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In this paper, we study the B; — D, transition form factors by using the light-cone sum rules within
the framework of heavy quark effective field theory. We adopt a chiral current correlation function to do the

calculation, the resultant transition form factors f

B=Di(g?) and f57P1(¢?) are dominated by the

contribution of D¢ -meson leading-twist distribution amplitude, while the contributions from less certain
Dg-meson twist-3 distribution amplitudes are greatly suppressed. At the largest recoil point, we obtain

fﬁ’ig D‘(O) = 0.533f8.‘5912. By further extrapolating the transition form factors into all the physically

allowable ¢> region with the help of the z-series parametrization approach, we calculate the branching
fractions B(B; — D¢'vy) with (¢ = e, pu) and B(B;, — Dgtv,), which gives R(D,) = 0.334 + 0.017.

DOI: 10.1103/PhysRevD.105.096013

I. INTRODUCTION

It is one of the most attractive research topics in the
field of high energy physics to accurately test the standard
model (SM) and to search new physics effects beyond the
SM. The B — D) semileptonic decay provides such an
example. The ratio R(D™)) = B(B - D"0,)/B(B —
DW¢'D,) with (£ = e, u) has been measured by various
groups, e.g., the BABAR Collaboration firstly reported
RE*P(D) =0.440 +£0.058 £ 0.042 and R*P(D*) =
0.332 £0.024 £ 0.018 [1,2], the BELLE Collaboration
subsequently given R%P(D) = 0.375 £ 0.064 £+ 0.026
and R®P(D*) =0.293 +0.038 £ 0.015 in year 2015
[3], R&P(D*) = 0.270 £ 0.035"0:05% in year 2016 [4,5],
and R®*P(D) = 0.307 £0.037 £0.016 and R**P(D*) =
0.283 £ 0.018 £ 0.014 in year 2019 [6], and the LHCb
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Collaboration  reported ~ R®P(D*) = 0.336 + 0.027 £
0.030 in year 2015 [7] and R**P(D*) = 0.283 £0.018 £
0.014 in year 2017 [8,9]. The Heavy Flavor Average
Group (HFLAG) gave the weighted average of those
measurements, i.e., R™P(D)=0.339 £0.026 £0.014
and R®*P(D*) =0.295+0.0104+0.010 [10], where
they also gave the averages of theoretical predictions
R™(D) =0.298 +-0.003 and R"M(D*) = 0.252 + 0.005
from Refs. [11-13]. Those theoretical values are consistent
with other predictions calculated using various approaches,
such as the heavy quark effective theory (HQET) [14-16],
the lattice QCD (LQCD) [17-19], the light-cone sum rules
(LCSR) [20,21]. Since the theoretical predictions are
generally smaller than the measured ones, this difference
may indicate new physics beyond the SM [22-25].

The LHCb collaboration has measured the branching
fraction B(BY —» Dyu"v,)=(2.4940.12+£0.14£0.16) x
1072 [26] and gave the ratio of the branching fractions
B(BY - Dyu*v,) and B(B® - D u'y,), ie, R=
1.09 + 0.05 + 0.06 + 0.05. This indicates B; — D,fv,
could behave closely to B — D¢v,. Therefore, it is mean-
ingful to make a detailed study on the similar ratio R(D).

At present, there is still no published data on the ratio
R(D;), while many theoretical studies on it have been done
in Refs. [27-35]. As the key components of calculating the
ratio R(Dy), the By — D, transition form factors (TFFs)
7P (g?) and £ (¢%) have been studied under
various approaches, e.g., the QCD sum rules (QCDSR)

Published by the American Physical Society
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[36], the constituent quark model (CQM) [37], the light-
cone sum rules (LCSR) [38,39], the Bethe-Salpeter equa-
tion (BSE) [40], and the lattice QCD (LQCD) [31-34]. In
addition, there are other discussions and analysis on the
properties of B, — D, TFFs [41]. Different approaches are
applicable in various energy scale regions, for example, the
LCSR is applicable in the largest low and intermediate ¢-
region; and in the present paper, as the same as the previous
treatment of B — z TFFs [42], we will adopt the LCSR
approach within the framework of heavy quark effective
field theory (HQEFT) [43-48] to calculate the B, —
D, TFFs.

In our previous work [49], we have calculated the TFF
f27P(¢?) within the LCSR approach, where the chiral
current correlation function (correlator) has been adopted.
This way, the contributions from the D ;-meson less known
twist-3 light-cone distribution amplitudes (LCDAs) are
disappeared, and fﬁ"‘_’D“ (g%) is expressed as a convolution
of the D;-meson leading-twist LCDA ¢,., (x,u) with the
hard part. The chiral current correlator is not suitable for

calculating the TFF £§*~"*(¢?) [21,50]." The LCSRs in the
framework of HQEFT can solve this embarrassment [42].
The HQEFT separates the nonperturbative long-distance
terms from the short-distance dynamics via a systematic
way, and then the long-distance terms can be decreased to a
series over the wave functions or transition form factors. It
has been pointed out that by choosing a proper chiral
correlator, as will be adopted in this paper, one can suppress
the uncertainties from the high-twist LCDAs and achieve a
more accurate LCSR prediction for the B, — D, TFFs.
The remaining parts of the paper are organized as
follows. In Sec. II, we present the calculation technologies
for the two TFFs of the B, — D,£U, semileptonic decays
by using the light-cone sum rules within the framework of
HQEFT. In Sec. III, we present our numerical results and
discussions. Section IV is reserved for a summary.

II. CALCULATION TECHNOLOGY

A. B; — D, transition matrix element

For the B; — D,lv; decays, the transition matrix element
can be parametrized as follows:

(Dy(p)ley,bIBy(p + q))
=207 (P pu + [T (?) + 2P ()], (1)

and

'One may turn to traditional choice of correlator to do the
calculation [38], and the contributions proportional to the
D -meson twist-3 LCDAs needs to be considered. However
the twist-3 LCDAs qbg;D\_(x,y) and @3, (x, ) are still less

known.

2

B,—D, B,—D, q N
fo 7 0(@) =270+ B, (2)
mp —mp

where p is the momentum of the D -meson and (p + ¢) is
the momentum of B-meson. At the maximum recoil point,
we have f57P1(0) = f07"*(0). The transition matrix
element can be expanded as 1/my-power series within
the framework of HQEFT. Based on the heavy quark
symmetry, the transition matrix element of heavy quark in
the effective theory is parametrized as [46—48]:

mBJ

(Dy(p)ley,b|B,(p+q)) = (Dy(p)lay, by |By,)

>
%

=—Y—Tr[D,(v.p)y,M,). (3)

where

/_\BS = mpg_ — My,
Dy(v.p) =7r’[A(v- p) + pB(v - p)],
M, = VA1 + 9 /2. (4)

where b, is the effective b-quark field and v is the B,-
meson velocity, p# = p#/(v - p). A(v- p) and B(v - p) are
leading-order heavy flavor-spin independent coefficient
functions. A =lim,, _Ap, which is the heavy flavor
independent binding energy that reflects the effects of light
degrees of freedom in the heavy hadron. Using those
formulas, we obtain the B; — D,/v, TFFs f.(q%),
which are

FEP ) = L {A(y) + 5 (y)] +o (5)
\/mp g, Y
with
y=wv-p=(mp +mp —q*)/(2mpg), (6)
where “--” denotes the higher-order O(1/m,,) contribu-

tions that will not be taken into consideration here.

B. Light-cone sum rule for fﬁfo’p “(¢%)

To derive the sum rules of the two leading order heavy
flavor-spin independent coefficient functions A(y) and
B(y), we construct the following correlator:

Fo(p.q)=i / dhxe® (D(p) [T Uin ). 75(O)}0).  (7)

where the currents
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Jn(x) = e(0)7,(1 +75)b(x) (8)

Jo(0) = b(0)i(1 + 75)s(0) ©)

Following the standard procedure of LCSR approach, we
first deal with the hadronic representation for the correla-
tion function. One can insert a complete series of the
intermediate hadronic states in the correlator (13) in the
physical g>-region and isolate the pole term of the lowest
pseudoscalar state from the hadronic representation. Then
the correlator F,(p, q) becomes:

F(p.q)
_ <D9(p>|Eyﬂb|Bs><Bv‘El}/5s|O>
my —(p +q)*
(Ds(p)ler, (1 +15)b|BY) (B |bi(1 +15)s]0)
+ Z 2 2

BH

K

(10)

In the effective theory of heavy quark, the hadronic
representation (10) can be expanded in powers of 1/m,,.
Taking the transition matrix element (3) into consideration
and neglecting the contributions from higher 1/m,, order,
we can further write the hadronic representation as:

A(y)v* + B(y)p*
2[_\Bx - 2’[] . k

+ / dsM + Subtractions, (11)
% s—2v-k

Flld(p,q) =2F

with the matrix element [51]
(BB irsd|0) = 3 FTrlysM,]. (12)

where F is the leading-order decay constant of the Bi-
meson [52,53]. k is the residual momentum of the heavy
hadronic. Using the ansatz of the quark-hadron duality the
spectral density p(y,s) can be obtained [54,55].

On the other hand, we apply the operator product
expansion (OPE) to the correlator in the deep Euclidean
region. The correlator (13) can be explicitly written as

F,(p.q)=i / d*xe' =) (D (p)|T{e(x)y,(1475)b (x).
b (0)i(1+y5)s(0)}|0). (13)

Using the B-meson heavy-quark propagator S(x,v) =
(14 §) x [§°dis(x — vt)/2 [52], the correlator can be
expanded as a complex power series over the D -meson
LCDAs. Due to the chiral suppressions, it is noted that
the main contribution to the correlator comes from the

leading-twist LCDA, and the contributions from all the
twist-3 LCDAs are exactly zero.

Through the dispersion relation, the OPE in deep
Euclidean region and the hadron expression in physical
region can be matched. And by further applying the Borel
transformation to suppress the contributions from power-
suppressed terms,” the LCSRs for the coefficient functions
A(y) and B(y) are

fo, [ (2Ag.—s)/T 1 9
A(Y)_—ZFA dse'ss ?agz(u)b:l—%» (14)

f‘ 50’ Ag. —s
B(y) = -2 / " dsel®Mn 9T gy (1)

+ (5o 90 = gm0

where T is the Borel parameter and sg“‘ is the continuum
threshold, g; and g, are twist-four LCDAs. Since the
contributions from the twist-4 LCDAs are only several
percent, so we shall directly adopt the light pseudoscale
ones to do the calculations, whose explicit forms can be
found in Refs. [56]. Substituting them into Egs. (2), (5), we
obtain

, (15)

——
u=1 3

u:l—ﬁ
(17)

*More specifically, the continuum contributions are suppressed
with the exponential factor e=*/”; and the higher twist contribu-
tions are generally suppressed by the powers of Borel parameter
T, which for the present case are transferred as the suppression of

the powers of y through the distribution integral over u.
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The Borel parameter 7 and the continuum threshold sg“
shall be fixed such that the resulting TFFs do not depend
too much on the precise values of those parameters.
In addition, the continuum contribution, which is the part
of the dispersive integral from sg‘? to oo that is subtracted
from both sides of the equation, should not be too large.

III. NUMERICAL ANALYSIS

A. Input parameters

To determine the TFFs flj‘g Ps(g?) of the exclusive

process B, — D,fv,, we take [46,57]

mp = 5.367 £0.00014 GeV,

mp, = 1.968 & 0.00007 GeV,

fp, = 0.256 £ 0.0042 GeV,
F = 0.30 £ 0.04 GeV3/2,

For the D-meson leading-twist LCDA ¢,.p, (u, ) in the
LCSRs of TFFs (16) and (17), we adopt the light-cone
harmonic oscillator (LCHO) model based on the Brodsky-
Huang-Lepage (BHL) prescription suggested in Ref. [49],
which has a better endpoint behavior and is derived from
the approximate bound state solution in the quark model for
meson in the rest frame and the connection between the
equal-time wave function in the rest frame and the light-
cone wave function by equating the off-shell propagator in
the two frames. The LCHO model of ¢,., (u,u) reads

o (1.0 \/EADJ/}%X _ () ex m2u + m2i
. u = —Uuu . u bl
2.0 \Us e fDS P2.D, p 3 ﬁ% xuﬁ
2
u
1- — , 18
) { =P { Sﬂ%yﬁ]} 18)

where it = 1 —u and @y (u) =1+ 0, BY x C3 (&)
with £ = u — é1. M, and 71, are c- and s-constituent quark
masses, whose values are taken as /1, ~ 1.5 GeV and
g ~0.5 GeV. Ap . fp , B?’Y, Bg‘y, B?“, and st are model
parameters, whose initial values at the scale u =2 GeV
have been given in Ref. [49]. For the present process, the
typical factorization scale u = (mj —mj)'/* =3 GeV.
The input parameters at the scale l u =3 GeV can be

TABLEIL. The D;-meson leading-twist LCDA parameters at the
scale y = 3 GeV. The values in the second row are for the central
values, and the values in third and fourth rows are uncertainties.

Ap(GeV™) B B By B)  fp(GeV)
1.246 -0.214 -0.167 0.055 0.005 5.521
11.001 —-0.165 0.014 -0.004 0.003 1.046
1.184 -0.189 -0.163 0.047  0.008 6.970

L L A S B S B B B BN B S S S B S S S

@2.p,(u, 1t =3 GeV)
=
1

— Central Value
] Uncertainties
———— 7T T T

0 0.2 04 0.6 0.8 1

u

FIG. 1. The behavior of LCDA ¢,.p,(u, 4 =3 GeV), the
shaded area indicates LCDA’s uncertainties.

achieved by using the conventional one-loop evolution
equation [58], and these values are given in Table I
Figure 1 shows the behavior of the D -meson leading-
twist LCDA ¢,.p (u, 0 = 3 GeV) with the typical values

exhibited in Table I, where the solid line is the central value
and the shaded band shows its uncertainty given in Table I.

B. The B, — D, TFFs

Next, we calculate the B, — D, TFFs fﬁ“_’D“(qz) and
fgf_’D‘(qz) by using the LCSRs (16) and (17) in the g*-
region when the LCSR approach is applicable, i.e.,
0 < ¢> < 7 GeV?. For the purpose, we first determine the
continuum threshold sg * and the Borel parameter 7. Within
the framework of HQEFT, the continuum threshold sg S =
2Ap: = 2(mp: —my,) with B} being the B -meson first
excited state [52],3 and we take sg“ =3.85+0.15 GeV.
To determine the required Borel window, as suggested in
Refs. [52,53], we require the TFFs fifa’ D5 (4%) to be as stable
as possible within corresponding Borel windows. Figure 2
shows the TFFs f iﬁa’ Ds (g*) versus the Borel parameter T at
several typical squared momenta transfer, in which the solid,
the dashed, the dot-dashed and the dotted lines are for
g* =0,3,5,7 GeV?, respectively. One can find that, the
TFFs f iia' P (4?) are stable for alarge T, e.g., the uncertainty
caused by T is less than 5% when T > 10 GeV for all

those ¢ values. Therefore, we take the Borel window as
10 GeV < T < 20 GeV.

*Under the traditional LCSR treatment, we have taken the
continuum threshold to be 38 + 1 GeV? [49], which can be
understood as a value near the squared mass of the first excited

. . . . B
state of B;-meson and is consistent with our present choice of s*.
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1] ' ' ' ' ] TABLEIL Theoretical predictions of the TFF £ (¢?) at the
] maximum recoil point under various approaches.
081 Methods 1557 (0)
] This work (HQEFT) 0.53310412
g 064, pQCD [27] 055213
s ] pQCD+LQCD [28] 0.52 4+ 0.10
X ¥ RQM [29] 0.74 £0.02
“L 04+ LQCD [31] 0.656 & 0.031
] — ¢’ =0GeV? LQCD [32] 0.661 =+ 0.042
] —— =3 GeV? QCDSR [36] 0.740.1
02 2 5 Gev? QCDSR [59] 0.24
1 g =5Ge )
] ﬂ 2 LCSR [38] 0431009
1 - P =7GeV BSE [40] 0.57105%
0.0 e e e LA e o o e e B B A e e =
5 10 15 20 25
T[GeV]

T T T T T T T | T T T T | T T T T | T T T T

— ¢* =0GeV?
—— ¢* =3 GeV?
'—"qZ:SGeV2
= ¢*=7GeV?
)+
5 10 15 20 25
T[GeV]

FIG.2. The TFFs f% 7" (¢%) and f3 """ (¢%) versus the Borel
parameter T, where several typical ¢* are adopted and all input
parameters have been set as their central values.

At the maximum recoil point g*> = 0, we have

B, =D, _ +0.082 +0.007| +0.065
J2o 7 (0) = 053325063 g, 001417 20063 ISgs

70057 F 10008 m,- (19)

There are also errors caused by the uncertainties of mp
and mp_, which are negligibly small. It is found that the
uncertainties of the D -meson leading-twist LCDA ¢,.p
and the continuum threshold sg" are main errors of
fﬁ‘;; DA'(O). By adding all those errors in quadrature, we
obtain %57+ (0) = 0.53370159. We present the theoretical
predictions of fﬁ‘;; Dx(qz) at the maximum recoil point
g*> = 0 in Table II, where the predictions under the pQCD
approach [27], the pQCD 4 LQCD approach [28], the

LQCD approach [31,32], the QCD SR approach [36,59],
the LCSR approach [38], the BSE approach [40] and the
RQM approach [29] are also presented. Our present pre-
diction of fﬁ‘;a’ P5(0) is in good agreement with the values
calculated with the pQCD prediction [27], the pQCD +
LQCD prediction [28] and the BSE prediction [40].

As mentioned above, the LCSRs (16) and (17) for TFFs

f55(¢%) are only reliable in low and intermediate
regions, i.e., 0 < ¢g> < 7 GeV2. To estimate the total decay
width of the semileptonic decay B; — D fv,, we extrapo-
late the TFFs to the whole physically allowable g>-region,
0 < ¢* < (mp, —mp )* = 11.50 GeV?, via the z-series
parametrization [60,61]:

FBoDs (2 _fliy_)Dv(O) 1 N_lb 29k _ L (0)k
FE) =T + > be|2(g?)* = 2(0)

- e —zoM)| | o)

N-1

757 = 1501+ X bt - 200
k=1

e1)

where

2q?) = \/t+_q2_\/t+_t0’
N W
to=1t,(1=/1-1./1),

ti = (mBs + me)Z‘

By fitting the values of the TFFs in low and intermediate
regions calculated via the LCSRs (16) and (17), the
coefficients by, b, and b3 in extrapolation formula (20)
and (21) can be determined, and which have been exhibited
in Table III. The quality-of-fit is defined as:
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TABLE III. The ﬁtted [?arameters and the quality-of-fit for the
extrapolated TFFs f o (g?).

07" (d%) b, b by (A)

0.533 —-2.378 —-19.414 196.397 0.006%
0.53310-112 —-3.586 —15.843 236.929 0.006%
0.533 000 —4.646  —12.450 281.244 0.006%
270 (g?) by by bs (4)

0.533 —4.389 —-0.641 123.375 0.006%
0.53310.112 —4.888 —1.687 165.880 0.008%
0.533_00s  —5.459  —4.242 209.787 0.006%

i _ pfit 1 23

A:Lf'x 100%, te {0,,...,,12} GeV2.
2l 22

(22)

The coefficients b, are determined such that the quality-of-
fit (A) is no more than 1%. The A values for the central, the
upper, and lower TFFs are shown in Table III. These
quality-of-fits are much smaller than 1%, indicating that
our present extrapolations are of high accuracy. We present
the extrapolated TFFs f7';"”*(¢?) in Fig. 3, where the
shaded hands are theoretical uncertainties from all the
mentioned error sources. For comparison, we present
the results of the pQCD + LQCD approach [28], the
pQCD approach [28], the RQM approach [30] and the
LQCD approach [31].

C. The B; — D,¢v, branching fractions
and the ratio R (D)

The branching fraction of the semileptonic decay
B, - D¢y, is defined as

(mp=mp, > dU(By — Dyw
B8~ Do) =y, x [ a2,
5y d

(23)

where gf.x = (mp, —mp )* and 7p_is the B;-meson life-
time. Here the differential decay widths is

dq® B 1927r3m%5 q* 2¢°
x B ()P
3m>
2% o,
o LRI L RS
where A(¢%) = (mp + mj, —q*)* —4mp mp , which is

the phase-space factor. |V, |, G and m, are CKM matrix

20—T—r—T—r71 " r—r 71 T T T T 7T 7T
1| — This Work
—— RQM
==+ pQCD
pQCD+LQCD
N\i‘:' 1 LQCD
S
T
Q
Ry

o+
0 2 4 6 8 10

7’[GeV?]

— This Work ' ' I
—— RQM
--- pQCD ]
pQCD+LQCD |
B LQCD

.\_)Ds( 2)

B,
0
|
|
|
|
|
}
|
1
\!
|
i
L
1 )

00 +———T+—7T "7 T T T T T

0 2 4 6 8 10
¢*[GeV?]

FIG.3. The extrapolated TFFs %" (¢?) versus ¢>. The solid
line are central values and the shaded bands are corresponding
uncertainties. As a comparison, the predictions under the
pQCD + LQCD approach [28], the pQCD approach [28], and
the RQM approach [30] and the LQCD approach [31] are also
presented.

element, the Fermi-coupling constant and the lepton mass,
respectively, and we take [57]: 75 = (1.510 & 0.004)x
107125, |V | =(40.5+£1.5)x 1073, G = 1.1663787(6)x
1073 GeV~2, and 7-lepton mass m,=1.7764-0.00012GeV.
For lepton £/ = e or p, its mass is negligible, and then the
above differential decay width can be simplified as

dF(Bs - Dsl/ﬂlﬂf’) GF|Vcb| 2372(2)| #8705 ( g2V |2
(25)
where fB P+ (4?) has zero contribution due to the usual

chiral suppression.
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We present the differential decay widths of B, — D70,
and B, — D,/'D, in Fig. 4, in which the solid lines are for
the central choices of all the input parameters, and the
shaded bands are uncertainties by adding all the errors
caused by the error sources such as f ii; Psg?), mp , mp,
V|, G and my, etc., in quadrature. In addition, the
predictions under the RQM approach [30] and the LQCD
approach [34] are also given. One may observe that our
prediction of dI'(B, — Dyt,)/dq* is consistent with the
LQCD and RQM predictions in Refs. [30,34]; And for
dU(B;, — D,{'v,)/dq?, our prediction agrees with the
LQCD and RQM predictions [30,34] in larger ¢* region,
but is smaller than those predictions in lower ¢ region.

We present the branching fractions B(B; — D,¢'v,) and
B(B;, = Dyt0,) in Table IV, where the predictions under

~ T T T | T T T T [ T T T T [ T T T T [ T T T T [ T T T
! ] —— This work |1
% 1‘2“‘ 1S worl ]
O N —— LQCD
9,0 1j,~\\\\ . -=--RQM [
= ] S ]
o~ 4 oW 4
S 087 RN ]
—~ — N 4
s~ i 4
&n 0.6 \\\ ]
T N 3
- ‘\\ -
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FIG. 4. The differential decay widths of By - D ¢v,, where
the uncertainties are squared averages of those from all the
mentioned error sources. The predictions under the LQCD
approach [34] and the RQM approach [30] are also presented.

TABLE IV. Theoretical predictions of the branching fractions
B(B, — D,¢{'v,) and B(B; — Dyti;) (in unit: 1072).

Methods B(B; — D{'v,) B(B; — D,ti,)
This work (HQEFT) 1.817705%2 0.606" -39
pQCD [28] 197798 0.727032
pQCD + LQCD [28] 1.841071 0.631011
pQCD [27] 2.13%572 0.847038
RQM [30] 2.1+0.2 0.62 £ 0.05
RQM [29] 2.54102% 0.6957 02
CQM [37] 2.73-3.00

QCDSR [36] 2.46 +0.38

QCDSR [59] 2.8-35

LCSR [49] 203103
LCSR [38] 1.0504 0.335011
LQCD [33] 2.013-2.469 0.619-0.724
BSE [40] 1.4-1.7 0.47-0.55

various approaches are also presented as a comparison. It is
noted that our present predictions are consistent with most
of the previous predictions within errors. Especially, our
prediction of B(B; — D,{'D,) is in good agreement with
the pQCD prediction of Refs. [27,28] and the pQCD +
LQCD approach [28], and our prediction of B(B, —
D,tr,) is in good agreement with the pQCD + LQCD
prediction [28] and the RQM predictions of Refs. [29,30].

Combining Egs. (23)—-(25), we can obtain the ratio
R(D;)

[ dT(B, — D,t5,)/dg?
[ dr(B, — D,I'5y)/dg?

R(Dy) (26)

which leads to
R(Dy) = 0.334 4+ 0.017. (27)

We present the ratios under various approaches in Table V.
And to be consistent with the above branching fractions,

TABLE V. The ratios R(D;) under various approaches.

Methods R(Dy)
This work (HQEFT) 0.334 £0.017
pQCD [28] 0.36509%
pQCD+LQCD [28] 0.341700%4
pQCD [27] 0.392 +0.022
RQM [30] 0.295

RQM [29] 0.274700%
LQCD [33] 0.299:0037
LQCD [31] 0.314 £ 0.006
CCQM [35] 0.271 £ 0.069
LCSR [38] 0.33

LCSR [39] 0.2979 4 0.0044
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our ratio R(Dy) is in good agreement with prediction under
the pQCD + LQCD approach [28].

IV. SUMMARY

In the present paper, we make a detailed study on the
TFFs of the semileptonic decay B, — D,fv, under the
LCSR approach within the framework of HQEFT. By using
the chiral correlator, the TFFs f i‘; P (4?) are dominated by
the leading-twist contributions and the accuracy of the
LCSR prediction is improved. At the maximum recoil
point, we have %" (0) = 0.53370:}42. After applying the
z-series extrapolation, we obtain the TFFs in the whole
physical g>-region. Figure 3 and Fig. 4 show the extrapo-
lated TFFs f iﬁ 0 Ds(4?) and the differential decay widths of
B, - D /vy, 'respectively. Furthermore, we derive the
branching fractions B(B, — D ¢p,) = (1.817195%) x
102 and B(B,; - Dyii,) = (6.06113%%0) x 1073. The
resultant ratio R(D,) = 0.334 +0.017 agrees well with
the previous prediction under a combined approach of
pQCD + LQCD [28]. This could be treated as a good

example of showing the consistency of the TFFs under
various approaches [62]. Analyzing the data in Table V, we
can find that the predictions of R(D,) through various
methods are not in good agreement with each other,
which needs more reasonable and accurate research in
the future. At the same time, we also look forward to the
experimental measurements of R(Dy), so as to test the
theoretical prediction for R(D;) within the framework
of SM.

ACKNOWLEDGMENTS

We are grateful to Rui-Yu Zhou for helpful discussions.
This work was supported in part by the National Science
Foundation of China under Grant No. 11875122,
No. 11947406, No. 12175025 and No. 12147102, the
Project of Guizhou Provincial Department of Science and
Technology under Grant No. KY[2019]1171 and No. ZK
[2021]024, the Project of Guizhou Provincial Department
of Education under Grant No. KY[2021]030 and No. KY
[2021]003, and by the Chongqing Graduate Research and
Innovation Foundation under Grant No. ydstd1912.

[1] J.P. Lees et al. (BABAR Collaboration), Evidence for an
Excess of B — D", Decays, Phys. Rev. Lett. 109,
101802 (2012).

[2] J. P. Lees et al. (BABAR Collaboration), Measurement of an
excess of B — D®)7=p, decays and implications for
charged higgs bosons, Phys. Rev. D 88, 072012 (2013).

[3] M. Huschle et al. (Belle Collaboration), Measurement of the
branching ratio of B — D"t~ p, relative to B - D¢~ 1,
decays with hadronic tagging at Belle, Phys. Rev. D 92,
072014 (2015).

[4] S. Hirose et al. (Belle Collaboration), Measurement of the ¢
Lepton Polarization and R(D*) in the Decay B — Dz,
Phys. Rev. Lett. 118, 211801 (2017).

[5] S. Hirose et al. (Belle Collaboration), Measurement of the =
lepton polarization and R(D*) in the decay B — D*t i,
with one-prong hadronic z decays at Belle, Phys. Rev. D 97,
012004 (2018).

[6] G. Caria et al. (Belle Collaboration), Measurement of R (D)
and R(D*) with a Semileptonic Tagging Method, Phys.
Rev. Lett. 124, 161803 (2020).

[7] R. Aaij et al. (LHCb Collaboration), Measurement of
the Ratio of Branching Fractions B(B" - D**77p,)/
B(B® - D**u~D,), Phys. Rev. Lett. 115, 111803 (2015);
115, 159901(E) (2015).

[8] R. Aaij et al. (LHCb Collabortion), Measurement of the
Ratio of the B — D*"z"v, and B® — D*~ v, Branching
Fractions using Three-Prong z-Lepton Decays, Phys. Rev.
Lett. 120, 171802 (2018).

[9] R. Aaij et al. (LHCb Collaboration), Test of lepton flavor
universality by the measurement of the B® — D* 77y,

branching fraction using three-prong 7 decays, Phys. Rev.
D 97, 072013 (2018).

[10] Y.S. Amhis et al. (HFLAV Collaboration), Averages of
b-hadron, c-hadron, and z-lepton properties as of 2018, Eur.
Phys. J. C 81, 226 (2021). Updated results and plots
available at https://hflav.web.cern.ch/.

[11] D. Bigi and P. Gambino, Revisiting B — DZv, Phys. Rev. D
94, 094008 (2016).

[12] M. Bordone, M. Jung, and D. van Dyk, Theory determi-
nation of B — D) £~ form factors at O(1/m?), Eur. Phys.
J. C 80, 74 (2020).

[13] P. Gambino, M. Jung, and S. Schacht, The V., puzzle:
An update, Phys. Lett. B 795, 386 (2019).

[14] S. Fajfer, J. F. Kamenik, and I. Nisandzic, On the B — D*1D,
sensitivity to new physics, Phys. Rev. D 85, 094025 (2012).

[15] M. Tanaka and R. Watanabe, Tau longitudinal polarization
in B — Db and its role in the search for charged Higgs
boson, Phys. Rev. D 82, 034027 (2010).

[16] Z.R. Huang, Y. Li, C. D. Lu, M. A. Paracha, and C. Wang,
Footprints of new physics in b — ctv transitions, Phys. Rev.
D 98, 095018 (2018).

[17] J. A. Bailey et al. (MILC Collaboration), B — Dfv form
factors at nonzero recoil and |V, | from 2 + 1-flavor lattice
QCD, Phys. Rev. D 92, 034506 (2015).

[18] H. Na, C. M. Bouchard, G. P. Lepage, C. Monahan, and J.
Shigemitsu (HPQCD Collaboration), B — DIv form factors
at nonzero recoil and extraction of |V,|, Phys. Rev. D 92,
054510 (2015); 93, 119906(E) (2016).

[19] S. Aoki, Y. Aoki, D. Becirevic, C. Bernard, T. Blum,
G. Colangelo, M. Della Morte, P. Dimopoulos, S. Diirr,

096013-8


https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevLett.109.101802
https://doi.org/10.1103/PhysRevD.88.072012
https://doi.org/10.1103/PhysRevD.92.072014
https://doi.org/10.1103/PhysRevD.92.072014
https://doi.org/10.1103/PhysRevLett.118.211801
https://doi.org/10.1103/PhysRevD.97.012004
https://doi.org/10.1103/PhysRevD.97.012004
https://doi.org/10.1103/PhysRevLett.124.161803
https://doi.org/10.1103/PhysRevLett.124.161803
https://doi.org/10.1103/PhysRevLett.115.111803
https://doi.org/10.1103/PhysRevLett.115.159901
https://doi.org/10.1103/PhysRevLett.120.171802
https://doi.org/10.1103/PhysRevLett.120.171802
https://doi.org/10.1103/PhysRevD.97.072013
https://doi.org/10.1103/PhysRevD.97.072013
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://doi.org/10.1140/epjc/s10052-020-8156-7
https://hflav.web.cern.ch/
https://hflav.web.cern.ch/
https://hflav.web.cern.ch/
https://hflav.web.cern.ch/
https://doi.org/10.1103/PhysRevD.94.094008
https://doi.org/10.1103/PhysRevD.94.094008
https://doi.org/10.1140/epjc/s10052-020-7616-4
https://doi.org/10.1140/epjc/s10052-020-7616-4
https://doi.org/10.1016/j.physletb.2019.06.039
https://doi.org/10.1103/PhysRevD.85.094025
https://doi.org/10.1103/PhysRevD.82.034027
https://doi.org/10.1103/PhysRevD.98.095018
https://doi.org/10.1103/PhysRevD.98.095018
https://doi.org/10.1103/PhysRevD.92.034506
https://doi.org/10.1103/PhysRevD.92.054510
https://doi.org/10.1103/PhysRevD.92.054510
https://doi.org/10.1103/PhysRevD.93.119906

RATIO R(Ds) FOR B, > D,fv, ...

PHYS. REV. D 105, 096013 (2022)

H. Fukaya et al., Review of lattice results concerning low-
energy particle physics, Eur. Phys. J. C 77, 112 (2017).

[20] Y. M. Wang, Y. B. Wei, Y. L. Shen, and C. D. Lii, Perturba-
tive corrections to B — D form factors in QCD, J. High
Energy Phys. 06 (2017) 062.

[21] T. Zhong, Y. Zhang, X. G. Wu, H. B. Fu, and T. Huang, The
ratio R(D) and the D-meson distribution amplitude, Eur.
Phys. J. C 78, 937 (2018).

[22] A. Celis, M. Jung, X.Q. Li, and A. Pich, Sensitivity to
charged scalars in B — D®)zy, and B — v, decays, J. High
Energy Phys. 01 (2013) 054.

[23] A. Celis, M. Jung, X.Q. Li, and A. Pich, B — D®y,
decays in two-Higgs-doublet models, J. Phys. Conf. Ser.
447, 012058 (2013).

[24] X.Q. Li, Y.D. Yang, and X. Zhang, Revisiting the one
leptoquark solution to the R(D®)) anomalies and its
phenomenological implications, J. High Energy Phys. 08
(2016) 054.

[25] Y. Li and C.D. Lii, Recent anomalies in B physics, Sci.
Bull. 63, 267 (2018).

[26] R. Aaij ef al. (LHCb Collaboration), Measurement of |V |
with B — D{"""utu, decays, Phys. Rev. D 101, 072004
(2020).

[27] Y. Y. Fan, W.F. Wang, and Z.J. Xiao, Study of 1_32 -
(DY, DiT)I"p; decays in the pQCD factorization approach,
Phys. Rev. D 89, 014030 (2014).

[28] X.Q. Hu, S.P. Jin, and Z.J. Xiao, Semileptonic decays
B/B, — (D),D{")ly, in the PQCD approach with the
lattice QCD input, Chin. Phys. C 44, 053102 (2020).

[29] A. Bhol, Study of B, —» D_g*)lv, semileptonic decays, Euro-
phys. Lett. 106, 31001 (2014).

[30] R. N. Faustov and V. O. Galkin, Weak decays of B; mesons
to D, mesons in the relativistic quark model, Phys. Rev. D
87, 034033 (2013).

[31] C.J. Monahan, H. Na, C. M. Bouchard, G. P. Lepage, and J.
Shigemitsu, B; — D,Zv form factors and the fragmentation
fraction ratio f/f,, Phys. Rev. D 95, 114506 (2017).

[32] C.J. Monahan, C. M. Bouchard, G. P. Lepage, H. Na, and J.
Shigemitsu, Form factor ratios for B; —» KZv and B; —
D,¢v semileptonic decays and |V ,;,/V |, Phys. Rev. D 98,
114509 (2018).

[33] R. Dutta and N. Rajeev, Signature of lepton flavor univer-
sality violation in By — Dgrv semileptonic decays, Phys.
Rev. D 97, 095045 (2018).

[34] E. McLean, C. T. H. Davies, J. Koponen, and A.T. Lytle,
B, — D,¢v Form Factors for the full ¢ range from Lattice
QCD with non-perturbatively normalized currents, Phys.
Rev. D 101, 074513 (2020).

[35] N.R. Soni, A. Issadykov, A.N. Gadaria, Z. Tyulemissov,
J.J. Patel, and J. N. Pandya, Form factors and branching
fraction calculations for B; — Dg*)f+vf in view of LHCb
observation, arXiv:2110.12740.

[36] P. Blasi, P. Colangelo, G. Nardulli, and N. Paver, Phenom-
enology of B decays, Phys. Rev. D 49, 238 (1994).

[37] S.M. Zhao, X. Liu, and S.J. Li, Study on B —
D,;(2317,2460)Iv semileptonic decays in the CQM model,
Eur. Phys. J. C 51, 601 (2007).

[38] R.H. Li, C. D. Lu, and Y. M. Wang, Exclusive B decays to
the charmed mesons D (1968, 2317) in the standard model,
Phys. Rev. D 80, 014005 (2009).

[39] M. Bordone, N. Gubernari, D. van Dyk, and M. Jung,
Heavy-Quark expansion for B, — Dg*) form factors and
unitarity bounds beyond the SU(3) limit, Eur. Phys. J. C
80, 347 (2020).

[40] X.J. Chen, H.F. Fu, C.S. Kim, and G. L. Wang, Estimating
form factors of B, — Dg*) and their applications to semi-
leptonic and non-leptonic decays, J. Phys. G 39,045002 (2012).

[41] A. Kobach, Continuity and semileptonic B(,) — Dy form
factors, Phys. Lett. B 809, 135708 (2020).

[42] R. Y. Zhou, L. Guo, H. B. Fu, W. Cheng, and X. G. Wu, The
B — nfv, semileptonic decay within the LCSR approach
under heavy quark effective field theory, Chin. Phys. C 44,
013101 (2020).

[43] Y.L. Wu, A complete heavy quark effective Lagrangian
from QCD, Mod. Phys. Lett. A 08, 819 (1993).

[44] Y.L. Wu and Y. A. Yan, |V,;,| and |V,,|, charm counting
and lifetime differences in inclusive bottom hadron decays,
Int. J. Mod. Phys. A 16, 285 (2001).

[45] Y. A. Yan, Y.L. Wu, and W. Y. Wang, Inclusive decays of
bottom hadrons in new formulation of heavy quark effective
field theory, Int. J. Mod. Phys. A 15, 2735 (2000).

[46] W.Y. Wang and Y. L. Wu, A Consistent calculation of heavy
meson decay constants and transition wave functions in the
complete HQEFT, Int. J. Mod. Phys. A 16, 377 (2001).

[47] W.Y. Wang, Y. L. Wu, and Y. A. Yan, Weak matrix elements
and |V, | in new formulation of heavy quark effective field
theory, Int. J. Mod. Phys. A 15, 1817 (2000).

[48] W.Y. Wang and Y.L. Wu, Semileptonic B decays into
excited charmed mesons (D, Dj) in HQEFT, Int. J. Mod.
Phys. A 16, 2505 (2001).

[49] Y. Zhang, T. Zhong, H. B. Fu, W. Cheng, and X. G. Wu, D,-
meson leading-twist distribution amplitude within the QCD
sum rules and its application to the B, — D, transition form
factor, Phys. Rev. D 103, 114024 (2021).

[50] Y. Zhang, T. Zhong, X.G. Wu, K. Li, H.B. Fu, and T.
Huang, Uncertainties of the B — D transition form factor
from the D-meson leading-twist distribution amplitude, Eur.
Phys. J. C 78, 76 (2018).

[51] J. G. Korner, C. Liu, and C. T. Yan, Light cone HQET sum
rules for the B — 7 transition with 1/mg, corrections, Phys.
Rev. D 66, 076007 (2002).

[52] W.Y. Wang and Y. L. Wu, B — z¢v decay and |V |, Phys.
Lett. B 515, 57 (2001).

[53] W.Y. Wang, Y. L. Wu, and M. Zhong, Heavy to light meson
exclusive semileptonic decays in effective field theory of
heavy quarks, Phys. Rev. D 67, 014024 (2003).

[54] M. A. Shifman, A. 1. Vainshtein, and V. 1. Zakharov, QCD
and resonance physics. Theoretical foundations, Nucl. Phys.
B147, 385 (1979).

[55] M. A. Shifman, A.I. Vainshtein, and V. 1. Zakharov, QCD
and resonance physics: Applications, Nucl. Phys. B147, 448
(1979).

[56] P. Ball, Theoretical update of pseudoscalar meson distribu-
tion amplitudes of higher twist: The nonsinglet case, J. High
Energy Phys. 01 (1999) 010.

[57] P. A. Zyla et al. (Particle Data Group), Review of particle
physics, Prog. Theor. Exp. Phys. 2020, 083CO01 (2020).

[58] G.P. Lepage and S.J. Brodsky, Exclusive processes in
perturbative quantum chromodynamics, Phys. Rev. D 22,
2157 (1980).

096013-9


https://doi.org/10.1140/epjc/s10052-016-4509-7
https://doi.org/10.1007/JHEP06(2017)062
https://doi.org/10.1007/JHEP06(2017)062
https://doi.org/10.1140/epjc/s10052-018-6387-7
https://doi.org/10.1140/epjc/s10052-018-6387-7
https://doi.org/10.1007/JHEP01(2013)054
https://doi.org/10.1007/JHEP01(2013)054
https://doi.org/10.1088/1742-6596/447/1/012058
https://doi.org/10.1088/1742-6596/447/1/012058
https://doi.org/10.1007/JHEP08(2016)054
https://doi.org/10.1007/JHEP08(2016)054
https://doi.org/10.48550/arXiv.1808.02990
https://doi.org/10.48550/arXiv.1808.02990
https://doi.org/10.1103/PhysRevD.101.072004
https://doi.org/10.1103/PhysRevD.101.072004
https://doi.org/10.1103/PhysRevD.89.014030
https://doi.org/10.1088/1674-1137/44/5/053102
https://doi.org/10.1209/0295-5075/106/31001
https://doi.org/10.1209/0295-5075/106/31001
https://doi.org/10.1103/PhysRevD.87.034033
https://doi.org/10.1103/PhysRevD.87.034033
https://doi.org/10.1103/PhysRevD.95.114506
https://doi.org/10.1103/PhysRevD.98.114509
https://doi.org/10.1103/PhysRevD.98.114509
https://doi.org/10.1103/PhysRevD.97.095045
https://doi.org/10.1103/PhysRevD.97.095045
https://doi.org/10.1103/PhysRevD.101.074513
https://doi.org/10.1103/PhysRevD.101.074513
https://arXiv.org/abs/2110.12740
https://doi.org/10.1103/PhysRevD.49.238
https://doi.org/10.1140/epjc/s10052-007-0322-7
https://doi.org/10.1103/PhysRevD.80.014005
https://doi.org/10.1140/epjc/s10052-020-7850-9
https://doi.org/10.1140/epjc/s10052-020-7850-9
https://doi.org/10.1088/0954-3899/39/4/045002
https://doi.org/10.1016/j.physletb.2020.135708
https://doi.org/10.1088/1674-1137/44/1/013101
https://doi.org/10.1088/1674-1137/44/1/013101
https://doi.org/10.1142/S0217732393000854
https://doi.org/10.48550/arXiv.hep-ph/0002261
https://doi.org/10.1142/S0217751X00001026
https://doi.org/10.1142/S0217751X01002385
https://doi.org/10.1142/S0217751X00000793
https://doi.org/10.1142/S0217751X01003627
https://doi.org/10.1142/S0217751X01003627
https://doi.org/10.1103/PhysRevD.103.114024
https://doi.org/10.1140/epjc/s10052-018-5551-4
https://doi.org/10.1140/epjc/s10052-018-5551-4
https://doi.org/10.1103/PhysRevD.66.076007
https://doi.org/10.1103/PhysRevD.66.076007
https://doi.org/10.1016/S0370-2693(01)00838-3
https://doi.org/10.1016/S0370-2693(01)00838-3
https://doi.org/10.1103/PhysRevD.67.014024
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90022-1
https://doi.org/10.1016/0550-3213(79)90023-3
https://doi.org/10.1016/0550-3213(79)90023-3
https://doi.org/10.1088/1126-6708/1999/01/010
https://doi.org/10.1088/1126-6708/1999/01/010
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1103/PhysRevD.22.2157
https://doi.org/10.1103/PhysRevD.22.2157

ZHANG, ZHONG, FU, CHENG, ZENG, and WU

PHYS. REV. D 105, 096013 (2022)

[59] K. Azizi, QCD sum rules study of the semileptonic
B,(B*)(B%) — D,[1968](D°)(D*)lv decays, Nucl. Phys.
B801, 70 (2008).

[60] A. Khodjamirian, T. Mannel, N. Offen, and Y. M. Wang,
B — nfv; width and |V ;| from QCD light-cone sum rules,
Phys. Rev. D 83, 094031 (2011).

[61] C. Bourrely, I. Caprini, and L. Lellouch, Model-independent
description of B — xlv decays and a determination of |V,
Phys. Rev. D 79, 013008 (2009); 82, 099902(E) (2010).

[62] T. Huang and X. G. Wu, Consistent calculation of the B to «
transition form-factor in the whole physical region, Phys.
Rev. D 71, 034018 (2005).

s

096013-10


https://doi.org/10.1016/j.nuclphysb.2008.04.011
https://doi.org/10.1016/j.nuclphysb.2008.04.011
https://doi.org/10.1103/PhysRevD.83.094031
https://doi.org/10.1103/PhysRevD.79.013008
https://doi.org/10.1103/PhysRevD.82.099902
https://doi.org/10.1103/PhysRevD.71.034018
https://doi.org/10.1103/PhysRevD.71.034018

