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We present a systematic analysis of the semileptonic decays B,y — D, (1S,28)fv, and B, —
Dz*s) (18,28)¢v, with £ = e, u, T within the covariant light-front quark model. Using the form factors of the
transitions By — Dy (1S,25) and By — Dz‘x) (1S,285), we calculate the branching ratios of the relevant
semileptonic decays and find that Br(B ;) — D(,)¢'v,) and Br(B,) — Da)ﬂuﬂ) with £ = e, u agree well
with the data, while Br(B(, — D,tv,) and Br(B(,) — Dz*s)‘n/,) are systematically smaller than the
experimental measurements. This naturally gives rise to the so-called R(D) and R(D*) anomalies. Our
predictions R(D) = 0.261 £ 0.013 and R(D*) = 0.228 £ 0.026 show 3.1¢ and 2.1¢ deviations from the
current experimental world averages compiled by the Heavy Flavor Averaging Group, respectively, yet
deviate only by 0.166 and 1.5¢ from the latest LHCb measurements. For the decays B(,) — D<S)(2S)fvf
and B(,) — D[, (25)v,, their branching ratios lie in the range 10~ — 1073, which are much larger than the
results from the Bethe Salpeter equation but agree with the relativistic quark model calculations.
Furthermore, we also calculate the forward-backward asymmetries Apg and longitudinal polarization
fractions f; for the corresponding decays. Our predictions are consistent with most other theoretical results

and experimental data.
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I. INTRODUCTION

The semileptonic decays of heavy flavor mesons play an
central role in constraining the Standard Model (SM) and
searching for the signal of new physics (NP). These decays
provide an ideal platform for precise extraction of the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements,
the fundamental free parameters of the SM. The SM assumes
that the electroweak couplings to all three generations of
leptons are universal and the only difference arises due to
their mass differences, a principle known as lepton flavor
universality (LFU). Thus, the lepton flavor symmetry
between semileptonic decay rates can be obtained after
considering the charged lepton mass contributions to decay
amplitudes and phase space. Any deviations from the CKM
matrix unitarity constraints or the LFU will be a signal of NP.

Over the past several years, the b — ¢£v, transition has
served as a powerful precision probe for the search of NP,
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especially experimental measurements of the semileptonic
process b — ctv, yield branching ratios systematically
larger than SM expectations, which could be a hint of
LFU violation [1]. The branching ratios of the decays B —
D(*)fz/f have been determined by the BABAR, Belle, and
LHCDb Collaborations. To minimize hadronic uncertainties,
these experiments further extract the ratios of the branching
fractions of the semileptonic decays B — D™ zu, [2],
which will be discussed in detail in the numerical results
section.
Of particular interest are the LFU ratios

Br(B - Dtv,)
D)= )
R(D) Br(B » Df'vy)’
Br(B — D*wv,)

R(D*) = (1)

" Br(B— D*C'vy)’

which have been measured by the different collaborations,

and the latest world averages compiled by the Heavy Flavor
Averaging Group (HFLAV) are listed as

R(D)

R(D*)

= 0.347 £ 0.025,
= 0.288 £ 0.012, (2)

exp

exp
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where the results include both statistical and systematic
uncertainties. On the theoretical side, the transition form
factors, branching fractions, and related ratios are calcu-
lated in different approaches, such as the three-point QCD
sum rules (QCDSR) [3,4], the light cone QCD sum rules
(LCSR) [5,6], the relativistic quark model (RQM) [7],
and so on. To achieve more precise determinations of the
B(;) = D, and B, — DZ‘S) transition form factors, the

authors of Ref. [8] have calculated the next-to-leading-
order QCD corrections at large hadronic recoil. Certainly,
high-precision lattice QCD calculations for these transi-
tions are also available in Refs. [9—13]. HFLAV provides
the SM central values for the LFU ratios as

R(D)gy = 0.296 + 0.004,
D*

R(D*)gy = 0.254 £ 0.005, (3)
which are obtained from global fits that combining lattice
QCD inputs at high ¢> with experimental form factor
determinations at low ¢> [14-16]. These results rely on
parametrization schemes to extrapolate form factors from a
restricted ¢ region to the full kinematic ¢ range. One can
find that the measured R(D) and R(D*) values exceed the
SM predictions given above by 2.0c and 2.70, respectively.
Considering the R(D) — R(D*) correlation, the deviation
between the data and the SM predictions remains at about
3.86. Though this is smaller than the earlier 4o tension, it is
still one of the most persistent hints of LFU violation in the
B sector. Various heavy flavor anomalies associated with
these transitions can be found in Refs. [17-19], and
references therein.

The remainder of this paper is structured as follows. The
formalism of the covariant light-front quark model
(CLFQM), the hadronic matrix elements, and the helicity
amplitudes combined via form factors for the' B —
D™ (18,28)¢v, decays are given in Sec. IL. Using the
B(s) = Dy, D’(*S) form factor results derived in our previous

work [20], we calculate the branching ratios, the forward-
backward asymmetries, and the polarization fractions for the
corresponding semileptonic decays, which are presented in
Sec. III. Section IV provides a brief summary.

|

II. THEORETICAL FRAMEWORK
A. Covariant light-front approach

In the covariant quark model, the treatment of transition
form factors is relatively covariant throughout the calcu-
lation process, where the light-front coordinates of a
momentum p are used p = (p~,pT,p,) with p*=
p’+p.,p*=ptp —pi. The incoming (outgoing)
meson has the mass M’ (M") with the momentum P’ =
(1)

py+py (P"=pl+p,y), where p;’’ and p, are the
momenta of the quark and antiquark inside the incoming
(outgoing) meson with the mass mll(") and m,, respectively.
Here, we follow the notation convention established in
Refs. [21,22]. These momenta can be expressed in terms of
the internal variables (x;, p’|) as

4)

+ o I+
D1y = X12P,

P/I.ZJ_ = X1,2Pl + Pl

with x; + x, = 1. Using these internal variables, we can
define some quantities for the incoming meson which are
relevant to subsequent calculations:

R RS
)2:PL+m1+Pl+m2
X1 X

o) = \/m” + 2+ p2,
p/ :xZME)_m% +p/L2 (5)
‘ 2 2X2M6 ’

where M|, is the kinetic invariant mass of the incoming
meson and can be expressed as the energies of the quark
and the antiquark el@. Identical expressions hold for the
outgoing meson, but with ’ replaced by ” in superscripts.

B. Form factors

The Bauer-Stech-Wirble form factors for the B — D and
B — D* transitions are defined as follows:

m% — m? m% — m?
DEOWIBE) = (P =252 4, ) Fi() + "2 g, Fol ) (©
* * * V(qz) -2mD*€//* - P
<D (P//, e’ )|V,, —Aﬂ|B(P/)> = _eﬂvaﬂe;t/ Paqﬁ mg + mp: -1 q2 qﬂAO(qz)
. AR 2mp-€" - P
— i€ (mp + mp-)A;(q%) + lmB . PAq?) +i 7 7,A5(¢%).  (7)

'From now on, D, and Dy refer to D(,(1S,2S) and Dz‘s)(lS, 2S), respectively.
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P Pl
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FIG. 1. Feynman diagram for the meson weak transition, where
X denotes the vector or axial-vector transition vertex.

where P=P + P’, ¢g=P —P"”, and the convention
€123 = | is adopted. In order to calculate the amplitudes
of the transition form factors, we need the following Feyn-

man rules for the meson-quark-antiquark vertex il";(,l//) with
M representing a pseudoscalar (P) or vector (V) meson:

i}, = Hpys, ®)

il = yoHpysY0, )
. . 1
Y = i1 = =P e (10)
\%4

The form factors could be obtained by calculating
the Feynman diagrams shown in Fig. 1. For the general
P — P transition, the amplitude for the lowest order is
H/ H//

N
_ -3 4 PP
Al = (27;)4/ Py NTNTN, S ()

where N/l(”) = p’l(”)2 - m/l(”)2 and N, = p3 —
the quark propagators and the trace S}”
directly by using the Lorentz contraction:

m3 arise from
can be obtained

SPP Tr[ys( 1+m1)7u(ﬁl+m1)75( -t +my)],  (12)

where the analytical expression for S,fP can be found in
Ref. [23]. It is similar for the P — V transition amplitude:

3 NC /d4p/ H/ (iH”) SPV KU

AI[:V =—i W 1]\]/]\]//1\]2 HY ’

(13)

where

Sw = (87" = 85Y)

uv

1
= 11| (= (= ) 0+ 0 = 1)
|4

wm+mmem+wﬂ (14)

In practice, we use the light-front decomposition of the
Feynman loop momentum and integrate out the minus
component through the contour method. If the covariant
vertex functions are not singular when performing integra-
tion, the transition amplitudes will pick up the singularities
in the antiquark propagators. The integration then leads to

N/l(”) N N/l(”) _ (M/(//)Z _ ME)(N)Z)’

d*p) dx,d’*p' R
21 g SPM N —l'ﬂ'/iLh' W SPM,
N\N|N, M XN N

Wy = wy = Mg +m{ +m,,  (15)
where
//2 2 //2
Mgz + m; + + m2 ’ (16)
X1 X2

with p’| = p’| — x,q,. The explicit forms of A}, are given
as [21]

1
W= n = (M2 — M2 X1X2 _ " 17
P v = o) N, \/§M6(p (17)

where ¢” is the light-front momentum distribution ampli-
tude for S-wave mesons,

3
PAY: dp/( //2 +p//2
¢ =¢"(x2.p]) =4 (ﬂ_2> v, P ( )

(18)

Here, f is a phenomenological parameter and can be fixed
by fitting the corresponding decay constant. For the first

*

radially excited charmed mesons Df(25) and Dy (25),
the distribution amplitudes are given as

dp p//2 + p//2
"(28) =4 e
P28 = <ﬂ > dx, Xp( 2

] //2 2
x—< 3+2i>. (19)

C. Helicity amplitudes and observables

The differential decay widths of the semileptonic decays
By = D Zve and By — Dz‘s) Zv, can be obtained by the

combinations of helicity amplitudes, which are listed as
follows:
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+2)A(my, mp, ¢*)Fi(q?)

dq? 384m
+ 3w (my — mp)?F5(g*)}.

dr'y (B - D<*x>fl/)

) VA mB?mD*’ GJZV|Vcb|2

=(1-

{ A i3y PYAR(G?) + (2 +2)

dq? 384miym
1
Ere [<m§ — = )y + ) ()

mp + mp-
dU*(B — D*¢v) , VA(my. my., ¢*)GE|V |
T (g YRR R (4 2 i )

X‘ V(g®) (mB-%nur%4dq2)2}
mp + mp: Mmy, m3,., q%) ’

where  2(¢*) = A(m, mD* q*) = (mg +mp. — q*)* -

dmym3,. and M2 = m2/q* with m, being the lepton mass.
Even though the electron and muon masses are very small
relative to the tau mass, we retain full lepton mass depend-
ence throughout numerical calculations to quantify the mass
effects. The combined transverse and total differential decay

widths are defined via

al'y
dg?

dr, dI'_

al - ar _
T dg? ' dqr’

d¢* *

dr, dry
ar tag @

For the B - D*¢v, decays, one can define the longitudinal
polarization fraction:

Iy

L S S

(1)

The analytical expression of the forward-backward asym-
metry for the semileptonic decays considered in this work is
defined as [24]

4 :fol A dcos — foldfrowdcosﬁszg(qZ
FB

1 dr
f 1 dcost?dCOS(9

’

Up_pe ®ev,
(22)

where 6 is the angle between the three-momenta of the
lepton # and the initial meson in the £v, rest frame. The
function by (g?) represents the angular coefficient and can be
written as [24]

for the semileptonic decays B — Dfv,, and that for the
semileptonic decays B — D*fv, is given as

2
+ q—f (Hv,oHv,t)] .

G%|Vcb|2 2

bo(q?) =
o) 1287°m},

1 2 2
x [5 (Hy . —Hy ) (24)

where the helicity amplitudes are defined as

Hy o (¢%) = (mg + mp ) () F Y29 )y, (25)

mpg +mp-
Hyolq?) = % [—(mé i~ DA
Mq*)As(q?)
* (mp + mD*)z] ’ (26)
2
Hy (@) = — a2, (27)

It is noticed that the subscript V in each helicity amplitude
refers to the y,(1 —ys) current.

III. NUMERICAL RESULTS OF SEMILEPTONIC
DECAYS

Numerical inputs for meson and lepton masses, the
CKM matrix elements, and B ;) meson lifetimes are taken
from PDG [25]. In this section, we compare our predictions
for the branching ratios of the semileptonic decays B,y —
D(,(18,28)¢v, and B, — Dy (lS 2S)¢v, with those

obtained from other theoretical methods and the available
experimental data. The theoretical approaches employed in
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TABLEIL The branching ratios of the semileptonic decays B — D(18)¢"v,(%) with the results from other theoretical approaches and

data for comparison.

Decay modes

BY = D~ (18)e"r,

B’ - D~(18)u'v,

BY = D= (18)t,

This work (CLFQM)
PQCD [34]
PQCD+Lattice [34]
CQM [32]

HQET [33]

PQCD [35]

PQCD [42]

PDG [25]

Decay modes

This work (CLFQM)

+0.01+0.00+0.06
1 '96—0.01—001—0‘05

2.19
1.95
2.74

2.03

2.10 £ 0.07
BT - DO(1S)e*w,

2.11 -+0.014+0.004-0.06

-+0.01+0.004-0.06
1 '96—001—0‘01—0‘05

2.19
1.95
2.74

2.03
1.65
2.10 £0.07

BT - D(18)u"y,

2.1 1+0A01+0.00+0A06

+0.00-+0.01+0.02
0.5 1—OAOO—OAOI—OAOZ

0.82
0.62
0.73
0.64
0.87
0.554
0.98 £0.21

BT — D(18)r7r,

0 55+0.00+0.01+0.02

~0.01-0.01-0.06
RQM [7] 2.53
PQCD [34] 2.29
PQCD-+Lattice [34] 2.10
LQCD [11,39,40]

HQET [33]

PQCD [35] 2.19

PDG [25] 2.26 4 0.07

~0.01-0.01-0.06 —0.00-0.01-0.02
2.53 0.68
2.29 0.86
2.10 0.69
0.65
0.66
2.19 0.95
2.26 +0.07 0.77 +£0.25

related research include the RQM [7,26,27], the Bethe-
Salpeter (BS) equation [28-30], the covariant quark model
(CQM) [3.4,31,32], the heavy quark effective theory
(HQET) [33], the perturbative QCD (PQCD) approach
[34,35], the QCDSR [3,36], the lattice QCD (LQCD)
[11,37-40], and the LCSR [41]. The uncertainties of our
results arise from the lifetime of the B() meson and the
decay constants of initial and final state mesons, respec-
tively. The following are some comments: Our predictions
for the branching ratios of the semileptonic decays B —
D(1S)Zv, are listed in Table I. It is noted that the branching
ratios of the decays B — D(1S8)¢'v, are in good agreement
with the PQCD + Lattice results [34] and deviate from the
experimental data by about 1.56. Meanwhile, for the decay
B® » D~(1S)7"v,, the tension reaches 2.2¢. Although the
deviation for the decay BT — D°(1S)7" v, is milder at only
0.90, the current experimental errors remain sizable. An
analogous condition holds for the decays B — D*(1S)¢v,
is shown in Table II. The branching ratios of the decays
B — D*(18)¢/'vy and By — Dj(1S)uv, agree well with the
data with only a 0.30 deviation. However, the branching
ratios of the decays B — D*(1S)zv, show a deviation
exceeding 30 from experimental data. In a word, our
predictions for the decays B — D*)(18)¢'v, can explain
the data well, while the branching ratios of the decays
B — D) (1S)7v, are systematically smaller than the data.
Similar situations also exist in other theoretical results. By
the way, it is contrary for the nonleptonic B decays, such as

B - D(18)z(K, p, K*), where the theoretical results are
larger than the data.

Tensions between the SM expectations and experimental
measurements have driven extensive theoretical studies in
the search for NP effects. Before claiming a new physics
signal, it is crucial to substantially boost the precision of
both theoretical calculations and experimental measure-
ments. Current experiments still have relatively large
uncertainties in the measured branching ratios of decays
B — D(1S)tv, shown in Table L.

For the branching ratios of the semileptonic decays
B, = D (18)uv, and B; — D;(1S)uv,, the discrepancies
between our predictions and the data are approximately
1.16 and 0.30, respectively. From Table III, one can find
that the branching ratios of the decays B, — D, £'v, given
by the LCSR [6,41], BS equation [28], and PQCD [34]
approaches are smaller than 2 x 1072, In contrast, those
from the QCDSR [3], CQM [4,31,43], and RQM [26] are
larger than 2.5 x 1072, Meanwhile, the results obtained by
the same methods as listed above, such as the QCDSR [36],
PQCD [44], and RQM [27], fall within the range
(2.013-2.469) x 1072 given by the LQCD [37] and well
account for the data. In Table IV, apart for the results given
by the PQCD + Lattice [34] and CQM [31,43], many other
theoretical predictions are consistent with the available data
within errors. Further precise experimental data are needed,
which are useful not only for clarifying different theoretical
approaches, but also for constraining parameters in relevant
models.
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TABLE II. The branching ratios of the semileptonic decays B — D*(1S)I7v;(%) with the results from other
theoretical approaches and data for comparison.

Decay modes

B - D*=(18)ev,

B’ - D= (18)u"y,

B —» D= (18)7"v,

This work

RQM [7]

PQCD [34]
PQCD-+Lattice [34]
PQCD [35]

HQET [33]

CQM [32]

PQCD [42]

PDG [25]

Decay modes

This work

RQM [7]

PQCD [34]
PQCD-+Lattice [34]
PQCD [35]

HQET [33]

PDG [25]

4 97+0401+0403+0436

~0.01-0.01-0.16
6.28

5.32
4.63
4.52

6.64

4.87 £0.09

BT — D(18)e* v,
5 37+0.01+0.03+0.39

~0.01-0.01-0.17
6.81

5.53
4.89
4.87

5.26

4 95+0.01+0.03+0.36

~0.01-0.01-0.16
6.28

5.32
4.63
4.52
6.64
4.33
4.87 +£0.09

BT — D(18)u"y,
5.35+0.01+0.03+0.38

~0.01-0.01-0.17
6.77

5.53
4.89
4.87

5.26

1 13+0.00+0.01+0.07
+ 7~ =0.00-0.01-0.04

1.45
1.53
1.25
1.36
1.29
1.57
1.175
1.48 +£0.09

BT — DO(18)tHy,

+0.00-+0.014-0.08
1 '22—0.00—0401 —0.04

1.52
1.60
1.34
1.47
1.34
1.88

TABLE IIl.  The branching ratios of the semileptonic decays B — D7 (15)I*v, (%) with the results from other
theoretical approaches and data for comparison.

Decay modes

BY - Dy (1S)e*v,

BY = D;(1S)ut,

BY = D (18)rts,

This work (CLFQM)

NCQM [45]
LCSR [6]
QCDSR [3]
QCDSR [36]
LCSR [41]
PQCD [44]
RQM [27]
RQM [26]
CQM [31]
PQCD [34]
PQCD-+Lattice [34]
LQCD [37]
BS [28]
LQCD [38]
CQM [3.4]
CQM [43]
PDG [25]

2.05 +0.00+0.114-0.05

~0.01-0.11-0.06
232

1.817
2.8-3.5
2.03
1.0
2.13
2.1
2.54
2.73-3.00
1.97
1.84
2.013-2.469
1.4-1.7
231
2.8-3.8
2.89

+0.01+0.11+0.01
2'04—0.01—01 1-0.01

1.817
2.8-3.5
2.03
1.0
2.13
2.1
2.54
2.73-3.00
1.97
1.84
2.013-2.469
1.4-1.7
231
2.8-3.8
2.88
229+0.21

+0.00-+0.034-0.03
0'53—000—0‘07—0‘02

0.67
0.606

0.33
0.84
0.62
0.70
0.72
0.63
0.619-0.724

0.47-0.55
0.69

0.78
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TABLE IV. The branching ratios of the semileptonic decays B — D*~(1S)Iv,; (%) with the results from other

theoretical approaches and data for comparison.

Decay modes BY —» D= (18)e v,

BY > D= (1S)uy, BY = D= (18)r"y,

This work (CLFQM) 5.00F0:024+025+0.41

~0.02-0.27-0.47
NCQM [45] 6.26
PQCD [44] 4.76
RQM [27] 53
RQM [26] 2.54
CQM [31] 7.49-7.66
PQCD [34] 5.04
PQCD + Lattice [34] 4.42
BS [28] 5.1-5.8
LQCD [38] 5.25
CQM [3,4] 1.89-6.61
CQM [43] 6.42
PDG [25]

5 00+0.02+0425+0441 1 13+0A00+0A05+0A08

—0.02-0.27-0.46 —0.00-0.06—0.09
1.53
4.76 1.44
5.3 1.3
2.54 0.70
7.49-7.66 o
5.04 1.45
4.42 1.20
5.1-5.8 1.2-1.3
5.25 1.31
1.89-6.61
6.39 1.53
52405

Compared to the semileptonic decays B — D*)(18)Zv,,
the theoretical studies on the semileptonic B — D) (25)¢w,
decays remain relatively scarce. Currently, only the BS
equation method [29,30] and the RQM [27] have been
applied to in this class of decays. In Tables V and VI, we
present the branching ratios of the semileptonic decays B —
DY (28)¢v, and B, — D' (28)¢v,, respectively, which
are at least one order of magnitude smaller than those of the
decays B — D" (18)¢v, and B, — Dﬁ*)(lS)fy,g. These
semileptonic By decays to the first radially excited charmed
mesons have branching ratios up to 10~* — 1073, which are
within the detection accuracy of current experiments. It is
noted that our predictions are much larger than those from
the improved BS equation approach [29], where the authors
considered that the contribution of the relativistic correction
cannot be ignored when radially excited mesons were
included. For example, the branching ratios of the decays
BY — D;(2S)eTv, were given as 3.14 x 107 [29] and
9.9 x 10™* [30] with and without including the relativistic
correction, respectively. That is to say, relativistic effects

significantly suppress the branching ratio by a factor of 1/3.
Our prediction Br(BY — D5 (28)¢/*v,) = 1.35 x 1073 is
consistent with the previous BS equation result. Certainly,
all our results for the decays B; — D\~ (2S)Zv, agree with
the RQM calculations [27] as shown in Table VI. Thus, it is
interesting to test whether significant relativistic effects exist
in these considered decays in future experiments.

Both semileptonic decays B — D*)(1S)¢v, and B —
D) (28)£v, are induced by the same b — c£v, transition,
so the decays B — D*)(2S)£v, can also serve as a probe
for NP searches. The tensions between experimental data
and SM predictions in the B — D*)(15)¢v, decays have
attracted widespread attention. Whether a similar anomaly
also occurs in the semileptonic B — D*)(25)£v, decays is
worthy of in-depth investigation. There is a long-standing
puzzle in flavor physics about determining the V., that is,
30 deviations between the inclusive and exclusive deter-
minations. To resolve this inconsistency, the LHCb
Collaboration has determined the following branching
fraction ratios [2]:

TABLE V. The branching ratios of the semileptonic decays B — D*)(2S8)Zv, (1073) with the results from the BS equation for

comparison.

Decay modes This work BS [29] Decay modes This work BS [29]
B oD (S)ety, LR 0039 B DYas)etn, LSSl 0.15
B~ D~ (28)u*y, 1430000184015 0.138 B* — D(2S)u'y, 54000 0.149
B’ — D=(28)ttv, 01870 00 0000 0.0135 Bt - D°(28)rt v, 0.191 000 0o 0r 0.0149
B D-(S)ets,  2670WIORON 01942 B L DO0S),  2930WIA0E 02123
B DSty 26S9RIORON 0192 B o DO@Syty, 2010020 02113
Bo D(S)rty,  009MIemON 00137 B o DOGS)s,  02URWISR 00155
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()=

TABLE VI. The branching ratios of the semileptonic decays B — Dy~ (28)I*v, (1073) with the results from the BS equation and
RQM for comparison.
Decay modes This work BS [29] BS [30] RQM [27] Decay modes This work [29] RQM [27]
B —» Dy (2S)etv, 1351000705 %y 0314 0.99 27 BY = D (2S)etv, 2255001105008 05873 3.8
B~ Dy (aS)ty, LI 0312 B~ DSy, 223 03842
BY - D;(28)rty, 0.145000+0.0310020.0244 011  BY = Dy~ (28)ctv, 0155050 0 se 0.0405 015
Br(BY - Dyu'v,) theoretical results for comparison. From the initial value
Br(B) = Dy, A0 E 00w 0.44 + 0.058 + 0.042 reported by Belle [46] to the recent
N N .
g one 0.249 + 0.043 + 0.047 given by LHCb, the R, mea-
£0.0434y5 + 0.05¢x.  (28) surements exhibit a decreasing trend over time.

Br(BY - Dyutv,)
Br(B® - D~ p*v,)

= 1.09 £ 0.05, + 0.06,y % 0.05,,
(29)

Br(Bs > DI i v _ | 61 0,05, 40,07, + 005
BY(BO—>D*_,L£+I/M)_ . « Y~ stat -V gyst Udexte

(30)

For comparison, we present our predictions for the corre-
sponding branching fraction ratios, as well as those for the
case where D(,)(15) and Df;, (15) are replaced by D) (25)
and D’{‘Y)(2S), respectively:

Br(B - Dyu'v,)

— 0.408 + 0.029,
Br(BY - Diptu,)
Br(Bs » Dy (285)u™v) _ o1+ 034 (31)
Br(B) = Dy~ (2S)utv,) o
Br(BS » Diu'vi) _ | 041 4 0074
Br(B® — D pty,) o
Br(Bs > DYQ2SWv) _ (937 1 0260 (32)
Br(B® - D~ (28)u*v,) o
BF(BO d Dt_:u+l/ﬂ) —=1.010+ 0216
B}"(BO N D*— ”) . . ’
Br(B? — D*~
r( il @) v) _ ean s 0.446, (33)
Br(B® —» D*~(2S)u*v,)

where the errors stem from the B ;) meson lifetime and the
decay constants of initial and final state mesons.

As one of the pillars of the SM, the ratios R(D*)) and
R(Dg )) are a powerful test of the LFU. Their values have
attracted widespread attention from both experimentalists
and theorists. Our predictions are presented in Table VII,
along with experimental measurements and other

Accordingly, relative to the experimental measurements,
our prediction R(D) = 0.260 + 0.014 yields a shrinking
tension, which changes from 2.46 to 0.160, while the
deviation compared to the HFAG value still amounts to
3.16. It is similar for the R(D*) values between our
predictions and the data. For example, our value R(D*~) =
0.228 +0.026 compares with the measurement 0.260 +
0.015 £ 0.016 £ 0.012 given by LHCb [47], corresponding
to a 1.36 deviation, while it sits at a 3.7¢ below the HFAG
average 0.295 +0.010 £0.010. If we adopt the latest
LHCb measurement 7R(D*) = 0.402+ 0.081 + 0.085,
the tension reduces to 1.5¢, which falls within the range
allowed by statistical fluctuations again. More precise
experimental data for R(D,)) and R(Da)) are urgently

needed. Certainly, our predictions are consistent with
the results obtained from the RQM [7,26,27] and the
PQCD [35] calculations within errors.

Next, we calculate other two physical observables,
namely, the forward-backward asymmetry Apg and the
longitudinal polarization fraction f;, using Egs. (21)
and (22). Their values are listed in Tables VIII-X. These
physical quantities are also sensitive to some kinds of new
physics and can be measured in the present experiments.
So they have attracted widespread attention from various
theoretical approaches. From our calculations, we arrive at
the following conclusions.

(i) The forward-backward asymmetries Agg for the
decays B(,) — D(,)Zv, exhibit a clear hierarchical
relationship, because they are proportional to the
square of the lepton mass as shown in Eq. (23),
while the difference among Apg values of the decays
B(,) — D z,”uf is not significant.

(i) The Agg Values for the decays B(;) — D¢V, are

positive, while those of the decays B —> D ‘>fy,f

are negative. Our predictions are consistent with the
results given by the PQCD and PQCD - Lattice
approaches [34] and HQET [50] but have opposite
signs relative to the CQM [32] and RQM [7]
calculations except for those of the de-
cays B, — DZ‘S)TUT.
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TABLE VIL.  The values of ratios R(D™)) and R(DE*)), where the individual errors, as those in branching ratios,
have been added in quadrature.

R(D=(18)) R(DY(15)) R(D*(15)) R(D™(15))
This work 0.260 £+ 0.014 0.261 +0.013 0.228 4 0.026 0.228 4 0.026
RQM [7] 0.269 0.231 0.224
PQCD+Lattice [34] 0.318 0.329 0.270 0.274
PQCD [35] 0.429 0.434 0.301 0.302
Belle-1T [48] 0.418 0.306
LHCb [49] 0.249 0.402

R(D(25)) R(D°(25)) R(D*(25)) R(D*(25))
This work 0.125 £ 0.037 0.123 £0.039 0.072 4 0.0431 0.072 £ 0.043
BS [29] 0.097 0.099 0.071 0.073

R(D5 (15)) R(D;~(15)) R(D5(25)) R(D;™(29))
This work 0.259 4 0.033 0.226 4+ 0.031 0.104 +0.038 0.067 & 0.052
RQM [26] 0.276 0.276
RQM [27] 0.295 0.245
PQCD+Lattice [34] 0.342 0.271 .
BS [29] 0.078 0.069

(iii) It is worth noting that the magnitudes of the Agg
values for the decays B(,) — D()7v, given by these
theoretical approaches are in excellent agreement with
each other. However, the discrepancies among the
results for the decays B(,) — Dz‘s)wf are significant.

(iv) From Table IX, one can find that the forward-
backward asymmetries of the decays B —
D(S>(2S)fuf,Dz‘s>(ZS)fuf are similar to those
of corresponding decays B(,) = D((15)¢vy,
D?S)(IS)fz/f. These results can be verified by future
LHCb and Belle II experiments.

In order to investigate the dependence of the polariza-
tion on ¢*, we calculate the longitudinal polarization
fractions by dividing the full energy region into two
regions for each decay as listed in Table X, where re-

(mg—mp=, >)2+m%
2

gion 1 is defined as m2 < ¢° < and region 2

. —Mp*(, 21 m2 .
is w < q* < (mp—mp(y5))* with n =1, 2.

Some comments are in order. For the decays
B, — D (nS)¢'v,, the longitudinal polarization frac-
tions from region 1 are larger than those from region 2,
while it is contrary to the decays B(,) — D’(‘S)(nS)w,. For
the decays B(;) — Dj, (nS)¢'vp, the longitudinal polar-
izations are larger than the transverse ones, while for the
decays B;) — D[ (nS)zv,, the longitudinal polarization
fractions are almost equal to, or even smaller than, the

transverse ones. In other words, the longitudinal polari-
zation fractions of the decays B, — D’(‘S)(nS)f’vf/ are
always larger than those of the decays B,y — Dz‘s) (nS)zv,.
Furthermore, the longitudinal polarization fractions of the
decays B(,) — D?‘Y)(2S)fyf are larger than those of the
corresponding decays B, — Dz‘s)(lS)fy,g. These relations
can be expressed using the following formulas:

fL(B) = D, (nS)¢'vp) > f1(Bs) = Di(nS)tvy),
n=12, (34)

fr(B) = D, (28)¢ve) > f(B(s) = Di, (18)¢vy).
(35)

All the results for our considered decays are consistent
with other theoretical calculations, such as the RQM [7],
PQCD + Lattice [34], HQET [50], and model-indepen-
dent analysis (MIA) [51]. It is worth noting that our
prediction for the value of f; (B — D*=(1S)z"v,) is in
good agreement with the experimental data given by
LHCb [53] but smaller than the Belle measure-
ment [52]. We look forward to more experimental data
to verify our predictions. The ¢”> dependence of the
forward-backward asymmetries Agpg (Figs. 2—4) and the
differential decay rates dI"") /dg?® (Figs. 5 and 6) is listed
in the Appendix.
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TABLE VIII.  Forward-backward asymmetries Agg for the decays B(,) — Dy (1S5)¢v, and B ;) — DZ‘X)(IS)fuf
with the results from other theoretical approaches for comparison.

Channels B —» D=(18)etw, B’ - D~(1S)u*y, B - D=(18)7" v,
o GO 0T OO 0seanin
CQM [32] —11.7 x 1077 —0.36
PQCD [34] 0.35
PQCD-+Lattice [34] 0.36
Channels BT - D°(1S)etw, BT — D°(18)utu, BT = D(18)t* v,
A 4365001 001015 % 1077 0.022550 0100000 0.36550 005001
RQM [7] -9.8 x 1077 -0.013 -0.37
Channels BY = D;(18)e"r, BY - Dy (1S)u*y, BY — Dy (18)t*y,
Ars 4397006 015 015 X 1077 0.027550 000000 0.367060" 000 001
RQM [7] 9.7 x 1077 -0.013 -0.36
PQCD [34] 0.36
PQCD+Lattice [34] 0.36
Channels BY = D*(18)e"r, B’ = D (18)u'y, B — D*(18)7v,
A 0207556 000001 0207556 000001 =0.147556 000 001
CQM [32] 0.19 0.027
PQCD [34] —0.085
PQCD+Lattice [34] —0.054
HQET [50] —0.084
Channels B — D(18)e ', Bt - D*(18)uty, BT — DO(18)r*y,
A —=0.202950%00 001 020295000 001 —=0.14%060"000 001
RQM [7] —-0.22 —-0.23 —0.32
Channels BY —» D:=(1S)e*w, BY - Di=(1S)uy, BY - D= (18)r"y,
A 0202556 060001 0202550 000 0001 —0.142550 050 0001
RQM [7] —0.26 —0.27 -0.32
PQCD [34] —0.083
PQCD+Lattice [34] —0.050

TABLE IX. Forward-backward asymmetries Agg for the decays B(,) — D(y)(2S)¢v, and B(,) — Dz‘x)(2S)fuf.

Channels BY —» D=(28)e* v, B - D=(28)u*y, BY - D=(28)t*y,
A 6 0230 X 107 00250 BN 035 R
Channels B* — D(28)ey, Bt - D°(2S)utu, Bt — D°(28)ttw,
A 6.60705 00808 * 1077 0.027556%0:00-0.00 0.3520002006-0.06.
Channels BY = D7 (28)e"r, BY - D7 (2S)u'y, BY - Dy (28)tt v,
A 6.63%055 " oa- s x 1077 0.022060°000-0.00. 0.3720007008 008
Channels B’ = D*~(28)e"r, B’ — D= (2S)u'y, B — D*~(28)ttv,
Ars —~0.122050"00n 05 =011 000 0 005 0051550 0.02-005
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TABLE IX. (Continued)

Channels BY —» D=(28)e* v, B’ - D~(2S)uy, BY - D=(28)t*y,
Channels BT = D*(28)e"r, BT - DQ2S)uty, BT — D*0(28)rtt,

0.00+0.01+0.06 0.00+0.01+0.06 0.004-0.004-0.03
Arp —0. lzfo.oofo.ozljo.os =0. 12f0.00j0402jo.05 —0.05 j0.00—+0.02—+0.03
Channels B? - D*~(28)e" v, BY —» D= (2S)uty, BY - D:=(28)t"y,
Apg —0.13+0:00+0.04-+0.06 —(.1370.00+0.04+0.06 —0.07710:00+0.02+0.04

—0.00-0.06—0.05

—0.00-0.06—-0.05 —0.00—-0.06—0.03

TABLE X. The longitudinal polarization fractions f;, for the decays B ;) — D?s) (18,28)¢fv, in region 1, region 2, and total physical

region, respectively.

Observables Region 1 Region 2 Total Observables Region 1 Region 2 Total
fu(B® > D=(18)IFpy) 035 020 0SSR fu(BY > DT28)ITy) 050 008 0,685 000y
fL(B® - D*~(18)r"y,) 0.20 0.25 0.45 00010904901 f(B® - D*=(28)7r"v,)  0.22 0.29  0.5173:0000310.01
PQCD [34] 0.42

PQCD+Lattice [34] 0.43

MIA [51] 0.457

HQET [50] 0.441

Belle [52] 0.60 £ 0.08 +0.04

LHCb [53] 0.41 £0.06 +0.03

Observables Region 1 Region 2 Total Observables Region 1 Region 2 Total
FuBT = DS 035 020 OSSRIGRES fu(BT = DOCSIL) 049 018 0G8RRBEY
RQM [7] 0.55

fu(BT = DO(18)r* ) 020 025 04555 5 % SL(BY = DO(2S)ry,) 022 029 051250006 0
RQM [7] 0.47

Observables Region 1 Region 2 Total Observables Region 1 Region 2 Total
fu(BY = Di-(18)I%yy) 034 020 0.54799010044005 ¢, (B — Di=(28)I"wy) 0.5 017 .68 051405
RQM [7] 0.49

fL(BY = Dy (18)rfy,) 020 025 0455900005 00 fu(B) — Dim(2S)rty,) 023 028 05LEGGH0 Y
PQCD [34] 0.42

PQCD+Lattice [34] 0.43

RQM [7] 0.42

IV. SUMMARY

Inspired by the recent experimental anomalies in B meson
decays, especially the improved precision of LFU measure-
ments, we investigate the semileptonic decays B, —
D (nS)¢fv, and By — Dz‘”(nS)fyf with n = 1, 2 using
the CLFQM and calculate several physical observables,
including the branching ratio R(D*)), the forward-back-
ward asymmetry Apg, and longitudinal polarization frac-
tion f;. Our predictions for the branching ratios of the

decays B(s) = D,)(18)¢vp, D’(‘S)(lS)f’vﬂ agree well with
data, and the deviations are no more than 1.5¢, reaching as
low as 03¢ for the decays B, — DZ‘S)(IS)L”’W.
Meanwhile, the branching ratios of the decays B, —
D(AY>(1S)11/T,Dz‘s)(lS)ﬂ/T are systematically smaller than

the experimental data. The deviations between our pre-
dictions and the data for the decays B — D")~zty_ Bt —
D*97*y, exceed 26, or even 36. Accordingly, the extracted
values of R(D) and R(D*) are naturally lower than the
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experimental measurements. Nevertheless, such tensions
display a gradual downward trend. The deviations between
our results and the latest LHCb data for R(D) and R(D*)
are 0.160 and 1.50, respectively. In contrast, the tensions
compared with the current HFLAV experimental world
averages still amount to 3.1¢ and 2.lo, respectively.
Meanwhile, the branching ratios of the decays B —
D) (28)¢v, are also calculated, which lie in the range
10~* — 107 and are about one order of magnitude larger
than those obtained from the BS equation. For decays

B, — Dg*)(ZS)fz/f, our predictions are 3-5 times those
given by the BS equation and are consistent with the
RQM calculations. Furthermore, we present the forward-
backward asymmetries A and the longitudinal polarization

fractions f; for relevant decays, which can be tested in
future LHCb and Belle II experiments.
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APPENDIX: ¢> DEPEDENCE OF THE Ay and dT'Y) /dg?
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FIG. 2. The ¢ dependence of the forward-backward asymmetries Apg for the decays B — D(1S)ev, (a), B — D(2S)ev, (b),
B = D(18)uv, (¢), B = D(2S)uv, (d), B — D(1S)w, (e), and B — D(2S)wv, (f).
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FIG. 3. The ¢* dependence of the forward-backward asymmetries Apg for the decays B — D*(1S)ev, (a), B — D*(1S)uv, (b),
B — D*(18)wv, (c), B = D*(2S)ev, (d), B = D*(2S)uv, (e), and B — D*(2S)wv, (f).
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FIG. 4. The ¢* dependence of the forward-backward asymmetries Agg for the decays B, — D,(1S,2S)ev, (a), B, — D,(1S, 25)/,{1/”
(b), B, = D(18,28)wv, (c), B, = D;(1S,2S)ev, (d), B, — D}(1S,28)uv, (e), and By — D;(1S,28)ww, (f).
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