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In this work, we study the flavor-changing neutral-current process B, — D}(— Dn)f* ¢~ (¢ = e, u, 7).
The relevant weak transition form factors are obtained by using the covariant light-front quark model, in
which the main inputs, i.e., the meson wave functions of B. and D}, are adopted as the numerical wave
functions from the solution of the Schrodinger equation with the modified Godfrey-Isgur model. With the
obtained form factors, we further investigate the relevant branching fractions and their ratios, and some
angular observables, i.e., the forward-backward asymmetry Agg, the polarization fractions F; 7y, and the
CP-averaged angular coefficients S; and the CP asymmetry coefficients A;. We also present our results of
the clean angular observables P, 53 and P} 5 ¢ ¢, which can reduce the uncertainties from the form factors.

Our results show that the corresponding branching fractions of the electron or muon channels can reach up
to 1078, With more data being accumulated in the LHCb experiment, our results are helpful for exploring
this process, and deepen our understanding of the physics around the b — s£#~ process.
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I. INTRODUCTION

The flavor-changing neutral-current (FCNC) process,
like the b — s£1¢~ (€ = e, u, ) we are concerned with
has attracted the attention of both theorists and experimen-
talists, and of course has been widely studied. The FCNC
process is forbidden at the tree level, and can only operate
through loop diagrams in the Standard Model (SM). At the
lowest order, three amplitudes contribute to the decay width,
1.e., the photo penguin diagram, the Z penguin diagram, and
the WTW~ box diagram. In all three diagrams, the virtual
t quark plays a dominant role, while the ¢ and u quarks are
the secondary contributions. The FCNC process is very
sensitive to the new physical effects. This suggests that it
can serve as a perfect platform to search directly for new
physics (NP) beyond the SM [1-3].

The b — s£ ¢~ in the bottom(-stranged) mesons sector
is an attractive experimental topic. The experimental

"Corresponding author: xiangliu@lzu.edu.cn
Tiysh20@lzu.edu.cn

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2023/108(9)/093005(25)

093005-1

search of the FCNC processes B — K*)£*¢~ started in
1998 [4-6]. The first observation of B — K£ ¢~ was
made by the Belle collaboration in 2001 with a statistical
significance of 5.3 [7]. From 2001 to now, the B —
K& ¢+~ with £t~ being either an e*e™ or utyu~ pair
has been observed or measured by the Belle [7-12], the
BABAR [13-15], the CDF [16], the CMS [17], and the
LHCDb collaborations [18-23]. In particular, the LHCb
collaboration measured the form-factor-independent
observable P; [23], and found a 2.5 standard deviation
(o) discrepancy to the SM prediction [24] after integrating
over 1.0 < ¢> < 6.0 GeV?. In addition, the LHCb col-
laboration recently reported the most precise measurement
of the ratio of branching fractions for B - K*pu"u~ and
Bt — KTeTe™ decays in 1.1 < ¢> < 6.0 GeV? as Ry =
0.846“:8:(())3;1 [22], indicating a 3.1¢ discrepancy with the SM
prediction [2,25], and providing evidence for the violation
of lepton flavor universality (LFU). For the B, decays, there
have been some experiments, such as the CDF [26,27] and
the D@ experiments [28], to search for the B, — ¢p£ ¢~
mode. In 2011, the B, — ¢u"p~ mode was first observed
in the CDF experiment [29], and then measured by the
CDF [16] and the LHCb collaborations [30-32]. The
electron mode is still missing in the experiment.
Moreover, in Ref. [32] the LHCb collaboration also
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reported their measurement of the By — f5(1525)u"pu~
process. Compared to the dielectronic and dimuonic
modes, the ditauic mode is less studied. There is a
Belle experiment, which focused on the B — K*9zt¢~
process, and determined the upper limit of the branching
fraction B(B® — K*%t*77) < 3.1 x 1073 at 90% confi-
dence level [33].

The FCNC decay of bottom(-stranged) mesons has also
been studied by various theoretical approaches, such as
the lattice QCD (LQCD) [34-36], the light-cone sum
rule [37-49], the QCD factorization [50], the perturbative
QCD (pQCD) [51-56] and its combination with LQCD
data [57,58], as well as various quark models [59-65], and
so on [66—-68]. On the other hand, in order to understand
the discrepancy of the value of R with the SM prediction,
the effects beyond the SM are considered. Following this
line of thought, the extensions of the SM via the extended
Higgs-boson [69-75], supersymmetry [76,77], and extra
dimensions [78] have been used. At the same time, some NP
models with an additional heavy neutral boson [79-91] or
leptoquarks [92—-108] were also considered.

Although great progress has been made both experimen-
tally and theoretically in the rare semileptonic decays of
bottom(-strange) mesons in recent decades, those of bottom-
charmed mesons have been less studied. Compared to the
B(;) mesons, the B. meson is difficult to produce at the Belle
experiment because the BB, is close to 12.5 GeV, which is
far from the energy region of Y (45). Moreover, according to
fe/fu=(7.5+1.8) x 1073 measured by the LHCb col-
laboration [109], the B. meson is also underproductivity in
the pp experiment. Here, the f,. and f, are the fragmenta-
tion fractions of B. and B meson, respectively, in pp
collisions. As a result, the B. meson decay has received
less experimental attention in the past. Recently, the LHCb
collaboration reported the result of the Bf — Dfpu*u~
process [110]. Using the pp collision data collected by
the LHCb experiment at the center-of-mass energies of 7, 8,
and 13 TeV, corresponding to a total integrated luminosity of
9 fb~!, the LHCb collaboration did not observe significant
signals in the nonresonant x*p~ modes, but set an upper
limit as f./f, x B(Bf - Dfu*p~) <9.6 x 107 at the
95% confidence level. Moreover, considering that the B, —

D.@f*f‘ channels have similar amounts of branching
fractions [111], and the D} needs to be reconstructed by
the D; meson in the experiment, the measurement of B, —
D¢ "¢~ will be more difficult. This indicates that the search
for rare semileptonic decays of B, is difficult for the present
experiment. However, with the high-luminosity upgrade of
the Large Hadron Collider (LHC), this situation is likely to
improve. In any case, with the accumulation of data in the
experiment, we expect the LHCb experiment to search for
these rare semileptonic decays of the B. meson.

In the theoretical sector, the rare semileptonic decays
of B, have been studied by the light-front quark
model (LFQM) [112], the pQCD [111], the QCD sum
rule [113,114], the constituent quark model (CQM) [112].
The branching fractions of B, — D¢ ¢~ with £ = e or p
are predicted to be approximately 10~7. In Refs. [115-117],
the B, — DiuTp~ process was been studied within the
SM and beyond. In this work, we also focus on the B, —
Di¢ ¢~ process, where the necessary form factors are
calculated via the covariant LFQM approach. To provide
more physical observables, we present the angular distribu-
tion of the quasi-four-body process B. — Di(— D)+ 6.

The applications of the standard and(or) covariant LFQM
have proved successful in the study of the meson [118-157]
and baryon weak decays [158-185]. The B. — D; weak
transition form factors deduced by (axial)-vector currents
have been calculated in Ref. [154] with the covariant
LFQM. Probably in the series of papers [124-134,137—
140,144-153,155,158-181], the hadron wave function was
taken as a Gaussian-like form with phenomenal parameter
p, which represents the hadron structure. To fix the
phenomenal parameter, the corresponding decay constant
was used. However, as we all know, the decay constant is
only associated with the zero-point wave function. This
indicates that the oversimplified Gaussian-form wave func-
tion is not able to depict the behavior far away from the zero
point. For this object, we propose to directly adopt the
numerical spatial wave function by solving the Schrédinger
equation with the modified Godfrey-Isgur (GI) model.
By fitting the mass spectrum of the observed heavy flavor
mesons, the parameters of the potential model can be
fixed. This strategy avoids the $ dependence, and can also
reduce the corresponding uncertainty. We note that in
Ref. [186], the authors used a relativistic quark model
based on the quasipotential approach in QCD to study the
semileptonic decay of bottom mesons. In their approach,
the numerical wave functions of the mesons are obtained,
thus avoiding the corresponding uncertainty.

This paper is organized as follows. After the Introduction,
we illustrate the angular distributions of the quasi-four-body
decays B. — D} (— D,x)¢*¢~ (¢ = e, u, 7) in Sec. 1. In
Sec. III, we introduce the covariant LFQM and derive the
formula of the weak transition form factors. Then in Sec. IV,
the numerical results, including the from factors of B, —
D and physical observables of B. — D}(— D)+ ¢~
processes, are presented. Finally, this paper ends with a
short summary.

II. THE ANGULAR DISTRIBUTION
OF B, — D;(— D,m)¢* ¢~

A. The effective Hamiltonian for b — s#* ¢~

The effective Hamiltonian associated with b — s£+ ¢~
is [187]
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_% {VaVi [CL 0 O5 () + o) O5(1)

+ZC
— O4()) + C2 () (O5() — O4(w))] }.

H =

O] + Vi Via €1 () (O5 (1)

(2.1)

where V;; are the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements and G = 1.16637 x 107> GeV~2 [188] is
the Fermi constant. Also, the C;(u) are Wilson coefficients
and the O;(p) are four fermion operators. They all depend
on the QCD renormalization scale p. More specifically, the
Of5 are current-current operations, the Os_ are QCD
penguin operators, the O; ¢ are electromagnetic and chro-
momagnetic penguin operators, and the Og o are semi-
leptonic operators, respectively.

Apart from the y and Z penguin diagrams, and the W W~
box diagram, the long distance contribution, via the
intermediate vector states (p,w,p.J/w,yw(2S),...) (see
Fig. 1) also shows an unignorable influence. By adding
the factorable quark-loop contributions from O, _¢¢ to the
effective Wilson coefficients C'h, the effective Hamiltonian
in Eq. (2.1) can be simplified. In the calculation, we have
adopted the following effective Hamiltonian, i.e.,

4G
V2

Zmb

H (b — s467) = ==LV, Vi 2 {SIC (2 wr P

Ceff( ) loﬂyunR] b(?yﬂ f)

+ CooW) 6P PLO) Prarst) . (2:2)

where Py = (1 Fvs)/2, o =i(y'v" —yr")/2, and
the electromagnetic coupling constant @, = 1/137. The
Cs™ and C1° are the effective Wilson coefficients, defined

as [189]

(:‘+

pyw, @, ), 0(29), -+

w-

FIG. 1. The contributions of the intermediate vector states
(p.w,p.J )y, w(2S),...) to the b — s£T¢£~ process resulting
from the current-current operators O7’;.

5 ()
Cs" (g 1)

= C7(u) + Cyp, (1),

= C9(/¢) + Ypen(q 7/4) + Yres(qzul't)? (23)

where the term C,_ is the absorptive part of the b —
scc — sy rescattering [54,57,58,64,76,189—-191]:

Cho () = {;,1;: [W

2
3x; Inx,

premy i 0.1687] —0.03C, (u)} (2.4)

with x, = m?/m¥,, n=a,(my)/a,(4), and a; being
adopted as a,(m;,) =0.217 in our calculation. The
short-distance contributions from the soft-gluon emission
and the one-loop contributions of the four fermion
operators O; — Oy, and the long-distance contributions
from the intermediate vector meson states are also taken
into account, and have been included in the Yo and Y
terms, respectively. The Y. can be written as [192]

0.124w(8) + g(71.,5)C(p)
2, | 9(10.5) = 9(0.8) | (31 (1) + Co(w))

_%g(o,g)(q(m +3C4(n))

Y pert ( )

~ 3915 AC3 () +4Ca () +3C5 1) + Cow)

F2BC () +Cal)+3C5 W)+ Colw), (25)

where § = ¢?/m3 and . = m./m; with m; = 4.8 GeV
and m.=1.6GeV, and C(u) =3C,(u) + C»(u) +3C5(u) +
C4(p) +3Cs5(u) 4+ Cg(u). At the next leading order, the
Wilson coefficients at the QCD renormalization scale u =
m,, are chosen as C; = —0.175, C, = 1.076, C; = 1.258%,
Cy=-3279%, C5=1.112%, Cgq= -3.634%, C,=
—0.302, Cg=—0.148, Cg =4.232, and C,,=—4.410 [187].

In the Wolfenstein representation, the 1, =V,,Vi,/
(V,, Vi) can be expressed as

Ay =22 (p — i), (2.6)

approximately, which is a small value suppressed by A2
with 4 = 0.22500 £ 0.00067 [188].

In addition, the term Q(3) is the one-gluon correction
to the matrix element of the operator Oy, represented
as [57,192]
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2 4 [$Inl— 2
a)(ﬁ):—gnz—l—gA . ” udu—gln(ﬁ)ln(l—ﬁ)

5445 25(1+8)(1 —2%)
—————In(1-3%)— In(3
a2 Y s O
5+ 935 — 652
e 2.7
6(1—35)(1+2%) 27)
and the g terms [54,64,76,190,192]:
8 8 4 2
§) =—=In ——(2 1-
9(z. ) —gnet oo tgx 9( +x)y/|1 = x|
1+VI—x| _ — 4.2/
Xln)l_—m i forx=4z72/5 <1
1 — 4.2 /% '
2arctan\/x—Tl for x=4z7/5§ > 1
8 8 my, 4 4
0,5)=——=1In ———1 — 2.8
9(0.8) =55 -3 oS +gin (2.8)

come from the one-loop contributions of the O;_g.

The Y, term, which describes the long-distance con-
tributions associated with the intermediate light vector
mesons (such as p, w, and ¢) and vector charmonium
states [ﬁuch as J/w, w(2S), etc.] (see the Fig. 1), is adopted
as [57]

3z mViB(Vi_>5+f_)FVi

Yres (42’/") = _¥ C(/")

¢ Vi=J/wy(2S),...
—2,9(0.8)(3C; (1) + C2(w))

" Z V—>f+f)

v S q* —mV —|—lmv FV

2_ .2 1
q-—my +imy 'y,

, (2.9)

where my, and I'y, are the mass and total width of the
intermediate vector meson V; respectively, and the
['(V;— ¢t¢7) is the corresponding dilepton width.
These input values are collected in Table 1. In addition,
the nonvanished branching fraction for the 7 channel, i.e.,

B(w(2S) = t+77) = 3.1 x 1073 [188], is also used.
M |? Tprcmp: 1
/dd>4 | M|? Toy<my, —
2]”13C 20 mB‘thl—‘Dj
72
LT G2 i
P kzzmé

s

with A(x,y,z) = x> + y*> + 22 = 2(xy + xz + yz).

TABLE I. The masses, total widths and dilepton widths of the
intermediate vector mesons used in Eq. (2.9). These values are
quoted from the PDG [188].

B(V,—¢tem)
Vi my. (GeV) Iy, MeV) where £ = e, u
p 0.775 149 4.635 x 1073
w 0.783 8.68 7.380 x 1072
¢ 1.019 4.249 2915 x 1074
J/w 3.097 0.093 5.966 x 1072
w(29) 3.686 0.294 7.965 x 1073
w(3770) 3.774 27.2 9.6 x 107°
w(4040) 4.039 80 1.07 x 1073
w(4160) 4.191 70 6.9 x 107°

For the J/y and y(2S) states, the small widths and the
large dilepton width will have a large influence on the decay
width. However, the narrow widths are also used to reject
them in the experimental analysis. One the other hand, for
those above the DD threshold, such as y(3770), y(4040),
and y(4160), the board widths and mutual overlap make
things difficult. Also, for the charmless vector mesons (p, @
and ¢), their contributions are suppressed by the 4, factor.

B. The angular distributions and physical observables
in the B, > D} (— D,x)¢* ¢~ decay

In this subsection, we will drive the formula of the quasi-
four-body decay B, — Di(— Dn)¢"¢~. The differential
decay width of this process is

M

mp,

dr — (2.10)

d(D4(p, kls k2a q1, Q2)

where p is the four momentum of the initial B. meson,
ki(ky) and ¢;(g,) are the momenta of the mesons D, (x)
and the lepton ¢~ (¢7), respectively, and d®, is the four-
body phase space. Taking into account the width of the D}
meson, but treating it as narrow (I'p: < mp:), the width
can be obtained by doing the integration as

77 2 T3 2
/dqzdcosé’dcosﬁqu’) VAR K. K) VA 41 )

k2 q2

(2.11)

"This is a phenomenological method, and for more details on the charm-loop contribution, one can refer to Refs. [193-195].
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The invariant amplitude M can be calculated from

M(sp+,50-) =

S
K* — mD
7m2) Mp:p.(sv) {CgffHV_A(
D5

- %:2(18 -
>

+ Ci1oHY A (sy, t)LA(sp+, 54~ 1) —
J=£1,0

(Dym; 4 (54+)¢ (50~ ) [H"|B, )

Mopip 2 (sv (D5 (sy)EF (s4+)

Zmb

where N = %V,,,V;‘S 75 and the factor 1/2 comes from
the Py ) in the effective Hamiltonian in Eq. (2.2).

For the amplitude M:_,p ., it can be evaluated by the
effective Lagrangian approach. The concerned effective
Lagrangian is

L = gp:pDID;,0x, (2.13)

where gp:p , is the corresponding coupling constant. So we
have the decay width of D; — Dz as

2
9DD,x

FD}‘ X B(D}F d DST[) = 48
T

with f = [A(mp.,mp
pling constant gp:p , can be canceled between the vertex
factor and the decay width.

mz)/mp,.. Obviously, the cou-

va I)LV(Sf+7 Sf*, t)

2 TS (0 D)LY (50 51 >+cmHV-A<sv,x>LA<sf+,sf-,m}},

£ (s-)H"|B.)

2m
— L CSTHTTS (59, ()Y (544, 50, 1)

{CgffHV_A@v, ALY (spr,54-,4)

(2.12)

|
Finally, with the effective Hamiltonian in Eq. (2.2), we
can calculate the quasi-four-body decay B — Di (-
%) ¢~. As deduced in Ref. [196], the corresponding
angular distributions can be simplified as

s = e e
dq?dcosOdcos 0,dp  32x

2)fi(0.0,.4). (2.15)

where the explicit expressions of 1;(¢) and f;(6, 0., ¢) are
shown in Table II. Compared to Ref. [196], the term /.. is
neglected since it depends on the scalar operator. As shown
in Fig. 2, the @ is the angle between the —Z direction and
pion-emitted direction in the rest frame of the D meson,
the 6, is the angle made by the #~ with the +Z direction in
the £7¢~ center of mass system, and the ¢ is the angle
between the decay planes, i.e., the D; — Dz plane and the
virtual boson — £7¢£~ plane.

The amplitudes AO | and .A are the functions of the
transferred momentum square g2, and the seven indepen-
dent form factors V, Aj;,, and T, 3, i.e., [57,58,196]

TABLE II. The explicit expressions of the angular coefficients /; and f; [57,58,196] in Eq. (2.15), where me =
m2/q? and B, = /1 — 4w’

i Ii(qz) fi(0,0,, ¢)

s G = M) (| + AL+ |AF? + AT [?) + 4mzRe[A] AT + AfAF] sin2 0

le |AG > + |AOR‘2+4mé’(|At|2+2Re[ALA0R*]) cos? 6

2s BA(IAG? + [AL P + [AF]? + [AF ) /4 sin” 0 cos 26,
2c B (|AG > + |AR\ ) cos? 0 cos 260,

3 Br(AL I = [Af P + [A ] = |Af1?) /2 sin® @sin” 0, cos 2¢
4 ﬁfRe[AéA + .A(’fA‘ 1/V2 siT1 20 si-n 20, cos ¢
5 ﬂﬁfRe[AéAﬁ* — AR AR sin 26 sin @, cos ¢

6s 28, Re[Af Al — AR AT'] sin® @ cos 0,

7 V2 Im[Af AL — AR AR sin 26 sin 0 sin ¢
8 S2Im[ AL AL + AR AR*)/\/2 sin 20 sin 26, sin ¢
9 pAm[Af AL + Af AT sin? @'sin’ 0, sin 2¢
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2
AR (g 2N\ A (M2 M, [(Cﬁff F Ci0) 77 Vi A)l,, + zmbcgfle(qz)],
AER(q?) = NoyJ2N b [ (G5 F Cuo) (M + M)A (g2) + 2, O (M2 = M7 ) To(q?)]
Nf /NDf ﬂ(M/Z,M/Q, 612)
At (q?) = YN { (Cgff + Cm) {(M/z —M"” = g*)(M' + M")A\(q%) - M+ M Az(qz)}

+ 2m |47 4 307 = T () -

M/2 M//2 q)
—C10A0(q2)’

— 2N, \/Np;

where M'(M") is the mass of the B, (D}) meson and
ﬁlb = mb/qz, and

iaeGF

N,=——V V“
¢ 4\/§ﬂ thVt
8v1q* 4m?>

Np; = 37— 5\l =2 BDs = Dsn). - (2.17
Dy 3 x 2563 M"3 q2 ( s sﬂ) ( )

For the CP-conjugated mode B} — Dt (— Df )¢+ ¢,
we have

o = oL@ f:(0.60,¢), (2.18)

FdcosOdcosO,dp  L32g TIPS

where I; can be obtained by doing the conjugation for
the weak phases of the CKM matrix elements in /; in
Table II. In addition, we should also do the following
substitutions as

Lic5)2(c.5) 347 = il(c.s).z(c,s).sA.%

Isgss9 = —Is6s80- (2.19)

This is the result of the operations of 6, — 0, —
and ¢ — —¢.

f+

FIG. 2. Kinematics of the quasi-four-body decay B, —
Di(— Dym)¢tem.

M/

A(M/Q’M/IZ’qZ) - ( 2)
1z 3\ ’

(2.16)

To separate the CP-conserving and the CP-violating
effects, we define the normalized CP-averaged angular
coefficients S; and the CP asymmetry angular coefficients
A; as

I, +1,
dT +T)/dg*’
1. -1
A=t L

dT'+T)/dgq

Si:

(2.20)

respectively. To reduce both the experimental and theoreti-
cal uncertainties, the S; and A; have been normalized to the
CP-averaged differential decay width. The other physical
observables, such as the forward-backward asymmetry
parameter Agg, the CP-violation Acp, and the longitudinal
(transverse) polarization fractions of D} meson F; (F), can
thus be easily expressed in terms of these normalized
angular coefficients. With the above preparations, we
continue to study the physical observables.
(a) By integrating over the angles in the regions 6 € [0, 7],
0,€10,7], and ¢ €0,2x], the g*>-dependent differ-
ential decay width becomes

ar
q2

(3110+611s _126‘ _212s)v (221)

Q
B

and that of the CP-conjugated mode dI'/dq* is
analogous and can be obtained with the replacement
in Eq. (2.19). So the CP-averaged differential decay
width of B, — Di(— Dyr)£ "¢~ can be evaluated by

dl  1/dr dr
£ (2L 2.22
dg*> 2 <dq2 * dcf) (2.22)

In this work, we focus on the CP-averaged decay
width.
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(b) The CP violation of the decay width can thus be estimated by

dr —dr)/dg’
An(q?) = A= dl)/dq”
cr(q) = (dl + dD)/dg

1

Z (3Alc + 6A1\ A2L’ - ZAZS) (223)
(¢) The CP asymmetry lepton forward-backward asymmetry is

(41
ACP(q2> — (fo fO dCOS(gf fl dCOS@fO d¢dq2dcos¢9;co)59/d¢
o d(C+T)/dg’
3
=146 (2.24)

and the CP-averaged
asymmetry is

lepton forward-backward

3
Ar (@) =5 Ss. (2.25)
(d) The longitudinal and transverse Dj polarization
fractions are
Fr 1(3S Sre)
4 le = PV2c)>»
1

r =538, - Sa). (2.26)

respectively.
Furthermore, the clean angular observables P ,; and
P:LS,&S (more details can be found in Refs. [197,198]) are

associated with the CP-averaged angular coefficients:

S5
285, ’
_ BeSes

85, ’

P]Z

Py=-— (2.27)

- 2\/ SICSZS ’
Ss

Vv SlcSZs .

(2.28)

As pointed out in Refs. [23,57,197,198], in the large-
recoiled limit, these observables are largely free of form
factor uncertainties.

Finally, we also focus on the ratios, i.e.,

fM/ -M")? dT'[B,~D} (=D r)e* e]d 2
4m

R = 4
M -M" —D (=D, -
4(m2 )* dT'[B.—D; g(lqu.‘ AT dq2
f -M")? dU'[B,—D:(=D,x)t 7~ ]d 2
4m dq?
R™ — (2.29)
—-M")? dr'[B,—D; (—>D o] g 2
f4m dq? d

which reflect the LFU. We would like to emphasize that
the lower limit of the integral of the electron mode is
chosen as 4mﬁ instead of the kinematic limit 4m2 in order
to exclude the large enhancement dominated by the photon
pole in the small ¢ region due to the C¢-associated factor
1/¢>. In the B — K/*¢~ process, the experimental
measurements of the ratio Rf(” by Belle [9-12] and
BABAR [15] are in agreement with the SM prediction,
while the LHCb result [19,21,22] shows a clear deviation
from the SM expectation (see Fig. 4 of Ref. [22]) with
3.10. We note that in Ref. [199], the authors used the ratios
R;(Mm to study the LFU violation, and found that they can
deviate from the SM prediction even if the NP couplings
are universal. Therefore, in order to use these ratios to
study the LFU violation, we should compare the allowed
ranges, considering both the solutions with only universal
couplings and those with universal and nonuniversal
components. Whatever, the ratio in the B, — D¢T¢~
sector is also interesting to investigate whether it is
consistent with the SM expectation or not. The breaking
of the LFU may require an expansion of the gauge
structure of the SM, and of course probes the NP
effects [200].
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III. WEAK TRANSITION FORM FACTORS

The standard and(or) covariant LFQMs have been
widely used to study the decays of mesons [118-156]
and baryons [158-185]. In the conventional LFQM frame-
work, the consistent quark (or antiquark) of the meson is
required to be on its mass shell, and thus the initial (or final)
meson is off shell. This procedure misses the zero-mode
effects and makes the matrix element noncovariant. To
avoid this shortcoming, Jaus [118,122] proposed a covar-
iant framework for the S-waved pseudoscalar and vector
meson decays in which the zero-mode contributions are

systematically taken into account. Cheng et al. [124,132]
extended this approach to the case of the P-wave meson
(such as scalar, axial-vector and tensor mesons). The
physical quantities, such as the decay constant and the
form factor of the weak transition, are obtained in terms of
the Feynman loop integration. Unlike the conventional
LFQM, the covariant LFQM requires the initial (or final)
meson to be on its mass shell. For more details on the
difference, see Refs. [124,146]. In this section, we will use
the covariant LFQM to calculate the B. — D} form factors.
Following Ref. [154], the B, — D} weak transition form
factors deduced by (axial-)vector currents are defined as

<D}F (p”)lgy;thc(p,» = €Mvaﬂ€*bpaqﬂg(q2),

D3P N5t,5bIBp) = =i{if (42) + & - PPy, (67) + g (47)}.

(3.1)

where we use the convention €3 = +1 and define P, = pj, + p, and g, = p;, — p;,;, and ¢ is the polarization vector of the
D} meson. These amplitudes can also be parametrized as the Bauer-Stech-Wirbel (BSW) form [201], i.e.,

1

(D3 (p")|57,b|B.(p")) = — ML b Cmwart

(D3 (p") 57,75b1B.(p')) = i{(M' M)A ()

*uPaq/)"/(QZ)’

e -P e-P
_M/—l-M”

Ple) =20 L g, [as() - )] | 02

with M'(M") being the mass of the parent (daughter) meson. These two definitions are related by the relations [154]

V(g?) = =(M"+M")g(q%),

Ay (q?) = (M +M")a(q?),

Al(qz) =

f(g?)
_M/ M
2

A3(@?) = Ao(@?) = —a_(g?),

2M"
a(a) =M ) - (). (3.3
In addition, the (pseudo)tensor current amplitudes can be defined as [202,203]
(D5(p")I5i0,,q"bIB.(p")) = T1(4*)€uape™ P4,
(D36 sioua 75 B9} = Ta(a?) (M7 = M)y = ap,| + e a3z G0

where we have T7(0)=T,(0) since the

20,75 = —ieﬂmﬁa"‘ﬂ.

The form factors require a nonperturbative calculation.
In this work, we use the covariant LFQM to calculate
the relevant form factors for the weak transition. In this
approach, the constituent quark and the antiquark inside
a meson are off shell. We define the incoming

(outgoing) meson to have the momentum P'=p|+

p2(P"=p'l+p,), where p'l(”) and p, are the off-shell

momenta of the quark and the antiquark, respectively.

identity

These momenta can be expressed in terms of the internal
variables (x;, 12;) (i =1, 2), defined by

pir=xP",  pl=x,P", Pl =xP+k. (35)
They must also satisfy x; +x, = 1.

According to Refs. [124,154], the corresponding weak
transition matrix element at the one-loop level can be
calculated in terms of the Feynman loop integral, as shown

in Fig. 3. Then the form factors can be extracted from the
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FIG. 3. The one-loop Feynman diagram for meson weak
transition amplitude, where P'(P”) is the momentum of the
incoming (outgoing) meson, p’l(”) and p, are the momenta of the
quark and antiquark, respectively. The symbol “cross” denotes
the weak interaction vertex.

corresponding matrix element. To write down the transition
amplitude, we need the meson-quark antiquark vertices for
the initial meson as iI” = H)ys, and that of the outgoing
meson as i(yol" o) with T = Hyfy, = (p = p2),/ W}]
[124,154], where the subscripts P and V denote the
pseudoscalar and vector meson, respectively.

For Fig. 3, the concrete expression of the transition
amplitude for P — V can be expressed as

viarrs)y 5 Ne iHpHY, vATTS) .
Bﬂ *_13 (2ﬂc)4/d4p,l N/ ;\D,”A‘,/Z SMD €V ’ (36)
where N/1(”> = pll(”)2 - m'l(">2 and N, = p3—m3 come

from the propagators of the quarks. The superscripts V,
A, T, and T5 represent the vector, axial-vector, tensor, and
pseudotensor currents, respectively. The traces Sy, are
written as

Pi—=p
S/,‘t/v =Tr |:<7/y - (1‘4/7//2)D> ( lll + mll/)}/ﬂ
\%
X (P +m))ys(=p + mz)}
= iy [paaPﬂ<m1 —mh) + gl (m 4 m = 2ms)

+ q”’Pﬂm’l] (4p}, —3q, — Pv)ieﬂaﬂpp’laqﬂPp.

W/I
(3.7)
|

P, = PAY + gAY,

To make reading easier, the relevant expressions of the

traces Sﬁ,;T’TS are collected in the Appendix.
Following Refs. [123,124,132], the execution of the p/~
integration went to the replacement:

N’l(”) = N’l(”) = x, (M2 _Mz)(’/)2)’
(1) (1)
Hpy) = hP(V)’
WY~ o)
d*p! dx,d’k| .
H/ H!S ,/6*” - —i”‘/ﬁh, S, e,
/(2 | X NNy
(3.8)
where we define
(12 112 (12 (12
Mé)(//)Z _ kJ(_ : + ml( ) + kJ(_ : + mz( ) ’ (3.9)

X1 X2

with%l—§l—x2ql and oy = Mg+ my + m,.

To write down the concrete expression of S s We should
take into account the so-called zero-mode contribution. As
shown in Refs. [124,141], after doing the integration in

Eq. (3.8) we have p, = p,, and
pY = (P' = po)
— PP (0,0, )+ (x p-_PLtm) g,
! T 2\ 77 X, P '

(3.10)

where @ = (2,0, 0 1) is a lightlike four vector in the light-
front coordinate. Following the discussions in a series of
papers [123,124,132,141], for avoiding the @ dependence,
we need to do the following replacements [123,124,132]:

PLp = 9uAY + PPAY 4 (Pug, + P )AY + q,q,A7,

NV 2 2 P-q ),
b 0?7 0 [Aa 72

(3.11)
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in Egs. (3.7), (A1), (A4), and (AS). Here, Z, = N} +m? —m} + (1 = 2x,)M"? + (4> + P - q) "ZA P-g=M"?*-M",
and

71

1 X1 1 1 ki-q.

A=Ay B
—n (KL -G))?
A - Bl ey
q

2 ), 2 1 I o

AP = ADAW, Ai’:(A§>)2—?A§). (3.12)

After performing the replacements (3.11) in the decay amplitudes (3.7) and (A1), the form factors g, f, a,, and a_ can be
obtained from the terms proportional to the eﬂmﬂP“qﬂ s 9> P, Py, and P,q,, and g, P, and q,,q,, respectively. The e P =
is used here. Finally, the expressions of these form factors in covariant LFQMs can be written as [122,124,154]

N, 2hphY K, -q 2 ' g))?
9(¢*) = 68 dxzdzkum {x2m1 +xymy + (my — my) qu = T {kf +% ; (3.13)
2NN 1%
. h/ h//
f(@®) = T dx zdzkl o N” {2x1(m2 ml)(M’2 + M”2) 4x, m’l’M’O2 + 2x,m\P - q + 2myq?
1

k/ . 2
= 2x;my (M + M) + 2(m), — my)(m) + m})? + 8(m), — m,) {kf + 7( lq;h) ]

[T 242 4 (K 2
2l ) (4 gy gt TR KL ) 26 (M2 + ME) - =P g
q q-wy
kK -q
-2(¢*+P-q) lqz L =2(my —mY)(m] —mz)]} (3.14)
N, o 2R K, g
2y — c d de/ AP AV _ / —2 " _ / 1 1L
a,(q°) —167r3/ X2 szN,lN,l, (x1 = x) (xymy + xymy) = [2xymy + mf + (x, x1)m1]7q2
Xq* + K
— LT 1k (xymy - xpm)) (vymy — o)) b (3.15)
X4~y
N h/ h// k/2 (k/ q )2
a. dx,d?k| —E2_22(2x; = 3)(xom, + xym>) — 8(m’ —m [—L—I—2L7L}
() = o [ a0 =3 ) = (o, =) 4 2L

Koq, 4
= [(14 = 12x;)m), — 2m| — (8 — 12x)m,] J‘qqu t ([M’2 + M" = g +2(my — my)(m!] + m,)]
v

1
x (A3 +AY = AD) + 250345 =247 = 1) + 2P g(A) + AY) — Dy (¢ + P q) = 2M7 2K, - g,

n /. 2
=2m (m| + my — 2my(m — m,))] {];—é + @TXL)} (4A(21) - 3)) } (3.16)

The form factors deduced by (axial) vector currents defined in Eq. (3.2) can thus be evaluated by

V(g?) = =(M'+M")g(q?),

72 _ g2 2
A(?) = =gy F(a) =5 (4F) ~ 5L (),
A) = @)/ (04 M), Ax() = (M + M")a, (). (3.17)
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Analogously, we can obtain the concrete expressions of the (pseudo)tensor form factors defined in Eq. (3.4) as [132]

hphy,

A A//

N
) = / dxzdzk

{2A< M2 =M™ = 2m2 = 2N + g2 + 2(m)ymy + m'{my — mym)]

- SA(I " () + m’{) + N+ N = 2 a2 = M) (AD - AD) +4g? (AL + AV 1 AP — D)
4 2
= (m + mf)A| )}’ (3.18)
v
2 N h/ h// .
T 2 =T 2 q /d dzk 2A()M/2_M//2_2 /2_2N/ 2
2<q ) l(q )+M/2 M//2 16 XlelNl [ ml 1 +q
+ 2(m\my + m{my — mym})] — 8A( ) _om”? 4 2m'? + (mly + mi)? + 2(my — 2m))ymy + 3N} + N/
— P 427, + 4(q? —2M? = 2M") (AP — AD) —a(m”? — M) (=AY + 4D + AP — Al
4
o =+ 2 (.19
v
2 Ne oz hphy (Dragr2 7”2 17) NG 2 / " -
T5(q*) = o dx,d*k'| N —2A ' [M"”* = M"* = 2mf = 2N + q* + 2(mmy + m{my — m\mY)]
XN N
+ 84 £ 2M2 — 22 — () + m]))? = 2(my = 2m))my = 3N} = NY + ¢* = 27, — 4(¢% — M — 3M"™?)
2 2 4 2 2 2 1
x (A5 = AT + = (= - 2my)[AT + (M2 = M) (A5 + AT - )
v
+ () + m) (M7 = M) (AY) — AY — AP+ ml (M2 — M) (A + A~ 1)) } (3.20)
Following the treatment in Ref. [124], h,, is taken as 0 _ X, ME)(//) B m% n ]-{T/)z
X1x S 2 ZXZMZ)(N) ’
o= 02 ) [y ),
P 0 \/_M/ ¢ = \/m/l(//)z + I‘C’/J(_//)Z + k/z(”p’
— 2 2 X1X2 oI —
hy = (M"™ = M), [~ \/_M// ¢s(x k1) (3.21) e = \/m3 + kP + K2, (3.23)

where M \/ M ()2 —my)?, and ¢, is the
space wave function of the pseudoscalar or vector meson.

In the previous theoretical work [124,154], the phenom-
enological Gaussian-type wave functions

- ju 3/4 e/(//) ey
R ey
1 /(11)2 x1x2ME)<”>
I—C'IJ(_//)Z + k/z(//)2
X exXp <—W y (322)

with

are widely used. It inevitably introduces the dependence of
the parameter . The phenomenological parameter f can
be fixed by the decay constant [123,124,132]. However, as
we all know, the decay constant is only associated with the
meson wave function at the end point g> = 0. This
indicates that the simple wave function Eq. (3.22) deviat-
ing from the ¢> = 0 region may be unreliable.

Taking advantage of the modified GI model [204],
we can obtain the numerical spatial wave functions of
the mesons concerned. By replacing the form in
Eq. (3.22) with
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TABLE III.
are given in units of MeV.

The calculated masses and the expansion coefficients c,, of the wave function of the mesons involved [204]. The masses

States Masses [204] Experiments [188]

Eigenvector coefficients ¢, [204]

B, 6271 6274.47 £ 0.32

{0.7877,0.4410,0.2857,0.1991, 0.1470, 0.1132, 0.0900, 0.0734,0.0611, 0.0517,

0.0444,0.0385,0.0338,0.0299, 0.0266, 0.0238,0.0215,0.0195,0.0177,0.0162,
0.0148,0.0136,0.0125,0.0116,0.0107, 0.0099, 0.0092, 0.0084, 0.0081, 0.0066, 0.0081 }

D; 2112 21122 +£04

{0.9708,0.16203, 0.1515, 0.0605, 0.0518, 0.0286, 0.0240, 0.0156, 0.0130, 0.0093,

0.0078,0.0059, 0.0050, 0.0039, 0.0033, 0.0027, 0.0023, 0.0019, 0.0016, 0.0013
0.0012,0.0010, 0.0008, 0.0007, 0.0006, 0.0005, 0.0005, 0.0004, 0.0003, 0.0003, 0.0003 }

Nmax

¢1(X2, ]_{)/L(//)) = \/Zﬂz Cy
n=1

« ( /]—C'/J(_//)Z _’_k/z(//)z)’
(2. K1) = g (xa K"),

where ¢, are the expansion coefficients of the correspond-
ing eigenvectors and / is the orbital angular momentum of
the meson, we can avoid the corresponding uncertainty. In
Table III, we collect the expansion coefficients ¢, of the
meson wave functions involved. In addition, the factor

\/é_tzr is needed to satisfy the normalization:

nl

(3.24)

dx,dk - -
/ 20K e, E i B = 1.

TP (3.25)

Besides, the R, is the simple harmonic oscillator wave
function as

(=) 2(n=1)!  (p\!
B2 r(n+z+1/2)<ﬁ>

2 2
ool 5)

The parameter f = 0.5 GeV in the above equation is
consistent with Ref. [204].

Ru(lpl) =

(3.26)

IV. NUMERICAL RESULTS AND DISCUSSIONS

A. The form factors

With the input of the numerical wave functions, and
the concrete expressions of the seven form factors in
Egs. (3.13)-(3.20), we present in this subsection the
numerical results of B, — D form factors.

Following the approach described in Refs. [122,124], we
assume the condition ¢g* = 0. This implies that our form
factor calculations are performed in the spacelike region
(¢*> < 0), and therefore we need to extrapolate them to the
timelike region (¢> > 0). To perform the analytical con-
tinuation, we utilize the z-series parametrization [141]

F) = o {1 o (s 200
~ 3 [ = (07 + ax(2(q?) - 2(0)

2

+3 [z(¢*)* - 2(0)2]) } (4.1)

where a; (i = 1, 2) are free parameters needed to fit in the
g* < 0 region, and the z(¢?) is taken as

) ViR
Vie— g+ i1

with t,. = (M’ £ M")? and t, = t+(1 —/1- t_/t+).

To determine the values of the free parameters a;, as
given in Eq. (4.1), we perform numerical calculations at
200 equally spaced points for each form factor, ranging
from —20 to —0.1 GeV?, using Egs. (3.13)—~(3.20). The
calculated points are then fitted using Eq. (4.1). The fitted
values of the free parameters, as well as F(0), F(q2ax),
and the pole masses, are listed in Table I'V. Additionally, the
g* dependence of the transition form factors B, — D7 is
shown in Fig. 4.

In Table V, we compare our results for the B. — D}
weak transition form factors at the end point g> =0
with other approaches, in which Refs. [113,114] calculated
the concerned form factors with the QCD sum rule,

(4.2)

TABLE IV. Our results of the weak transition form factors of
B. — D7 by using the covariant LFQM.

]:(O) f(qgnax) Mpole (GeV) ap a

VBB 0434 1.652 5.415 —-7.909  15.667
Agc"Bf 0.387 1.436 5.367 —6.790 9.427
Af"_’B; 0.274 0.588 5.829 -0.721 -4.299
A?*Bf 0.159 0.438 5.829 —4.942 5.168
Tlff"B-f 0.265 1.050 5.415 -8.821 19.272
Tgﬁ-—»B’( 0.265 0.424 5.829 3.067 -9.950

B.=B:0.231 0.637 5.829 —4.985  4.566

3
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2.0} 1.5}
1.5
1.00
1.0f
0.5
0.5l
0.0 0.05 5 10 15

FIG. 4. The ¢* dependence of the B, — D* weak transition form factors. Here, the four dependent form factors deduced by (axial)
vector are presented in the left panel, while the three dependent ones deduced by (pseudo)tensor are shown in the right panel.

Refs. [112,128,154] used the covariant LFQM, and
Ref. [205] used the Bauer-Stech-Wirbel model and con-
sidered the effects of flavor dependence on the form factors
caused by possible variation of the average transverse quark
momentum (w) inside the meson. In addition, Ref. [112]
also used the CQM, and Ref. [111] used the pQCD
approach. References [111,112,114] contain the results
of (pseudo)tensor form factors. Obviously, our results of
the (pseudo)tensor form factors, i.e., T ; 3, at the end point
g*> = 0 are consistent with the predictions of pQCD [111]
and the LFQM [112]. We expect further theoretical work,
especially LQCD, which is useful to constrain the behavior
of the form factors in the low-recoiling region, to test our
results.

B. The angular distributions and physical observables

With the above preparations, in this subsection we
present our numerical results of the branching fractions
and some angular observables, i.e., the CP-averaged
normalized angular coefficients S;, the lepton’s forward-
backward asymmetry parameter Agg, and the longitudinal

(transverse) polarization fractions of the D§ meson F 7).
In addition, we also investigate the clean angular observ-
ables P, 3 and P 5 ; 5. The hadron and lepton masses are
quoted from the PDG [188], as well as the lifetime 75 =
0.510 ps and the branching fraction B(D} - D,z) = 5%.

First, we focus on the angular coefficients S; and A;
defined in Eq. (2.20). The ¢> dependence of the normalized
CP-averaged angular coefficients S; are presented in Fig. 5,
while the CP asymmetry angular coefficients A; are shown
in Fig. 6. The blue dashed lines and the magenta solid lines
represent the muon and the tau channels, respectively. Since
the electron channel shows similar behavior to the muon
channel, we will only present our results for the muon and
the tau channels here. In the energy regions of 8.0 < ¢*> <
11.0 and 12.5 < ¢* < 15.0 GeV?, we use the gray areas to
mark the contributions from the charmonium states J/y and
w(2S). In our calculation, we adopted phenomenological
and model-dependent treatment, i.e., the Breit-Wigner
ansatz to model the corresponding contribution. In the
experiment, these two regions are generally truncated.
The CP asymmetry angular coefficients, A;, are shown to

TABLE V. Theoretical predictions of the B, — D} transition form factors at the end point ¢g> = 0 using different approaches.

VESPI0)  APTPO) AT AYTR0) o) 1) 1)
This work 0.434 0.387 0.274 0.159 0.265 0.265 0.231
Reference [113] 2.02 0.47 0.56 0.65 e e e
Reference [205] 0.032 0.016 0.015 0.013
Reference [205]°  0.29+002 0.16:00! 0.18+901 0.20+992
Reference [128] 0.2379% 0.17-991 0.147502 0.127902
Reference [154] 0.25°9% 0.18790% 0.16°90 0.157901 e e
Reference [112] 0.336 0.164 0.118 - 0.214 0.214
Reference [112] 0.262 0.139 0.144 0.167 0.167 -
Reference [114]  0.54+0.018 0.30+0.017 0.36+0.013 0.31+0.017 03340016  0.29 4+ 0.034
Reference [111]  0.33+0.06  0214+0.04 023+0.04 0254+005 028+0.06 028+0.06  0.27+0.06

*These results, listed in the fourth row, are obtained by using the universe parameter @ = 0.40 GeV.

"These results, listed in the fifth row, are obtained by using different parameters, i.e., ® = 0.96f8_'8§ GeV for the B, meson and

@ = 0.51 GeV for the Df meson.
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FIG. 5. The ¢* dependence of normalized CP-averaged angular coefficients S;, where the blue dashed and magenta solid curves are
our results for the y and 7 modes, respectively.
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FIG. 6. The ¢ dependence of normalized CP asymmetry angular coefficients A;, where the blue dashed and magenta solid curves are
our results for the x and 7 modes, respectively.
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TABLE VI. Our results of the branching fractions of B. —
Di(— Dym)t*¢~ (¢ = e, u, ) (in units of 1078) in different ¢>
bins.

g* bins (GeV?) B(£ = e) B(¢=u) B¢ =r1)
[1.1, 6.0] 0.624 0.622
R* =1.00
[6.0, 8.0] 0.356 0.355
R =1.00
[11.0, 12.5] 0.283 0.283
R =1.00
[15.0, 17.0] 0.256 0.256 0.098

R =1.00,R™ = 0.384

be very small in the SM, due to the direct CP violation being
proportional to the Im[V,, V5 /V,, V5], which is around
1072, This character is very clear in Fig. 6. Also, the S789
are also very small compared to the other angular coef-
ficients S;. These angular coefficients are important physical
observables to reveal the underlying decay mechanism, and
can be checked by future measurements at LHCb.

We further evaluate the CP-averaged differential branch-
ing fractions by using Egs. (2.21) and (2.22). The ¢*
dependence of the differential branching fractions are
shown in Fig. 7, where the red, blue and magenta curves
represent the e, u, and 7 modes, respectively. The gray areas
also denote the charm loop contributions from the charmo-
nium states J/y and w(2S). In Table VI, we present our
result of the branching fractions and their ratios in different
g bins. In the four ¢ intervals, i.e., [1.1, 6.0], [6.0, 8.0],
[11.0, 12.5], and [15.0, 17.0] GeV?, the branching fractions
of the electron and muon modes can reach up to 1078, and
the ratio R% = 1, which is consistent with the SM pre-
diction and reflects the LFU. In the high ¢ region, that is
[15.0, 17.0] GeV?, the branching fraction of the tau mode is
on the order of magnitude of 10~°. We also obtain the ratio
R™ = 0.384. In the region of 1.1 < ¢*> < 6.0 GeV?, we
have the branching fractions as

B(B. = Di(= Dsm)e* ™) 1c<60 Gev: = 0.624 x 107%,
B(B. = Di(= Dsm)u* 1)1 1 <g2<60 Gev? = 0.622 X 107,

In addition, combined with the branching fraction
B(D} - Dyx) = 5%, we have

B(B. = Diete™) 60 Gev: = 1.25 x 107,

B(Bc - D§ﬂ+/"_)1.l<q2<6.0 GeV2 — 1.24 x 10_7’

which may well be tested by the ongoing LHCb experiment.

We also investigate the physical observables, i.e., the
lepton forward-backward asymmetry parameter Agg and
the longitudinal (transverse) polarization fractions F; (Fr).
The ¢?> dependence of these observables is presented in
Figs. 8 and 9, respectively. Their averaged values in
different g> bins, defined by

q?nax 2 i E 2

<A>|q3mx _ fqim Alg ](dqz + dqz) dq

i Ghax ( dT | dT da?
Jm g + g )4

min

. (4.3)

where A = (Agg, Fy, Fr), are shown in Table VIL

In addition, we present our results for the ¢g> dependent
clean angular observables P, 3 and P} ¢ in Fig. 10. In
Ref. [23], the LHCb collaboration reported the measure-
ment of the form-factor-independent observables P 5 ; s of
the B® - K*%u*yu~ decay. In particular, in the interval of
430 < ¢*> < 8.68 GeV?, the observable P. shows 3.7¢
discrepancy with the SM prediction [24]. After integration
over the energy region 1.0 < ¢> < 6.0 GeV?, the discrep-
ancy is determined to be 2.5¢. So we want to investigate
these clean angular observables in the rare semileptonic
decay of bottom-charmed meson. In order to exclude the
charmonium contributions and make it easy to check
experimentally, we also present the averaged values of
these observables in different ¢ intervals in Table VIII. The
averaged value in a ¢° bin is defined by Eq. (4.3).

2.0 2.0
‘% 1sp = ] ‘% ] ‘% 1sf T
15 15 15
2 2 2
1.0 JIy wEs) {2 wEs) 1 2 1.0 w(2S)
X X X
% S e
3 3 3
g 05 19 |1 § o5}
0.0 5 10 15 15 00y "7 15 16 17
2 2 2 2 2 2
q°(GeV?) q°(GeV?) q°(GeV?)

FIG. 7. The ¢* dependence of differential branching fractions B(B, — Di(— D,x)¢*¢~) [£ = e (left panel), u (center panel), and
7 (right panel)], where the red, blue, and magenta curves are our results for the e, u, and = modes, respectively.
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FIG. 8. The ¢ dependence of lepton forward-backward asymmetry parameter Agg in B, — D%(— D,x)¢+ ¢~ [£ = e (left panel), u

(center panel), and 7 (right panel)] processes, where the red, the blue, and the magenta curves are our results from the e, 4, and 7 modes,

respectively.

1.0
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(=1
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FIG. 9. The ¢* dependence of D? longitudinal (transverse) polarization fractions F;(Fy7) in B, — D¥(— D,n)f+¢™ [£ = e (left
panel), u (center panel), and 7 (right panel)] processes, where the red, the blue, and the magenta curves are our results from the e, y, and 7
modes, respectively, and the solid and dashed curves represent the F; and F, respectively.

TABLE VIL

The averaged forward-backward asymmetry

(Apg) and the longitudinal (transverse) polarization fractions

F F in different ¢2 bins.
< L>(< T>) q

g* bins (GeV?) (Ams(£ =e)) (Am(£ =p)) (Am(f=1))
[1.1, 6.0] —0.061 —0.061

[6.0, 8.0] —0.243 —-0.242

[11.0, 12.5] —0.340 —-0.339

[15.0, 17.0] —-0.254 —0.254 —0.143
g’ bins (GeV?)  (F (¢ =¢)) (FL(¢=n) (F.(£=1))
[1.1, 6.0] 0.815 0.817

[6.0, 8.0] 0.637 0.638

[11.0, 12.5] 0.446 0.446

[15.0, 17.0] 0.352 0.352 0.410
q’ bins (GeV?)  (Fr(¢ =¢)) (Fr(¢=n) (Fr(£=1)
[1.1, 6.0] 0.185 0.183

[6.0, 8.0] 0.363 0.362

[11.0, 12.5] 0.554 0.554

[15.0, 17.0] 0.648 0.648 0.590

In general, this quasi-four-body decay provides a set of
physical observables to study the corresponding weak
interaction, and in particular the ratios of the branching
fractions R and R™, as well as the clean angular
coefficients P; and P;-, can be helpful to search for the
NP effects beyond the SM. We call for the ongoing LHCb
experiment to search for this process and to measure the
corresponding physical observables.

V. SUMMARY

In this work, we have studied the B, — Dj transition
form factors deduced by the (axial) vector and (pseudo)
tensor currents, and, in the future, investigate the angular
distributions of the quasi-four-body processes B, — D} (—
D)t e~ (€ = e, pu, 7).

To describe the weak process, the relevant seven
independent form factors are calculated by utilizing the
covariant LFQM approach. The concerned meson wave
functions are adopted as the numerical wave functions,
which are extracted from the solution of the modified GI
model. This treatment avoids the  dependence and thus
reduces the corresponding uncertainty. Our results of form
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FIG. 10. The ¢* dependence of the clean angular observables P 3 and P} 565> Where the blue dashed and magenta solid curves
represent our results for the ¢ and r modes, respectively.

factors are compared with other approaches. In particular,
for the (pseudo)tensor currents deduced form factors
T, ,3(g* = 0), our results agree with the pQCD prediction.
More theoretical works, especially the LQCD and QCD
sum rule (or light-cone sum rule) calculation, are highly
appreciated to test our result and to refine the correspond-

ing topic.

With the obtained form factors, the rare semileptonic
decays B, — D}(— D,x)¢+¢~ are studied. Not only the
branching fractions, the lepton-side forward-backward
asymmetry parameter Agg, and the longitudinal and trans-
verse polarization fractions F; and F, but also the angular
coefficients §; and A; are investigated. Numerically, the

concerned cascade decays with e or u final states are around

TABLE VIIL.  The averaged values of the clean angular observables P;,3 and P} 5. in different g bins.

@ bins (GeV?)  (Pi(¢ =) (Pi(6=p) (P(€=7)) ¢ bins (GeV2) (P(e=e)) (Py(e=p) (Ph(£=1)
[1.1, 6.0] -0.281 -0.281 [1.1, 6.0] 0.908 0.898

[6.0, 8.0] —0.408 —-0.408 [6.0, 8.0] 1.177 1.169

[11.0, 12.5] —-0.543 —-0.543 [11.0, 12.5] 1.240 1.236

[15.0, 17.0] —-0.822 —-0.822 —-0.826 [15.0, 17.0] 1.350 1.347 0.561
¢ bins (GeV?)  (Py(¢=¢)) (Pf=p) (PA¢=7)) ¢ bins (GeV2) (P(e=¢)) (Pi(f=p) (PL(£=1))
[1.1, 6.0] —-0.125 -0.125 [1.1, 6.0] —-0.540 —-0.534

[6.0, 8.0] —-0.446 —-0.446 [6.0, 8.0] —-0.766 -0.761

[11.0, 12.5] —-0.409 —-0.409 [11.0, 12.5] —-0.664 —-0.662

[15.0, 17.0] -0.262 -0.262 -0.269 [15.0, 17.0] —-0.390 —-0.390 -0.163

¢ bins (GeV2) 103(P5(£ = e)) 103(P3(£ = p)) 103(P5(¢ = 7)) ¢* bins (GeV?) 103(PL(¢ = e)) 103(P,(£ = p)) 103(PL(£ = 7))

[1.1, 6.0] 0.184 0.184 [1.1, 6.0] —6.440 —6.320
[6.0, 8.0] 0.007 0.007 [6.0, 8.0] —1.868 —1.856
[11.0, 12.5] 2421 2421 [11.0, 12.5] —0.771 —0.769
[15.0, 17.0] 3.442 3.442 2.008 [15.0, 17.0] —0.188 —-0.188 -0.070

¢* bins (GeV?) 103(Py(£ = e)) 10°(Py(£ = u)) 103(Py(¢ = 7))

[1.1, 6.0] —1.196 —1.164
[6.0, 8.0] —0.029 —0.029
[11.0, 12.5] —7.054 —7.030
[15.0, 17.0] —6.147 —6.137 —1.467
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1078, which need to be tested by other approaches and
ongoing experiments. Moreover, the Apg and Fp ) are
important physical observables, and they are also feasible
observables in the future LHCb experiment, so we look
forward to the experimental results. In addition, the ratios of
the branching fractions are also calculated to validate
whether or not the LFU violated. Furthermore, the clean
coefficient observables P; and P} are presented, which

reduce the uncertainty from the form factors and can be a
possible signal to search for the NP effects. Since these
observations are largely free of form factor uncertainties in
the large-recoiled limit, and are feasible to measure exper-
imentally, we strongly encourage our experimental col-
leagues to measure them.

Overall, in this work we have systematically studied the
angular distribution of B, = D}(— D,n)¢ ¢~ (¢ = e, u, 1)
with the form factors obtained by the covariant LFQM. We
live in the hope that with the completion of the LHCb
experiment prepared for the run 3 and run 4 of the LHC and
the improvement of the experimental capabilities, this rare

semileptonic process can be discovered and we expect that
the predicted physical observables can be tested.
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APPENDIX: THE WEAK TRANSITION MATRIX
ELEMENTS DEDUCED BY AXIAL-VECTOR AND
(PSEUDO)TENSOR CURRENTS

In this appendix, we present the concerned expressions
of the weak transition matrix elements deduced by axial-
vector current, and (pseudo)tensor currents. The expression
of the axial-vector current matrix element is

Sh = Tr [(y _ w) Wi+ m)r,75 (- mYrs(— s + mzﬁ

Wy
=29, [mz(q2 — Ny =Ny —mf -
mlll(MIZ

+2m' (P,q, + P,q, +24,q,)

= 2p1,q,(3m\ = m{ = 2m)

= 2p',P,(my —mY)
- zp/lvqﬂ(?’m/l + m/ll -

//2) /I(M//z _ N/]/ _ N _ m/]/z _ m%)

— Ny —m —m3) —2mm mz] —Splﬂply( —m)

= 2P, Py (m + mf)
2m,)

1
2W// |:2p1M(M,2 + M" — q2 - 2N2 + 2(m’1 - m2><m/1, + m2>)
+4,(q° = 2M" + Ny = N{ + 2N, — (my + m{)* +2(m', — m,)?)
SR =N =N = (o)) 4, = 3g, = P, (A1)
and the expression of the (pseudo)tensor current matrix element is
T+T5 (p/ll - Pz),, 1" "; S( A /
Su > =Tr| |7, o (P +m))ic,s(1 +7s5)q° (P + m))ys(=p2 +my) |- (A2)
v
By using the identity 26,575 = —i€,5,50", ’, the matrix element S”T5 can be decomposed into
SZJTS iqﬁsﬂvé + Zeﬂéaﬁq Sl/ ’ (A3)

where ig°S,,5 and %eﬂ&lﬂq‘sSﬁ’ﬁ are expressed as
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. (P! = pa) .
iS5 = TrKn = L2 ot i (4, s )
i€0pP" pl(ml - m?>+ N} = N) - 2 €uapPq P(mE + d4mim| — m* + N, — N + ¢*)

— i€4ap P ¢’ (M? = mE + dmy(m| + m) — 4mim| — m{> = 2m3 + M"* — N} — N| — 2N, — ¢*)

my + m| 4(m + mY) ) 8 3(m} 4+ mY)
+ i€yap, P” p]q P, ( W ) + i€ap, P” plqyph, (2 - % + leﬂaﬂrpap/l q'q, % -1
v v
. 5
- lel/a/iypapll q},Qy + 2l€ua[)’yp p/fqypl;u (A4)

/
susndS? = 10| (v, = L) () o 0+ sl 4 )|
= —Zl'gﬂ,J{M’z[m’l’(m’1 —ml) = N+ m}(my — m) + mZ(my(m!] — my) + M" — N,)
+m(mP = m*my — m{ (M + N} = N{) + my(N| = N{ = %)) — mPmy + m*>m3
+m2N, + m{myN', — m{myN" + m{myq> — miN', + miN"/ + M">N', — N\N, + NN, }
{("’h +mi)(m —m? + N = N{) + ¢*(mj — ’"1)}
W,

+iP,P,
' iq”q”{_ZMQ — m? + 2m\m{ — 4mim; + m{? + 2m3 — N| + N + 2N, —

+

W [ZM'Zma = ) P+ 2ms) (= 2M7% = N} N - )

— (m/l/ + 2m2)( "2 N/ + N/l/ _ q2):| }

+ iplﬂpl,,{—4M’2 +AM"? —4q? + —

4
| 7 = D7) o ) P o+ 2m2>] }

2
P = 2 4 2] 2N g = ) (o ) = N =) |
\%
1
+ lPDp],,{Zq2 +— Wi {qz(m’1 —mf =2my) — (M = M")(m), + m’l’)] }
+ iP,,q,,{ —2mP + 2m\m| — 2N +

gy |+ P = Ny <) = )|

+ iPVqﬂ{ E+m? =N+ N —q*+ [2M'2m’1 —my +miE(my + 2m)

2WY,
+m)(m}? —=2M"* — N, + N| — ¢*) — (m{ + 2m,)(m* = N}, + N/ — qz)]}

—i—zpl,,qv{4M’2 dm\m + 4mmy + 4m'my — 4m3 — 4N, + 24°

3
ey 0 = = 2ms) = (02 = )+ )| |
+ iplqu{ZMlz +2mf - 2m{* —2M"* 4+ 2N} —2N| +2¢* — —- {2M’2m’, —mf + mf(m] + 2m,)
Vv
(2 = 2 = N+ N = ) = (o + 2ms) 2 = N, V] = ) (a3)

respectively.
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