensive NP model-independent analysis, the results
on baryonic tensor form factors are called for.

In this work, we aim to present an exploration of these
new form factors, and in the calculation employ the light-
front quark model (LFQM) [27-32]. The baryon system
can be treated in a similar manner with a meson under the
quark-diquark assumption [33-35]. It is noteworthy that a
three-quark vertex function has been explored in LFQM,
and the investigations in Refs. [36] and [37] have shown
consistent results with the two approaches using a three-
quark and diquark vertex. This also validates the diquark
approach that will be adopted in this work.

The rest of this paper is arranged as follows. We give the
definition of tensor form factors and the theoretical frame-
work of LFQM in Sec. II. The tensor form factors are
explicitly calculated in Sec. III, and the analytical expres-
sions are given. Numerical analysis and discussions are
given in Sec. IV. In the end, we give a brief summary.

II. THEORETICAL FRAMEWORK

To account for the anomalies in heavy quark physics, NP
contributions are typically needed. In a general analysis, the
Hamiltonian after integrating out the degree of freedoms
over the m;, scale can be expressed as

Her ~ Y _Crp x [eTB][IT'2), (4)

rr

where the Cr- [+ are the Wilson coefficients and the ") denote
all the possible Lorentz structures {1, y*, ys, y*ys, 0*}. The
tensor current does not exist in the SM, and as a result
the corresponding form factors are not well understood in
previous theoretical analyses [21,22,24,38,39].

This work will focus on the antitriplet b-baryon to
antitriplet c-baryon and sextet b-baryon to sextet c-baryon
processes:

3,3 A0 + =20 et m- =0
353N, oA, B BN E - E
6—6: % -zt X530

0 +
YR 1
E/bo =+ =/— =0

2, OBy - B0 Q- Q. (5)
Inserting the Dirac Gamma matrices in a bilinear local
quark current sandwiched between the b-baryons and

c-baryons, one can define the pertinent form factors:

(B'(P',S")|cic" b|B(P,S))

2
-5 i 25 ()

f3( ) gP/p+f4< 2)

v o pap/ﬂ)} u(P.S).  (6)

where Dirac operator o** = £ (y*y* —y*y*) and =5, = ¢og'—
g44p- The form factors in the (B'(P', S")|co* ysb|B(P, S))

matrix element can be straightforwardly obtained from
Eq. (6) by making use of 6/*ys =

The form factors defined in a hadromc matrix element
are nonperturbative. To evaluate the form factors a rela-
tivistic quark model, namely light-front quark model, will
be employed. In this framework, it is convenient to use the
light-front frame:

VA
——e” 26,

pt=p"+p°
PL= (pl’p2). (7)

pﬂ = (p+’p_apj_)7
p-=p"=p

With the help of the diquark picture, the baryon state
containing three quarks can be treated as a meson state
which is widely studied in the LFQM [40]. In this picture,
the two spectator quarks played a similar role with an
antiquark.

For the J¥ = 1/2% baryon state, its wave function is

B(P.5.S.))
— [{@pHd pa}22a) (P = pi - o)

X Y WS(py, P, A1 )| Q(p1, ) (i) (pa, o)), (8)

AiAy

where Q donates the heavy quark which is /¢ in our work
and “(di)” presents the diquark. The A; and A, are the
helicity of quark and diquark respectively. The momentum
of them are p; and p, and the P is the baryon momentum.
Both of them are on their mass shell. However, since the
baryon states are constructed by a quark and diquark, their
momenta cannot be on-shell simultaneously. Thus in the
wave function of LFQM the three momentum {P, p,, p,}
are used. They are defined as p = (p™*, p, ). The distri-
bution function ¥ in Eq. (8) is

1
V2(p1 - P+m M)
X @(py. A)Csayu(P.S)p(x. k).
©)
Here I is the coupling vertex which embodies the spin of
the diquark. For the spin-0 scalar diquark the vertex is I'g

and for the spin-1 axis-vector diquark the vertex becomes
I'4. The coupling vertices are shown as

\Pssz(i)hi)Z’ll’lZ> =

FSII,

M0+m1 +m2 & P) (10)

ry,=-= -
V] <¢* P-py+ szo
where the P is the sum of on-shell momenta p; and p,.

Though the momentum P is not onshell, one can still define
an effective mass as M3 = P? where M?* # M3.
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TABLE 1. Masses of charm and bottom baryons and input
parameters in the momentum distribution wave functions [40].

Baryons V\VAREED YD Sl ) S -

=p
Mass(GeV) 5.620 5.811 5.816 5.814 5.792 5.797
Baryons B OBy Q Af Xt X%
Mass(GeV) 5.935 5.935 6.045 2.286 2.454 2.454
Baryons 2B =2 B o0 b
Mass(GeV) 2.453 2.468 2. 470 2.578 2. 579 2.695
Shape parameter(GeV) B,y = 0.470 Bejsq = 0.535
Piluq = 0.562 Phlsq = 0.623

The ¢(x, k) in Eq. (9) is a Gaussian-type momentum
distribution function which is constructed as

T\ 3/4 e1ey _];2
(" ),
P(x,ky) QZ) 1Mo eXp(zﬁz) (11)

where e; and e, represent the energy of heavy quark Q
and diquark in the rest frame of P. The 8 is a phenom-
enological parameter which is shown in Table 1. In
Ref. [41], a Gaussian expansion method with a semi-
relativistic potential model is applied to determine the
momentum distribution wave function and in Ref. [42], the
parameters /3 are extracted by the pole residue. In this work
the parameters f are used from Ref. [40].

The x; and x, in Eq. (11) are the light-front momentum
fractions which satisfy the requirements 0 < x, < 1 and
Xx;+x,=1. The k is the internal momentum which
represents the interaction between quark and diquark. So
the k and the quark and diquark momenta are

k <kl ’kl 7k ) ( klZ’e +klz’k )
— <mvxiM0’kiJ_> ,
xiM
pi =xP*, p3 = xPt, piL=xiPL+k,
PaL =XP) 4+ ko, ki =—kip =kyy. (12)

With the help of the internal momentum &k, the invariant
mass square M3 is expressed as

k%l+m%+ki+m§

2 _
MG =
X1 X2

(13)

The expression of e; and k, can also be presented in terms
of the internal variables (x;, k;, ) as

xiMy  m?+k3 5 N
- =/m?+ k3 + k2,
el 2 2xiM0 ! il 1z
xMy, m?+ Kk
k=0 il 14
= 2 2x,»M0 ( )

In the following, we use the notation x = x, and
xp=1-x.

III. FORM FACTORS

The hadronic matrix element in Eq. (6) can be expressed
by the LFQM as

1 1
(i( )i (5.5,

¢ K )p(x, k1)

= &3 v _
/{ p2} 2v/pi P (py - P+ mMy)(p) - P+ m\ M})
< Y " a(P'SL)[E(p) + me)io™ (g + my)T]u(P.S,).

Y

(15)
with
P =pi+p, Mj=P, MZ=P? (16

Since the matrix element can be expressed both at the quark
and hadron levels respectively, the form factors can be
extracted by solving four equations which are constructed
by multiplying the different tensor @(P, S){T';},, u(P’,S")
to the matrix element in the light-front approach. The
Lorentz structure in these tensor is

{Fi}/u/ {y/,t y,quP Pw Yﬂyv} (17)

Then these form factors are calculated as

1

fi= 0.0 [AMH, — 4M'H, — 4H; + H,Q_],
+ —_
fr= ! M(Q, +2MM'")H
2T 2020, Y 1
—6MM"”H, — 6MM'H; + MM'H,Q_],
1
f3 = sqr g MM H — M'(Q, + 2MM)H,
-+
—6MM'H; + MM'H,Q_],
1
fo=- P [6M*M'H,Q. —6MM"H,Q,
-2+
- 24M*M"Hy + MM'H,Q_0.], (18)

where Q) = (M +M')?> —g*> and the function H; is
defined as
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dxd*k _

= [ S O L) TP+ M)
X (ﬂl + mc)ia/w(ﬂl + mh)FS(A) (P+ MO){Fi}ﬂI/]

- — -1

X <2\/x’1x1 (py - P+ m\Mp)(py - P+ m1M0)> .

(19)

In our analysis of the diquark picture, the diquark made
of two quarks can be a scalar or an axial vector. Thus the
physical form factors estimated by the LFQM should be
expressed as the combination of the form factors with scalar
and axis vector diquark:

Flriyl — cg X Fg+cy X Fy. (20)

The coefficients cg and ¢, can be extracted in the flavor-
spin wave function of initial and final baryon states.

Using the scalar and axial-vector diquark wave function
431, [9.9'1a = (a4’ +4'D)/V2. 1a.41s = (94 — 4D/ V2,
one can write the flavor-spin wave function of the baryon.
Since the baryons {A), 29 2} and {AS,Ef, B2} are the
antitriplet in SU(3) flavor symmetry, their flavor-spin wave
function is

Bow.5:=3) =5taq -d 0@ x (511 -111)
=[q.4']5Q. (21)

For the sextet baryons, their flavor-spin wave function can be
written as

1 1
‘BQqq”Sz =5> —=(q9' +4'9)0

S+ - 2m>)

. (%(m - 2m>)

= —[q,9)40, (22)

where ¢,q' = u, d, s and Q = b, c. For a scalar diquark,
namely the baryon triplet, cg = 1 and ¢4, = 0. For the sextet
baryons with an axial-vector diquark, cg = Oand ¢4, = 1.1Itis
worth noting that several studies have suggested that the flavor
eigenstates 2. and /. may mix with each other to generate the
mass eigenstates [44—49]. But the recent lattice QCD indicates
a very small mixing angle [50] which is consistent with
previous lattice QCD simulation [51]. As a consequence the
mixing effect is not taken into account in our analysis.

IV. NUMERICAL ANALYSIS

A. Form factors

Numerical results of tensor form factors will be given
in this section. In our calculation, the masses and other
parameters of these baryons are shown in Table I.

For the calculation, we use the constituent quark masses
from Refs. [52-54]:

m, =my=025GeV,  m, =037 GeV,
m,=14GeV,  my, =48 GeV. (23)

The masses of the diquarks can be approximated as

Migg) = Mg+ Mg, q/q =ud;s. (24)

For extrapolating the form factors to the full ¢> region,
we use the Bourrely-Caprini-Lellouch (BCL) parametriza-
tion [55-58] in which the form factors are expanded in
powers of a conformal mapping variable. The BCL para-

metrization is shown as

1 kmax
)= ——s k(t, ty),
f(@) l_t/m%ek:oakZ( 0)
. —1t— /1, — 1
Z(f,lo):\/+ \/+ 0

VG =T+ =1

[t
tO:t+(1— l—t—>,
+

ty = (me + ch)z. (25)

The mpg are the masses of the low-lying B, resonance.
Additionally, the ¢ dependence of form factors can also be
described by the pole model,

F(cf)=—1 F(+0)5( : (26)

M

g,

where F(0) is the numerical results of form factor at
g* = 0. Using this formula, one can fit the two para-
meters mg, and 6 by the numerical results of form factors
with different g*>. When the fitting results of mg, are
imaginary results, we need to modify the parametrization
scheme as

F(0)

F(@*) ="
1 + + 5( )
fn ﬁl

(27)

In this work, we analyze the ¢> dependence of the
form factors using both models in Egs. (25)—(27), res-
pectively. Our strategy is to calculate the form factors at
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TABLE II. Numerical results for the tensor form factors of b-baryon to c-baryon transitions induced by b — ¢
decays are presented. Results for the parameters 6 and my; are obtained by fitting the form factors with the pole
model as in Eq. (26), and the * indicates that my; is fitted using Eq. (27). The a( and a, are the parameters in the
BCL model in Eq. (25). For the form factors with q2 =0, i.e., F(0), we estimated their uncertainties caused by the

parameters in LFQM, namely, f;(4q)> Bclqq)> @nd mg;, which are varied by 10%.

Pole model BCL model
Channel Form factor F(0) é Mgt ao a;
A) > Af fi 0.649 +0.019 £ 0.079 £ 0.014 1.30 6.15 0.66 —0.37
I —0.167 £ 0.039 £ 0.159 + 0.071 5.12 4.07* —-0.10 -2.61
f3 0.105 £ 0.024 +0.149 £ 0.072 2.80 3.17% 0.05 2.47
fa —0.042 4+ 0.037 £ 0.144 + 0.065 0.92 1.79* 0.03 -3.01
DREE D N 1 —0.196 £ 0.006 + 0.019 £ 0.005 0.78 5.68 —0.20 0.34
I 0.057 £ 0.046 £ 0.037 £ 0.010 2105 21.96%* 0.05 0.22
f3 —0.056 £+ 0.039 £ 0.032 £ 0.012 16.19 6.83 —-0.06 0.10
fa 0.401 £ 0.027 4+ 0.047 £ 0.009 0.80 4.49 0.46 -2.78
%, > X fi —0.197 £ 0.006 £ 0.019 % 0.005 0.72 5.63 -0.21 0.37
f 0.062 £ 0.046 £+ 0.037 £ 0.010 38.34 8.57 0.06 0.02
f3 —0.061 £ 0.039 +0.032 £ 0.012 4.77 5.30 —0.07 0.30
fa 0.404 + 0.027 4+ 0.047 £ 0.009 0.71 4.43 0.47 -2.94
) - = f1 —0.197 £ 0.006 £ 0.019 £ 0.005 0.73 5.64 -0.20 0.37
> 0.060 + 0.046 4+ 0.037 £ 0.010 73.49 9.94 0.06 0.07
f3 —0.060 £+ 0.039 + 0.032 £ 0.012 6.01 5.55 —0.07 0.25
fa 0.404 £+ 0.027 £ 0.047 £ 0.009 0.73 4.44 0.47 —2.90
2 - Ef fi 0.651 +0.022 £+ 0.085 £ 0.021 1.80 6.44 0.65 —0.04
> —0.214 £ 0.050 £ 0.195 £ 0.100 4.86 3.99% -0.13 -3.76
f3 0.140 £ 0.031 £ 0.184 £ 0.102 291 3.21% 0.06 3.49
fa —0.069 £ 0.048 +0.179 £ 0.093 1.14 2.03%* 0.02 —4.12
g, - =2 fi 0.650 £+ 0.022 £ 0.084 £+ 0.021 1.73 6.41 0.65 —0.07
1 —0.214 £ 0.049 £ 0.195 £ 0.100 5.21 4.10% -0.14 -3.63
f3 0.141 £0.031 £ 0.183 £ 0.102 3.10 3.30% 0.07 3.35
fa —0.070 £ 0.048 £ 0.179 + 0.093 1.20 2.08%* 0.02 -3.97
EY - 8 /i —0.203 £ 0.006 = 0.021 £ 0.005 0.88 5.68 —0.21 0.38
fa 0.070 £ 0.058 4+ 0.046 £ 0.012 171.79 11.97 0.07 0.12
f3 —0.066 £ 0.049 £ 0.040 + 0.015 7.33 5.63 -0.07 -0.31
fa 0.434 +0.035 £ 0.056 £ 0.010 0.86 4.52 0.50 -3.13
g, -2 S —0.202 £ 0.006 + 0.021 £ 0.005 0.89 5.69 —0.21 —0.38
I 0.069 £ 0.058 £ 0.046 £+ 0.012 407.74 14.72 0.07 0.16
f3 —0.065 £+ 0.049 £ 0.040 £ 0.016 8.76 5.84 -0.07 0.27
fa 0.433 £ 0.035 £ 0.056 £ 0.010 0.87 4.53 0.50 -3.10
Q, - Q f1 —0.190 £ 0.005 + 0.021 £ 0.006 0.78 5.27 —-0.203 0.67
> 0.074 £ 0.061 £+ 0.048 £ 0.015 19.08 7.05 0.077 -0.13
f3 —0.066 £+ 0.052 +0.042 £ 0.019 4.19 4.87 -0.076 0.521
fa 0.427 +0.035 £ 0.061 £+ 0.015 0.78 4.30 0.504 -3.88

q* =1{0,-0.1,-0.5,-0.7,—1,-1.5} GeV? and fit the (B(P",S")|ey*(1—ys)b|B(P,S))
parameters in Eqs. (25)—(27). Then we extend the form

o
factors to the physical region with the fitted parameters in = u(P', ') [F (@) + Fy(q?) li‘/[ 4 3(q2)Aq4—
these two models. Table II shows the form factors with B B
2 . i HY H
g~ = 0 and the corresponding fit parameters. (G (P +Go (2 g, G2 q PS
Except the tensor form factor, the form factors defined by a)r' +Gald) Mg +Gsla )M B rs|u(P.S).

the vector and axial-vector current are also calculated for
completeness, which are defined as
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TABLE III.

Numerical results for the SM form factors of b-baryon to c-baryon transitions induced by b — ¢ decays are presented. The

parameters 6 and my; are the results of fitting the pole model in Eq. (26), and the * indicates that my, is fitted using Eq. (27). For the form
factors with ¢> = 0, i.e., F(0), we estimated their uncertainties caused by the parameters in LFQM, namely, /3 blaq)s Pelqq)» and mg;, which

are varied by 10%.

Pole model parameter

Pole model parameter

Form Form
Channel factor F(0) o mg;  factor F(0) 1) Mt
A) > Af Fy 0.637 £ 0.026 £ 0.036 £0.008 0.72  5.50 G, 0.625 £0.027 £0.022 +£0.014 0.05 5.13
F, —0.134 +£0.015 £ 0.001 £ 0.000 0.26  3.35 G, 0.005 £0.010 £0.040 £ 0.017 048 1.18*
F3 0.026 £ 0.015 £ 0.010 £ 0.008  0.51 2.27 G; —0.112+£0.050 £0.118 £ 0.040 2.53 3.22*
I o5t Fy 0.549 +0.020 £ 0.029 £ 0.003  0.40 4.00 G, —0.197 £ 0.009 £ 0.007 £ 0.005 0.07 4.60
F, 0.551 £0.011 £0.021 £0.010 0.32  4.06 G, 0.040 £ 0.006 £ 0.010 £0.009 0.11 2.86
F; —0.269 4+ 0.007 £ 0.005 £0.011  0.31 3.99 G, —0.060 + 0.023 +0.032 £ 0.022 037 2.27
z, > X0 F 0.548 £ 0.017 £0.026 £0.006 0.41 4.00 G, —0.196 + 0.006 £ 0.004 +0.009  0.09 4.63
F, 0.550 £ 0.006 £ 0.014 £0.018  0.32  4.06 G, 0.038 +0.006 £ 0.018 £0.018 0.10 2.90
Fy —0.268 £ 0.014 £0.010 £ 0.020 0.31 4.00 G; —0.057 £0.023 £0.051 £0.043  0.37 2.28
) - xf Fy 0.548 +0.020 £ 0.029 £0.003  0.41 4.00 G, —0.196 + 0.008 £ 0.007 £ 0.004 0.09 4.63
F, 0.551+0.0124+£0.022 £0.011 0.32 4.06 G, 0.039 £0.006 £0.011 £0.009 0.10 2.90
F; —0.268 +0.007 £ 0.005 £0.011  0.31 4.00 G; —0.057 £0.023 £0.032 £ 0.023 0.37 2.28
B > Bf Fy 0.635 +0.030 £ 0.036 £0.006 0.75 5.56 G, 0.620 +0.031 £0.020 £0.014 0.03 5.23
F, —0.155 £ 0.019 £0.001 £ 0.001 0.27 3.45 G, 0.012+0.011 £0.046 £0.021 0.09 2.10*
F3 0.028+0.017 £0.13+0.011 049 240 G; —0.154 £ 0.061 £0.141 £ 0.054 4.56 4.05*
g, - 2 F, 0.633 £0.030 £0.036 £ 0.006 0.74 5.55 G, 0.618 £0.031 £0.020 £0.014 0.01 5.21
F, —0.154 £0.019 £0.001 £ 0.001 0.27 3.45 G, 0.013+£0.011 £0.046 £0.021 096 1.86%*
Fy 0.028 +£0.017 £0.013 £0.011  0.50 2.29 G; —0.157 £0.061 £0.141 £0.054 3.84 3.79
B - = F, 0.565+0.019 £0.023 £ 0.001 0.44 4.11 G, —0.197 £ 0.010 + 0.006 + 0.004  0.13  4.84
F, 0.555 £0.007 £0.012+0.010 038 4.20 G, 0.026 £ 0.006 +0.012 +0.010 —0.01 2.89
F; —0.252 +0.008 £ 0.008 £0.013  0.46 4.29 G; —0.022 £0.025 £0.040 £ 0.025 1.04 1.71*
gy > &P Fy 0.565 £ 0.019 £0.023 £0.001 0.44 4.11 G, —0.197 £ 0.010 £ 0.006 £ 0.004 0.13 4.84
F, 0.555 +0.007 £0.012 £0.010 0.38 4.20 G, 0.025 +0.006 £ 0.012 £0.010 -0.01 2.89
F; —0.252 +0.008 £ 0.008 £0.013  0.46 4.29 G; —0.021 £0.025 £0.040 +£0.025 1.04 1.71*
Q, - Q0 F, 0.532 +£0.021 £0.026 £ 0.004 0.44 3.95 G, —0.184 £ 0.011 £0.007 £0.006  0.17 4.60
F, 0.529 £ 0.010 £ 0.015 £ 0.016  0.37 4.00 G, 0.021 £0.007 £0.011 £0.011  0.11 2.58
F3 —0.245 £ 0.005 £0.017 £ 0.019 040 4.00 G; —0.009 +0.026 £ 0.041 £0.028 —-0.07 0.26

Numerical results of these form factors are given in
Table III and our results are generally consistent with
the previous work [36,59]. The ¢> dependence of these
form factors are also fitted with the pole model in Egs. (26)
and (27) since the validity of the pole model with the vector
and axial-vector form factors in LFQM has been verified in
many studies [36,60-62].

To analyze the g*> dependence of the form factors, we
also plot the results of the form factors as functions of ¢?
in Figs. 1 and 2. Since the main focus is the tensor form
factors for two types of processes, 3 — 3 and 6 — 6, we
use A, > A, and =} — Zf " as examples. From Figs. 1
and 2, one can see that the fit results with two different
models are broadly consistent with each other. However,
the g’>-dependent form factor f, exhibits a large dis-
crepancy with ¢ ~ (mp, — mg )? for both models. In the
analysis presented in Ref. [63], the form factor has a pole

structure corresponding to the specific current. In our
work, the pole mass m,,. should be set to m,q. = mp_,
which is consistent with the BCL model in Eq. (25).
However, the fit result of f, with the pole model is
different from our conclusion, especially for the A, — A,
process. Therefore, it is likely that the BCL model
describes the ¢”> dependence of the form factor better.
Nonetheless, we will still present the results obtained
using the pole model since this model is widely used in the
light-front approach analysis [40,64].

B. Phenomenological analysis
with scalar leptoquarks

Since the form factors induced by SM and BSM
currents have been calculated above, we also give a brief
phenomenological analysis that includes the tensor
current. Specifically, we investigate the NP effect in the
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scalar leptoquarks model, which has been proposed as a
possible scenario to explain the anomaly in R(D™)) [65].
In our work, the scalar leptoquark S, = (3,1, 1/3): an
SU(2), singlet scalar is used and the pertinent effective
Hamiltonian is given as

Heir = 2V2GpV 5 [(1+ Cf, )05, + C§ 0% + C0%),
Ol L = [EyﬂPLb} [?J/ﬂPLUf]’ O*ZSL — [EPLb] [?PLUf]a
OIT = [¢o" P D] [?O-/u/PLVf], (29)

where the Wilson coefficient C/ vanishes in the SM and
reflects the NP contributions. In our work, we consider the
NP effect in b — czv processes. To evaluate the branching

ratios B(A, — A.£p) and the ratio R(A,) = %,
baryonic matrix elements are required. The matrix elements
with tensor and (V — A) currents are parametrized by the
form factors in Egs. (6) and (28). The (S — P) type matrix
element can be expressed by the form factors in a matrix
element with (V — A) current by multiplying the ¢* as

(B'(P',8")|e(1 —rs)b|B(P,S))

—a(r'.5) 71 (a2 :

q

mpg— mpg
MB(mb - mc)

+ F3(q?)
my —me

mg+ mpg q2
— G (> —=—2 4 Ga(g?) ——
( () Gy )Mg(mb+mc))7/5]

x u(P,S). (30)
Then the decay width can be expressed as

dl' G}Vl S—5(1=ni/?)
dg* 2 5122°M>
x (IC§, PLs + |1 + C§, PLy + |CF[*Ly
+R(CG (1 +CF,))Lsy +Re((1 4 CF2)CT)Lyr),

(31)

where the coefficient L; is given in the Appendix. For
the A, - A.fv,C = e, u processes, only Ly, contributions
exist, and the Wilson coefficients Cf are zero. As a result,
the SM prediction for the branching ratio of A, — A ¢,
¢ = e, u processes is B(A, — A.£v) = (8.84 £ 0.85)%,
which is consistent with the experimental observation
B(Ay = A.fv) = (6.47]3)% listed in the PDG within
20. Using the aforementioned branching ratio, the SM
prediction for the ratio of branching fractions is
R(A.) = 0.28 & 0.05, which is larger than the experimental
result Ry, (A,) = 0.242 £0.026 £ 0.040 £ 0.059 in Eq. (1).

Using the form factors, the ratio of branching fractions
R(A.) can be represented as the function of three NP
Wilson coefficients as

L s e o e e L e e e M m s e
04t 1
0.2 - ]
hl\

0.0 - g

o I
-0.2 H 4

L ERN)

_04 L B->D*lv inLHC |
o]

-10 -08 -06 -04 -02 00 02 04
T
Cv
FIG. 3. The constraint on Cj, and C7 from the Ry, (A:) =

0.242 £ 0.026 + 0.040 4 0.059 (red) and B — D*#v data in
LHC (blue).

R(A:) = M|C5 |> + My|1 + C}, [P + M7|CT?
+ MsyR(C5, (1+CY,))
+ MyrR.((1 4 C¥,)C).
Mg = 0.063 £ 0.008, M, = 0.283 +0.027,
My —254+066, Mgy —0.071+0.013,
Myy = —0.88 = 0.14, (32)

In the scale y = m;,, the Wilson coefficients Cg and C7
have the relation C§ (u) =~ —7.8C7(u) [65] by integrating
out the SU(2), singlet scalar leptoquark. In the assumption
that all the NP Wilson coefficients are real, we can give the
constraint on the Cj, and Cj based on the Rexp(A.) =
0.242 +0.026 £ 0.040 £ 0.059 in Fig. 3. We also note that
the Wilson coefficients C7 and Cj, are constrained by the
LHC data in Ref. [66] as [CT, | < 0.42,[C%| < 0.052 which
are also given in Fig. 3. This figure shows that the NP
Hamiltonian in Eq. (29) can explain the R, in the region
constrained by LHC.

V. SUMMARY

In our work, we presented an exploration of the form
factors in the hadronic matrix element with a tensor current.
With the help of the LFQM, hadron states can be expressed
in terms of relativistic quark-diquark configurations, from
which the form factors are extracted. In our calculation, we
have calculated the form factors in the ¢g*> < 0 region and
accessed their ¢> dependence using both the Bourrely-
Caprini-Lellouch parametrization model and the pole
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model. The difference between the two models is shown
in Figs. 1 and 2 and the results with two different models
are generally consistent with each other.

Using the obtained form factors, we give a brief analysis
of the scalar leptoquark model S; = (3,1,1/3) to explain
the experiment data Ry, (A,) = 0.242 £ 0.026 £ 0.040 &
0.059. Our results show the NP Hamiltonian in Eq. (29) can
explain the R, in the region constrained by LHC.

Our work provides the ingredients for further research on
the tensor current and its contribution in NP analysis. The
phenomenological analysis of new physics contributions
made on these form factors can serve as a useful reference
for future experimental and theoretical studies.

_1 1
Ls = 4(1 =i A)g (BT + |H}P),

Ly 1 L 1
Lgy = 8(1 = mi/*)ni q°R, (Hz H},% + H—z H,_i%>7

1, 1 1 Ly 1 1 Ly -1
Lyr = 16(1 — m )i q*R, (Hgé (HZ_ st H;%) +HD (HZ_ Lot T H, > +H,Z, <H_—1’1

_1 _1L _1
+H (Hoflé + H@) > .
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APPENDIX: HELICITY AMPLITUDES

In this section, we collect all helicity amplitudes used in
the main text.

_1 1 1 1 1 _1
(1- anZ((z i) (|H02_L|2 CIHR 4 EE R | |) T 3%/(1{;2 T |))
P} o) 2 72 2 2

1 1 _1 _1 _1 _1 1 1
(U020 20120 (1l 4 L P T+ B P4 S 4 P4 L P,

1
+H
=5 1,0,~%

1
f—=1,-4

s.s = (B(PSer"(1 = ys)bIB(P,S))e;(S,),
S s —HTSS o o= (B(P.S)[cic" (1 —ys5)b|B(P.S))ei(Su)es (Sua)-

where
Hg, = HSg, - HPg, = (B'(P,S")[e(1 —ys5)b|B(P,S)),
ng,s' = vaw.s’ — HAS
nglvswz-s, = HT$
The HSY,, HV?

s 5,.8"°

HT §1 5,0, Are helicity amplitudes which can be expressed by form factors defined in Egs. (6), (28), and

(30). Based on the same convention, the helicity amplitude with (S — P) and (V — A) can be expressed as

1 M—-M
HS; = /0 (Fl 1
2 m

b

2 1 M+M/ q2
F HP = /0 (-G ————Gy—L ),
me 3<mb—mc>M> 4 Q‘( 1 ’ )

my, + m, (my +m. )M

avt = (s - F, L HA: % (G M-m)+G, %L
Y (M +M) - 237 ) 04 7 (M =M+ 23 )
avt = 2 (F -+ £, L HA® O (6 M+ m) -G L
BTN E (M =M') + 33 ) ! 7 (M +M') - 33 )
1 M+M 1 M-M
HVLZ%: 2Q_<F]—F2 M >, HAIE—\/2Q+<G[+G2 ),
_1 1 _1 1
HS {=HS;,  HP_j=-HP, HVZS o=HV§ 4.  HAZ g =-HAS .
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The helicity amplitudes with tensor current are

1 0 1 1 1 1

HTiO% =V 0- ( 1—f2+ 13 +f42MJ];4’) ; HT5§,0,% =-v0.f1. HTZL_I’% =—f1v Q. HTSZL_L% = —HT;O’%
n 20_ M2 —M"? 4 g M2—M?—

HT? = |—(—-fi(M+M
1id 7 ( fiM+M')+f, M +/3 a )
1 20, o_ o_ 1 1 -1 1

HTSl,zt%:_ 7<_‘fl(M—M’>+f2ﬁ+f3W HTI,?),%:_HTSI,ZL%’ HTSI:O’%:_HTI,ZI,%’
) — S =S — N S — S
HT_SWI '_SWZ v_S/ - HTSW] ~Sw2!S/ ’ HTS_SW] ~_Sw2~_sl - _HTSSWI ,Swz,Sl ’ HSw2~Swl !S/ - _HSw] ~Sw2vS/ ’

where Q. = (M 4+ M')? — g*. The other helicity amplitudes are zero.
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