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Motivated by the recent observation of the B} meson by the ATLAS Collaboration and its promising
discovery potential at future high-luminosity colliders, we investigate the semileptonic decays
B: — (P,V)¢~b, (P =D, By, n.(18,28,3S); V= D*, B}, w(15,28,3S)) in the Standard Model.
Using the relevant form factors obtained in the self-consistent covariant light-front quark model, we present
theoretical predictions for several physical observables, including the branching fraction, the ratios of
branching fractions R ), the longitudinal polarization fraction of the daughter vector meson, the 7 lepton
spin asymmetry, and the forward-backward asymmetry. It is found that the branching fractions for the
Cabibbo-favored B; — Bje~0, and B;u~p, decays reach the order of O(107°), which might be firstly
observed at the future high-luminosity Large Hadron Collider.
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I. INTRODUCTION

The semileptonic decays of B mesons induced by
b — (c,u)f{ vy and b — s£ ¢~ transitions provide critical
channels for precision measurements of Cabibbo-
Kobayashi-Maskawa (CKM) matrix elements and serve
as sensitive probes of lepton flavor universality (LFU).
Recent experimental observations about the ratios of the
branching fractions in the semileptonic B meson decays,
Rp, Rp+, and R;,, deviate from the SM predictions
by 196 [1-14], 2.7¢ [2,4,5,7-21], and 1.8¢ [22-30],
respectively. These anomalies have motivated extensive
searches for physics beyond the SM in semileptonic heavy-
flavor decays, and various new physics (NP) scenarios have
been proposed to explain them [31-44].

The B: meson, with quantum numbers J* = 17, lies
below the BD pair threshold, meaning that its strong decays
are kinematically forbidden. Its mass difference from the
ground state is predicted by HPQCD to be mp: —mp =
54 £ 3 MeV [45]. Although the electromagnetic transition
B} — B_.y dominates the total width, which results in a
very short lifetime 7z ~ O(107'8) s [46] despite being
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phase-space suppressed, its weak decay channels remain
highly important. In particular, the semileptonic decays
offer a complementary test of the LFU anomalies observed
in B meson channels. Recently, the ATLAS Collaboration
reported the first observation of the B} meson in the decay
Bt — By [47], making a detailed theoretical study of its
decay properties timely.

Although no weak decay of the B] meson has been
observed so far, the upcoming high-luminosity runs of the
LHC and future facilities, such as the Circular Electron
Positron Collider and the Future Circular Collider, are
expected to produce large samples of B} events [48-52],
rendering experimental studies of these decays feasible.
Over the past years, various theoretical approaches have
already been applied to B decays, including the QCD sum
rules [53-55], the QCD factorization approach [56,57],
nonrelativistic QCD factorization approach [58,59], the
perturbative QCD approach [60], the relativistic indepen-
dent quark model [61], the Bauer-Stech-Wirbel model
[62,63], the Bethe-Salpeter (BS) method [64], and the
covariant light-front quark model (CLFQM) [65-67].
While these studies have provided valuable estimates of
form factors and branching fractions for the ground-state
transitions such as BX — 5, and B} — J/y, the radially
excited states have received considerably less attention.
Consequently, the corresponding observables, including the
LFU ratios and angular asymmetries, have not yet been
examined in detail. These observables are of particular
interest, as they are sensitive to possible NP and can provide
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complementary tests of the SM. A systematic investigation
of these quantities is therefore desirable in light of the
growing experimental interest in B} decays.

The CLFQM, originally developed by Jaus [68] provides
a simple and clear framework for computing hadronic matrix
elements, with proper treatment of zero-mode contributions.
However, when applied to mesons with higher quantum
numbers, the traditional version suffers from self-consis-
tency issues [69-71]. In this work, we adopt the self-
consistent CLFQM, in which spurious contributions are
explicitly eliminated, ensuring that different but theoretically
equivalent expressions for a given form factor yield con-
sistent results. This approach has been successfully applied
to P — T transitions in our previous work [72] and is
extended here to investigate the Bi: — (P, V) transitions.

This work presents a systematic study of the semi-
leptonic decays B: — (P,V)¢~b,, with P =D, Bg,,
n.(18,28,3S), V= D*, B}, w(15.25,3S), and ¢ = e,
u, 7. Using the self-consistent CLFQM, we calculate the
transition form factors and parametrize them with the
Bourrely-Caprini-Lellouch (BCL) z-expansion approach.
We then extend the phenomenological analysis to include
branching fractions, lepton-universality ratios, polarization
fractions, and angular asymmetries. A complete error
budget is provided by propagating all input parameter
uncertainties, which has not been fully addressed in some
earlier studies. These observables, especially for the radi-
ally excited states, are calculated for the first time, Our
results are expected to be valuable for future experimental
searches at LHCb/HL-LHC and other high-luminosity
colliders.

This paper is organized as follows. Section II is devoted
to the theoretical framework. The helicity amplitudes and
differential decay rates for the B; — (P, V)¢~1, decays are
explicitly derived. In Sec. III, we present the numerical
results and discussion for these decays. Finally, we give our
conclusions in Sec. IV. The explicit expressions for the
form factors are given in Appendix.

II. THEORETICAL FRAMEWORK

A. Effective Hamiltonian and amplitude

Within the SM, the semileptonic B — (P,V){~ i,
(P =D, By, n.(15,28,35); V= D*, B}, y(18,2S,35)
decays are induced by b — ¢, 0y (g, =u, ¢) or ¢ —
G,¢" vy (q, = d, s) transition at quark level via W-exchange.
As an example, the b — u#~ v, transition can be described
by the effective low-scale O(m;,) Hamiltonian as

Heff(b i Mf_l_/f)

= Oy i (1= )bl (=] (1)

V2

where G is the Fermi coupling constant, and V,;, denotes
the CKM matrix element.

Using Eq. (1), the square amplitude for B: — D®¢ -5,
decays induced by the b — uf"1D, transition can be
expressed as

|IM(B: = DW¢p,)[?

_ G%lvub|2
2

— G%“Vub|2

o 2

[(DW|aay, (1 = ys)b|BEYEy (1 = 7s)ve |
L, H"™, (2)

in which the leptonic (L,,) and hadronic (H*") tensors are
built from the respective products of the lepton and hadron
currents.

The contraction of leptonic and hadronic tensor L, H*”
could be rewritten as

Z L(m’ n)H(m’, n/)gmm’gnn“ (3)

m,m’,n,n'

L, H" =

by inserting the completeness relation for the polarization
four-vectors

Zéﬂ (m)éz (n)gmn = 9> (4)

m,n

in which the quantities L(m,n)= L& (m)e"(n) and
H(m,n) = H"&,(m)é,(n) in Eq. (3) are Lorentz invariant
and therefore could be evaluated in different reference
frames. For convenience, H(m,n) and L(m,n) will be
evaluated in the Bj-meson rest frame and the 7~ — 7,

center-of-mass frame, respectively.

B. Kinematics for B: — D¢~ 7, decays
In the rest frame of the Bj-meson with daughter
D®)-meson moving in the positive z-direction, the
momenta of particles B, D™, and virtual W* are

Pg; = (mp:,0,0,0), P’,’)(*) = (Ep»,0,0,]p]),

" = (¢°.0,0.~|p), (5)
where ¢° = mp. — Ep) = (m%i - mé(*) + ¢*)/2mp. and
1P| = ll/z(méﬁ, m%<*),q2)/2m33 where  A(a,b,c) =

a*+b*+c*—2(ab+ bc + ca) are the energy and
momentum of virtual W*. For the four polarization vectors
of virtual W*, & (Aly+ =1,0,%), one can conveniently
choose [73,74]

. 1 -
e(f) = —= ?(qO,O,O, =|pl).
1
éﬂ 0 = p ’0707_ 0 )
(0) hqz(\p q’)
au(s) — L _i
(%) = ﬁ(o,il, .0). (6)
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in which Ay- =1t has to be understood as Ay~ =0
with J = 0.

Meanwhile, the polarization vectors of the initial
Bj:-meson and daughter D*-meson, ¢/ (0, &) and €5 (0, £),
can be written as

&(0) = (0,0,0,1), (%) —\%(0,4:1,—1',0); (7)
6"21(0) = My (|1_5 70707ED*)7
() = = (0.F1,-1.0). ®)

Turning to the £~ — D, center-of-mass frame, the four
momenta of lepton and antineutrino are given as

Pe|sing,0,|ps|cos ),

+=|P¢|sin6,0,—[ps| cos 0), ©)

Py = (Eg,
plljf = (|ﬁf

where E, = (2 + m2)/2+/¢ and || = (¢2 = m2) 12,/
are the energy and the magnitude of the three-momentum of
the charged lepton, respectively; and 6 is the angle between
the D*)-meson and ¢ three-momenta. In this reference
frame, the polarization vectors of the virtual W* boson have
the form

#(t) = (1,0,0,0),  &(0)=(0,0,0,1),

2 (£) :\%(0,; 1,—i,0). (10)

C. Hadronic helicity amplitudes H;_ ;. A
For the B — D™W¢~D, decays, the hadronic helicity

amplitudes H; ;. hy. are defined by the following

expressions:

= (D" (ppir, Ape) iy, (1 —ys)b|
X Bi(pp:. Ap:)) e (Ay-), (11)

HAW* ﬁBz ﬁD(*)

which describe the decay of three helicity states of B
meson into the daughter pseudoscalar D or vector D*
meson and the four helicity states of virtual W*.

For the BX — D) transitions, the hadronic matrix ele-
ments (D™ (pp). Ape )|y, (1 = 75)b |BE(ps;. 25;)) canbe
factorized in terms of fourteen form factors A;(¢*) and
Vi(q?) as

2iV(q?)

D - n* _ a P
<D(pD)|M7/yb‘Bc(€1’ pB(*)> - = mBZ. + mp 8;41/(1/}611/pr3§9

(12)

(D(pp)|uy,ysb|B:(er. pg:))

€19
:2mB§A0(q2) qz qu

€ q
+ (mp: +mp)A; (%) (elﬂ - ]q—z%>

2 2
€14 Mp: — Mp
(Pﬂ -t qﬂ), (13)

+ Ay (¢ ———
Z(q)m3z+mu

(D* (€. pp-)|ity,b|Bi(ey. pg:))
= (e1-€5)[-P,Vi(q*) + q,V2(q%)]
(e1-9)(e3-q)

+ mZBj_ _ m%)x [P;1V3(q2) - Qﬂv4(q2)]
— (€1 - q)e,Vs(q?) + (€5 - g)eruVe(a?), (14)

(D* (€2, pp+)|aysy,b|B:(er, ps:))
= —ieuapeies [PYA1(¢7) = ¢“Aa(q?)]

i€; - q 2
- m%k _ m%y gyuaﬂelljpaqﬂA3 (q )
ie; - g w pa,p 2
+ 5 €uap€y PYq A , 15
m%: _ m%* uvaf€2 q 4(q ) ( )
with the sign convention &j;,3 = —1 and the momen-

_ H
tum P* = P+ Ppe

Then, by contracting above hadronic matrix elements with
the W* polarization vectors in the Bj-meson rest frame, we

obtain 14 nonvanishing helicity amplitudes H; . ; . PR

2mp- P|
Ho(q?) = 5P 4 (), (16)
/qZ
1
Hoo(?) = {<m3*+m,)><mm m+ @A)
sz;qu
4m%3*.|l’|2
dLdsyw 2)} (17)
mB;—l—mD

2mp:|p|
H:y(q?) = —(mg: +mp)A;(q*) . + my V(g?),
(18)
2 2
mp. — mp,
Ho. i (q%) = ———5—Ai(¢)) +\/¢*A:(q?)
vV q
Y|
L Vi(q?). (19)
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2mB |P| mp:
Ht++(q2) = \/q— 1( ) \/q—z Vl (qZ) - q2v2(q2)’
2 2 2 2 2 2
my. +3mp. — g My, —mp. —q
H_,(q*) = - 2y 1(q?) + 2y As(q?)
2m3, | i 7l
_ c A 2\ _ c 74 2 ,
5 m%; - mD*
Hy_(¢°) =——F=— -/ 4*As(q Vl(q ),

2mp:|p| mp: —
H_ (¢*)=—F5Ai(@) +——=— —\/@*Valq
V4

m%. +3m3, — ¢* ma. —my. — q*
H. 2y B} D 2\ B D A 2
+-0(q”) T 1(¢%) T 2(q7)
2mi. | p|? mp: |p|
—— A7) - ———V(q),
mp- (my, — mp,.) mp:-
3m%, + mi. — ¢? ma. —my. + q* 2mpg- | p|?
H 2y By D A 2\ B} D A 2 B} A 2\ ->V 2 ,
+o+(4%) 2nip: 1(q°) B T — 2(q )+—m23i_m%* 4(q”) = 1pIVs(q?)
3m%. + my. — g° ma. —m3. + ¢* 2myg:|p|?
H o (g% = — c A (g2 B T 7 2_LA 2 = |plVs(g?),
0-(q%) 2 1(q%) + 2, 2(q7) -y 4(q%) = pIVs(q?)
=12 2 2 3
my. + myp. — 2m?
Hooo(qz) _ |p|( B} . D q ) V 2 B; |p| V3<q2)
V 4" Mp- \/ mD* mB* mD*)
|p|(my. —mp. — ¢°) |pl(my. —mp. + q°)
- Vs(g?) +———=5— Ve(q?),
2\ g mp: 2v/ g mp:
) (m%: - m%*)(’"%; + mZD* -q%) 5 V q%méi + sz* - q%) 5
Hio(q°) = 5 Vi(g®) - Va(q°)
2/ q"mp:my 2mp:mp-
mp: 1_7'|2 mp: pl? mp: ﬁ|2 mp: P|2

$ PPy () - PNy () - EPE
\/ qsz»« mp+ (m%; - m%*) vV qsz*

It should be noted that H,q(g*), Hyo(¢*), and H, (¢*) are the four helicity amplitudes H, .,

Vs(q?) + Ve(q?).

Nz

B 4D
.

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

for BX — D transition with

Ap = 0 omitted. In addition, it is obvious that only those amplitudes with Az: = Ap) — Ay~ can survive due to helicity

conservation.

In addition, these hadronic helicity amplitudes H ﬂw* Ty

are also commonly referred to as helicity-basis form factors in

the literature [75-77]. At the kinematic endpoint g2,,, = (mp: —mp 1), where the three-momentum of the final-state

meson vanishes, ] p| — 0, the helicity-basis form factors satisfy the following model-independent relations.
For the B} — D transition, one finds

Ht()(q%lax) =0,
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H_, (Qrznax> =H, (Qﬁlax> - _HOO<CI%1ax)' (30)
These relations follow directly from the explicit |p| factor
in Egs. (16)—(18).

For the B — D* transition, the endpoint behavior is
more involved. The helicity-basis form factors satisfy

HOOO(‘]IZ‘nax) =0, (31)

Hyp o (qhax) = Hi——(Ghay) = Hioo(qhax).  (32)

Hoy, (qrznax> = H——&-O(Q%nax) = H—O—(Qrznax)
= _HO——(QIznax) = _H+—0(q3nax)
- _H+O+(qgnax)' (33)

These remaining relations are direct consequences of the
helicity amplitude definitions in Eqgs. (19)-(28). These
relations are independent of the specific dynamical model
used for the form factors, and therefore provide useful
consistency checks for the CLFQM numerical results. In
particular, the computed helicity-basis form factors are
expected to approach these kinematic limits regardless of
the detailed ¢> dependence of the individual form factors.

D. Leptonic helicity amplitudes and observables

For the leptonic part, the leptonic tensor could be expanded
in terms of a complete set of Wigner’s d”-functions

[73,78,79]. L, H"" is rewritten to a very compact form
|

dI'[B: — DW¢-1,]

1
Ly H" = >

Ao iy g Ry T

(=0 sy g, 1814 5, -

J J!
X
Oty 2o . Ae=0 e Ae=b

x H A g ) H A (34)
where J and J' run over 1 and 0, A(v{/)* and 4, run over their
components, and massless right-handed antineutrinos
with 4;, = 1/2.

In the £~ — D, center-of-mass frame, h, fo, in Eq. (34)
are the leptonic helicity amplitudes defined as

s, = e = 19 (3 ). 39)

Taking the exact forms of the spinors and W* polariza-
tion vectors, we finally obtain the following nonvanishing
results

o = 8(g% — m3), (36)
2
m

[yl? = Sz_qi (q* —m3). (37)

with the cases 4, = —1/2 and 1/2 are referred to as the
nonflip and flip transitions, respectively.

Taking the derived basic building blocks of the ampli-
tudes, we focus on the explicit forms of the observables.
The double differential decay rate of B — D*)¢#~1, decay
is written as

dg*dcosé

GilVuwl® 1Bl 1, _mZ
= ~(1==£) L, B, 38
(27)° 8mp. 3 w (38)

q2

where the factor 1/3 is caused by averaging over the spins of initial state B:. Using the standard convention for
d’-function [80], we can write the double differential decay rates for different leptonic helicity states as

sz[Bt - Df—l]f]if:—lﬂ o G%‘|Vub|2|ﬁ|l 2 1 _m_§
dg*dcos 256 my. 3

dg’*dcos @

&TB; » Do), GilVuw 1P| 1 2<1 _my

 2567°m3. 3

d°T[B: = D*C70s); i) _ GV ’1PI1 , 1 _my
dg*dcos @ 256m my. 3

2
2> (1 —cos0)?H%_ + (14 cos@)*H>, +2sin” O0H%)),  (39)
q
2my 2 2 2
7 [sin®@(H%_ 4+ H2,)+2(H,—cos6Hy)*],  (40)

2
q2> [(1—cos0)*(H?, + H>_,) + (1 +cos0)*(H*,_ + H* )

+2sin? O(H3, . + Hi__ + Hj)l, “1)
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@B = D¢ 0el;,
dg*dcos 6

2560 m3, 3

2|Vub‘2|1_5| 1 2<1 _ "

—F[sin? O(H%, + H%_y+ H2,_ + H? ;)

+2(H,y —cosOHy, ,)* +2(H,__ — cos OHy__)*>+2(H 09 — cos OHy)?].  (42)

Using Eqs. (39)—(42), one can get the explicit forms of observables of B — D¥)¢#~1, decays.
Performing the integration over cos € and summing over the lepton helicity, we obtain the singly differential decay rates

dr(B; > Deo,) _ GyIV.uIBI1 , (1 _m:

dq? 9671'3m%gj 3 a4 q*

dr'(B; » D*¢"5;] _ Gi[Vuwl’IPI1 , (1 _mz
2
q

dg? 967> my. 3

+ Hy + H_

3m
_+Hy )+ 24

2 m_? 2 2 2 3my 2
1+2q2 (H+—+H—++H00)+2 > Hip (43)

: my 2 2 2
) [<1+2q>(H 0+—|—H+0+H _+H-,

2
;(th-H— +HE_ + Hzoo)] (44)

from which the branching fractions can be easily derived. Furthermore, paying attention to the polarization states of
daughter D* meson, one can obtain the longitudinal differential decay width dI', [B}: — D*¢~i,]/dg* by selecting

Hyyiyeiy terms with Ap. = 0 in Eq. (44).

Besides above differential decay widths, there are several important observables, the ratios of branching fractions, the
longitudinal polarization fraction of the daughter D* meson, the 7 lepton spin asymmetry and the forward-backward

asymmetry, which are defined as

RV (4?) = , for ' =e,p, 45

w (4) dr,[B; — D( = uf,] g il (45)
dr',[B; - D*t70,]/dq?

FP(q?) = —1¢ SR 46

o T[> DU,
APg) = :

1/2/dq2 —dr'[B; - D(*)T_Drh,:l/z/dqz

dl'[B: - D®) ¢~

Dels—1//dg* + dT[B; = D™z~

~J° dcos8(d’T"/dg*d cos 6)

, 47
Dr]ﬁ,:l/Z/dqz “7)

— & dcos@(d’T'/dg*d cos 0)

respectively.

These observables probe complementary aspects of the
decay dynamics. The ratios Rp y are sensitive to the relative
strength of the transverse, longitudina, and timelike helicity
contributions. Expanding the differential ratio in powers of
m?2/q*, one obtains

H? 4
3m:  3m?: Mg, (m,)
PO Lo E ), (49)
297 247 H, q*

where i runs over 0, . The first correction term reflects the
phase-space suppression of the 7 mode, which is gradually
lifted as q2 increases, while the second term arises from the
timelike helicity contribution weighted by m?/g* Thus,
Rp y generally rises with g?, although the detailed behavior

Rpy(g*) =1 -

dr'/dg? ’ (48)

is channel-dependent since the magnitude of the timelike
amplitude varies among different transitions.

In contrast, the forward-backward asymmetry Ay probes
the interference between helicity amplitudes. For a pseu-
doscalar final state,

H2_ —H?, +2x,HHy

3
4(1+x0/2)(HA_+ H2, + H3o) + (3x,/2)HYy’
(50)

Af(q*) =

where x, = m2/q>. The numerator contains the interfer-
ence between transverse helicity amplitudes, as seen from
the term H3 _ — H2, = —8Mp.|p|A,V [see Eq. (18)]. Thus
A, probes the interference structure of the hadronic current,
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complementing Rp y and F;, which are mainly sensitive to
the modulus of the helicity amplitudes. The expression for a
vector final state is analogous.

The longitudinal polarization fraction F?" measures the
probability that the daughter vector meson is produced with
zero helicity, i.e., its longitudinal polarization fraction. In
contrast to the total ratios Rp y, F'; can be extracted from
the angular distribution of the daughter vector meson decay
products without relying on an overall normalization, and
thus provides complementary information on the polariza-
tion composition of the final state.

Finally, the branching fractions in Eqs. (43) and (44) are
strongly affected by the uncertainties from the CKM matrix
element and hadronic form factors, but the situation differs
for the observables in Eqs. (45)-(48). Because these
observables are ratios of the branching fractions, their
dependence on the CKM matrix element cancels out
exactly, and the uncertainties arising from form factors
are also largely reduced in these ratios, thus resulting in the
predictions with high accuracy.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. Input parameters

Before presenting our numerical results and analyses for
B: — (P,V)¢~ b, decays, we would like to clarify the
input parameters used in our numerical evaluations. For
the CKM elements, we take |V,,| = 36.6753% x 1074,
[Vep| = 4145102 x 1073, |V | = 97.351001 x 1072, and
|Veal = 22,4903 x 1072 fitted by CKMFitter Group [81],
the central value of the well-known Fermi coupling
constant and the masses of mesons and leptons given
by PDG [80].

To evaluate the branching fractions of semileptonic
B: — (P,V)¢~ b, decays, the total decay width (or life-
time) I'p: is essential. Unfortunately, there is no available
experimental and theoretical information for ['p: to date.
Due to the fact that the radiative process B} — B.y
dominates the decays of B} meson, we take the approxi-
mation ' (B%) ~T'(B: — B.y) in our following evalu-
ation of branching fractions. Since the photon from the
B} — B.y process is too soft to be easily identified
experimentally, the information on I'(B; — B,y) is derived
primarily from theoretical estimations. The predictions for
['(Bi — B.y) have been obtained in various theoretical
models [82-91]. In this paper, the CLFQM is employed to
evaluate I'(B: — B.y). The relevant theoretical formulas
have been obtained in Ref. [92]. Using the constituent
quark masses and the Gaussian parameters f given in
Appendix B [93], which are determined by fitting to the
decay constants of pseudoscalar and vector mesons follow-
ing the procedure of Ref. [71], we obtain

T (Bf) ~T(B; — B.y) = (3958) eV. (51

The corresponding decay constant of the B} meson is
obtained within the same CLFQM framework, defined via

<O|BVFC|B§(P)> :fB;MBzeﬂ- (52)

The numerical result is fp: = 422 £+ 25 MeV, where the
uncertainty is propagated from the Gaussian parameters /3
and the constituent quark masses. Since the Gaussian
parameter S is determined with reference to this decay
constant, this value is a model output rather than an
independent prediction. For reference, other theoretical
determinations include fp. =437.9 £4.3 MeV  from
LQCD [94], 453 £20 MeV from NRQCD [95], and
415733 MeV from QCD SR [96].

Besides the input parameters given above, the form
factors of B — (P, V) transitions serve as the fundamental
and critical inputs for evaluating observables. Regrettably,
there is no experimental data and readily available theo-
retical results for use at present. In our previous works,
we calculate the vector and axial-vector form factors of
V' = V" [97] and P — V [98] transitions within the
standard LFQM (SLFQM) and CLFQM, investigate the
self-consistency and Lorentz covariance of the CLFQM
with two types of correspondence schemes, and analyze
the zero-mode and valence contributions to the form factors
of the relevant transitions in the CLFQM and their relation
to the SLFQM results. The explicit theoretical formulas are
given in Appendix.

In this work, we adopt the strictly covariant and self-
consistent CLFQM to evaluate the form factors of
B — (P, V) transitions, and take the Gaussian type wave
functions for the initial B}-meson and daughter ground and
excited mesons as [99]

7 \3/4 |ok, K2+ K2
vis(e k) = 4<ﬂ_2) \/;GXP <_ § 2 L>7 (53)
7 \3/4 ok 2012 4 K2
oot =) eon (-5 5)

2 2
X <a2 — b, ket kl), (54)

TABLE I. The summary of the resonance masses (in units of
GeV) with different quantum numbers entering the parametriza-
tion of the B; — (P, V) form factors [45,80].

F(q?)

Bi—-P B>V J' ¢c—-d c—-s b->u b-c
Ao(q?) A(g?) 07 1.870 1968 5279 6.274
V(g?) Vig(g?) 17 2010 2112 5325 6.332
Ao(q?)  As_s(g?) 1T 2422 2460 5726 6.742
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z\34 ok
WSS(x’kJ_)_4<ﬂ_2> Va—xzexp<

X <Cl3 —b3

2
K2+ k%

¥4k

)

(k2 + k%)

/}2 + C3

ﬁ4

with &§=1/1.82,

a, = 189, bz == 155,

ay = 2.54,

b3 =5.67, and c3 = 1.86 are taken from Ref. [99], where
they were obtained by fitting the decay constants of heavy

)

(55)

quarkonium states while preserving orthogonality among
the wave functions. It should be noted that the transitions
form factors for semileptonic B} decays are derived in the
g = 0 frame within the CLFQM, and they are known only

TABLE II.  Parameters of the z-series expansion for B: — (P, V) transitions form factors within CLFQM. The uncertainties are from
the Gaussian parameters # and the constituent quark masses, respectively.

F F(0) b, F F(0) b, F F(0) b,
VBB 3091006 0 —10.062050%0 7 VBB 34000007058 13361055 5y VB 02350600007 —1.282000°0:
AF=B 060100000 —1.99057 1017 AFTE 0.695001 100 —2 7405005 ABP 08IRGI0n —0.13X05 00
ABSE 065500 00 —2.561000707 APE 075100500 —3.545001 505 ABCP 019561105 ~0.675081705
AFSE 0910000 —4T0I05 08 AR R 0.96100 0 —5.615050507 ABTP 02061500 ~0.68 1062 05
VIS0 09U —SIGRRE VIt 04GR 2300308 vEn0Y 021 BBRE 2199810y
ATHOD0G6RMEE 208 AT 02BN SIUHTEE AT 0N 30218
ATR0D0T0RBE 126 AT 02IBE AT AT 000 23480
ATR0D0SORIEY IS AR 04BE —LOUEDE AT 025ERE 15002
APE 043500 00 —1ASIORI0 AP R 05350017008 —2055090%0s AP 0.09506170%0] —0.5910847008
ABE LATA00A0 —7.7210355080 4 Bi~B; LOSTOS 0N —8.791070 038 pBi=D! 0.1050912901 —0.66+ 9934007
AET OBV —ASSRRUN ABN 0TSSR —SaufE aBT 00sBRG —030rgig
AT ORORERY SN ARR 0SSR -6IUHPMD ATP 006 iSR —03sR
VESB 0SSO0 204000 VBB 06400 2000 0a D 0105088 ~0627 00 0te
VESELASIRI —675100 05 vESE L LOGIRTs 779586 0es vESPT 0102081200 ~0.6515037 05
VESP04IINGER _LSGUMNOR VBB 0400000 20II0R YD 00780 —0481000es
VIR 0N 002G VISR 009 0SB VAP —00IBEE 01088y
VER IR SIS VR s CissaREE vEP 026 —Lerdlgs
VEST 268 —oSURR VIR 0NRDE S0 v 0B —0saida
ABOS OSHRRUSY BETRR AR 0265OE  09TRRNR AB09 0raBRUON 1120
AT 0S2MRE PR ATCY 03RRI 1TSS A0y 022 NS 03978008
AT OIS LI AR 012N —0a D AT0Y 006 —009 88!
AT OIS L2 AR e 002 047U ATOT 000N 02680
VBV 0560000 383000 Eus  028I0M0N 0BG VE-YOS  01STUN LI ig
VIS 03NS 23S VEe) 0GR —LSSRI vEreY 022 027
VEO9 0203 LSS VR 00 OISR vEe) 00s B onsgily
V09 00U OIBRR yIeY S0l LR vy 0TS 0 R
VESRS LIRS T e 0SSOl RN vhes 03RS 2008503
I e o T o 1 Ot 1 1 e A
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FIG. 1. The ¢* dependences of form factors of B} — (P, V) transitions. The error bands reflect the uncertainties from the Gaussian
parameters £ and the constituent quark masses.
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for spacelike momentum transfer, as ¢*> = —¢3 <0.
Consequently, the form factors in the physical timelike
region require an additional g*> extrapolation. For the
phenomenological applications, we adopt the BCL version
of z-series expansion [100] in the form adopted in
Refs. [101-103],

F(qz) 1— 2/M2 Zbk 2 tO _Z(O tO)] ’ (56)

pole k=

RVa2 —/11—1
\/%+g t_ = (mp: — mP/V)zs Ip =
t,(1—+/1—1_/t,), and 1, is the squared invariant mass
of the lightest multihadron state that can be excited from the
vacuum by the mediating weak transition current. In
Eq. (56), M. denotes the mass of the excited resonance
state of the quarks involved in the weak current of the form
factor and shares the quantum numbers of the transition for
a particular form factor, with the corresponding masses
listed in Table 1. For our subsequent numerical calculations,
we truncate the expansion at N = 1 in practice, with the
parameter b, determined by fitting to the results computed
directly by CLFQM.

Using the values of constituent quark masses and
Gaussian parameters fitted by fpy in our previous
studies [93,97], we present our theoretical predictions for

with z(¢%, ty) =

0.0 0.2 0 4 0.6 0.8

q* [GeVY
0 .
,2 b
Kl
S
+
I -6
o)
s 5t
710 b
,]2 b
0.0 0.2 0.4 0.6 0.8
q* [GeV?]

FIG. 2. The ¢* dependences of the helicity-basis form factors \/q>H I g

the form factors of ¢ — (d,s) induced B} — Bg*), B
transitions, and b — (u,c) induced B: — D™,
n.(18,28,38), w(1S,2S8,3S) transitions in Table II. The
g*> dependences of form factors in the whole region,
—(mp: —my)* < ¢* < (mp. —my)?, are shown in Fig. 1.

Besides the invariant form factors listed in Table III and
shown in Fig. 1, the helicity-basis form factors are also
useful for analyzing the helicity structure of these semi-
leptonic decays. Using the relations given in Egs. (16)—(28),
we obtain them from the BCL-parametrized invariant form
factors. For conciseness, we present only the results for the
Cabibbo-favored B! — B,/""v, and B: — B v,
modes, which have relatively large branching fractions
among the channels considered in this work (see below).
The ¢?> dependences of the helicity-basis form factors

)
V4 H’IW”B%B@

bars corresponding to the numerical values in Tables III
2
q

are shown in Figs. 2 and 3, with the error

and IV, respectively. The factor is introduced to
remove the kinematic singularities at g> = 0. The uncer-
tainties are obtained by propagating the uncertainties in the
Gaussian parameters f and the constituent quark masses.

A closer inspection of these helicity-basis form factors
reveals the following features. For the B: — B, transition,
Hy, and H, dominate at low ¢, while H_, become
significant only near the endpoint, where H, vanishes as

\/? Hoo(q?)

0.0 0.2 0 4 0.6 0.8

¢* [GeV?]
0 |-
_2 L
—~ -4t
o
=
1 76 |-
il
s
o -8r
=
,10 L
,]2 L
7]4 L i i i i i
0.0 0.2 0.4 0.6 0.8
q* [GeV?]

, for B: — B, decays. The multiplicative factor /¢

removes the kinematic singularities near g> = 0. The data points with black error bars correspond to the numerical values listed in
Table III, and the error bands reflect the uncertainties from the Gaussian parameters f and the constituent quark masses.
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FIG. 3. The ¢ dependences of the helicity-basis form factors \/g*H Ay dged(y fOT B — B decays. The multiplicative factor v/ g>
¢ B

removes the kinematic singularities near ¢g> = 0. The data points with black error bars correspond to the numerical values listed in
Table IV, and the error bands reflect the uncertainties from the Gaussian parameters f and the constituent quark masses.
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TABLE III. The multiplicative helicity-basis form factors +/¢>H Ay (I units of GeV?) for the B — B,
transition at ten equally spaced interior points of the physical ¢> region. The uncertainties are from the Gaussian
parameters £ and the constituent quark masses.

7* (GeV?) V@PHo(4) V@ Hoo (%) VéH (¢) V@, (¢
0.08 7.68+032 8.941037 —17158% ~3.597031
0.17 7.55% 0% 9.2010%) —2.561030 -5.16104
0.25 7.391057 9.47+01 -3.3240% ~6.435)%
0.34 717198 9.76 0% -4.0704 ~7.547 958
0.42 6.897033 10057199 -4.8370% -8.55104%
0.51 6.541030 10.3570:9% —5.647028 —9.491085
0.59 6.08:047 10.66149 —6.511065 -10.361015
0.68 5481042 10.987 11 ~7.461 07 —-11.155%
0.76 4.6640:38 113142 -8.5310% —11.8519%
0.84 3.431038 11.667 25 -9.8170% -12.381]3%

TABLE V. The multiplicative helicity-basis form factors \/¢*H, ., .;,. (in units of GeV?) for the B} — B; transition at ten equally
spaced interior points of the physical ¢> region. The uncertainties are from the Gaussian parameters /# and the constituent quark masses.

q* (GeV?) V@ Hoo(g%) VEH (4 VPH, () V@ H (g% V@ Hy, (g%
0.08 6.731040 1361007 12.591!7 6.981032 0.921902
0.15 6.6010:40 1615047 12,6172 7125933 0.68107
0.23 6.42104 1.895913 12.62714 7.2610 20 0.391019
0.30 6.217048 2215047 12.591112 7401080 0.074513
0.38 5941043 2.58102 12,5273 7.5559% -0.327017
0.46 561104 3.001039 12,4014 7.70105¢ —0.774022
0.53 5191038 3.501031 12.201}13 7.851072 -1.31593]
0.61 4655934 4107932 1191518 8.015977 -1.987033
0.69 3.93103 4865071 11471152 8.17:10% 2831043
0.76 2.8710%2 590108 1075558 8.331046 —4.0210:32
7% (GeV?) V@H () V@ H o (%) V@ Ho (%) V@H, o(q) V@ H o (%)
0.08 -2.50192¢ —2.531034 12,5317 0.861013 0.901013
0.15 -3.5550%7 -3.60703 125012 1291039 1.3410%
0.23 —4.38104¢ —4.431043 124411 1.687038 1745933
0.30 —5.09%02% —5.141529 1234112 2.07503, 2.147931
0.38 —5.701089 -5.761027 12.1813 2.487030 2.55%03¢
0.46 -6.2510¢ —-6.30104 11.97413 2.931047 2.991 053
0.53 —-6.741072 —6.78108 11.671]13 3421508 3471048
0.61 =7.151078 ~7.18%0:%3 11.261]12 3.9710% 4.02103
0.69 ~7.461080 ~7.495071 1067542 4.62108 4.6610%
0.76 ~7.635%0% —7.6475% 976113 544106 546 045
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required by kinematics. For the B} — B! transition,
the V — A structure creates a clear hierarchy, H,__ and
H,__ are strongly favored over Hy,, and H,, ,, reflecting
the chiral selectivity of the charged current, with H , also
sizable. Moreover, H y, in the vector case exhibits a similar
g* dependence as H,, in the pseudoscalar case, as both
amplitudes are large at low ¢> and decrease toward the
endpoint; this similarity is largely kinematic, since both
amplitudes are subject to the same phase-space suppression
as g* approaches ¢2,,. These observations are consistent
with the endpoint relations derived in Sec. IIC [see
Egs. (29)-(33)] and provide a consistency check of our
numerical calculation. The observed hierarchy also indi-
cates which angular contributions are expected to be most
accessible in future experimental analyses.

In addition, the uncertainties vary among helicity ampli-
tudes. The largest relative errors occur in amplitudes that
become zero at the endpoint, such as H,, and H,, where

small values amplify the absolute errors. In contrast, Hg
and H , have larger uncertainties over the entire ¢> region
due to multiple form-factor combinations.

B. Theoretical prediction and discussion

Using the theoretical formulas given in the last section
and inputs given above, we then present our numerical
results for the branching fractions of B — (P, V)£~ v,
decays in Table V, in which the four errors are caused by the
Gaussian parameters /3, the constituent quark masses, CKM
factors, and T'g:, respectively. For the other g*-integrated
observables listed in Table VI, the theoretical uncertainties
are caused only by the Gaussian parameters f and the
constituent quark masses. Besides, the ¢> dependences of
differential decay rates dI'(;)/ dg?, Ry, F Y, and A, are
shown in Figs. 4 and 5, with the corresponding error bands.
The following are some explanations and discussions:

TABLE V. The theoretical predictions for the branching fractions of the semileptonic B — (P, V)¢#~1, decays. The theoretical errors
are caused by uncertainties of the Gaussian parameters /3, the constituent quark masses, CKM factors and total decay width, respectively.

Decay mode This work BS method [64] CLFQM [67]
B~ Bes, 613 A X 1078 578730 x 1079 AT < 107
B~ By, O3B x 107 S737 x 107 ST < 107
B~ B, 08002 T T x 107 04317 x 107 TSI < 107
B~ B, 028011200 ¢ 107 8967112 x 107 706748814709 107
B: = Db 22T R x 107 L6035 107 LI6SRI x 107
B D, L4020 1079 1081030 x 107 065" 11871088 x 107
B~ n(15)0" 5, BB0TGRE I x 107 419504 x 107 A4STOT0Y < 107
B = n.(15)5, 1060010351002 081 107 1267017 x 1077 1030389071087 x 107
B =~ n(28)¢ v 1790 3 s o nes X 1070 - 5.607 14310024080 o 18
B~ n25)e%, 2 10 - SO < 107
B = 1(35)0" SO ARG 1070 - -

B~ nG8)e oSV LR x 1077 - -

B: — Bre7p,
B - B*,u‘l?u

D* n* ,—
B = Bie v,

40.30+1.25+0.014+5.13 -8
6.73 051 130-0.01-255 < 10

40.28+1.204+0.0144.91 i
6.4470 50 155 0.01-2.44 < 10

40.02+0.22+0.00-+0.85 —6
L1255 057051 20.00—042 < 10
He . P, - +0.02++0.21+0.00+0.81 —6
B = Biup, 1.06Z5052050-0.00—0.40 < 10

B: - D*/' i, 1.35+0.24+0.30+0.07+1.03 o 109

—0.22-0.25-0.05-0.51
B:f — D't 8'17+l.4l+l484+0440+6423 X 10—10

T —1.33-1.52-0.32-3.09
B~ w(19)0 5 AT < 107
B~ w(15)7%, L6 BRI x 107
B~ y(25)0 G < 107
B~ y2S)7 7, 224N < 107
B = w(39)0 7 S96 G < 107
B~ y(39)7 7, 1O < 107

1.5903 x 1077 -
1.5370% x 1077 -
2477033 x 1070 -
2.347031 x 1070 -
4617092 x 107° -
3.22708 x 107 -
113504 x 107° -
3.137932 x 1077 -
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TABLE VI. Predictions for ¢g>-integrated observables within the SM, The theoretical errors are caused by uncertainties of the Gaussian
parameters f and the constituent quark masses, respectively.
S. rediction S. rediction S. rediction S. rediction
Ob Predict Ob Predict Ob Predict Ob Predict
D* 40.00140.003 D* +0.001+0.003 D* 40.00140.003 D* +0.001+0.004
R 0.60624 0030003 Rr 0.592Z4 6630004 A 0.514Z5 00120003 Ay —0.126Z5,0000.004
18 +0.001-+0.004 w(1S +0.001-0.005 1S -+0.000--0.000 1S +0.000--0.004
I 0.26375 5010005 R Z( ) 0.278 5 001-0.006 Ai{d ) 0.221%5 95000011 AZ( ) 0.074Z5,000-0.000
28 ++0.002+0.005 28 +0.002+0.006 28 +0.003-+0.015 28 +0.003+0.016
RvS) 0.06224 002-0.007 RVLI( ) 0.0685002-0.008 Alf< ) 0.02424 66320.022 AZ( ) 0.169Z4/003-0.000
w(3S 40.00140.002 w(3s +0.001+0.002 w(3S _ +0.00540.021 w(3s 40.00740.019
RvG9) 0.014Z5 001 20.002 R L( ) 0.017Z5 66120003 A A( ) 0.077 50060025 Ag( ) 0.188Z 606-0.012
D +0.002+0.001 + 40.002+0.002 D ++0.001--0.000 D +0.00340.001
R 0.62124 6620000 Fr 0.3532 601-0.002 A 0.757 Z5.061-0.000 Ay =0.22475 003 0.002
(18 40.00140.001 w(1s +0.000+0.002 (18 +0.00140.003 ne(18 _ +0.001+0.004
Rr:(19) 0.279Z5. 0010001 F L< ) 0.306Z4 660-0.002 A (1s) 0.59125 06120.004 Ay (15 0.086Z 661-0.001
e (28 +0.005-+0.014 w(28 +0.001-+0.005 n.(28 +0.016-+0.024 (28 _ +0.002-+0.016
R1:(S) 0.040Z 605-0.015 FL< ) 0.303Z 661-0.004 A @5) 0.38125019-0.019 Ay @5) 0.049Z 662-0.023
(38 +0.004-+0.004 y(3S +0.001+0.001 (38 +0.012+0.018 .38 _ ++0.020+0.020
R1:G35) 0.01224 664-0.004 F Z( ) 0.304Z 6610001 Al (%) 0.37329.017-0.040 A G9) 0.074Z) 626-0.028
25f = AR s T N
— B.~1.(1.5)0"vp — — 12 ===B.-n.3 SV
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FIG. 4. The ¢*> dependences of differential decay rates dI'/dg? (solid lines) and dI';/dg® (dashed lines) for semileptonic
B: — (P, V)¢~ b, decays. The error bands represent the uncertainties propagated from the Gaussian parameters  and the constituent
quark masses.
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FIG.5. The ¢? dependences of R (¢%), F1(¢%), A, (%), and Ay(g?). The error bands represent the uncertainties propagated from the
Gaussian parameters f and the constituent quark masses.

€]

For branching fractions, it could be found from
Table V that our results are consistent with the
theoretical predictions of B: — (P,V)¢~v, (P = B,
B,, D, n.(1S); V= B*, Bi, D*, y(1S)) decays
within the BS method [64] and B: — P¢~ i,
(P=B, By, D, n.(18,2S)) decays within the
CLFQM [67]. It is important to highlight that the
CLFQM adopted in this paper yields the self-con-
sistent and covariant results for the form factors of
V - P and V' — V” transitions, as discussed in
Refs. [97,98]. The input parameters adopted in our
calculation for form factors differ from those used in
the CLFQM analysis of Ref. [67], which leads to
slight discrepancies between our predictions and the
results reported therein.

In Table V, our theoretical predictions for branch-
ing fractions have larger uncertainties than some
previous estimates [64,67]. This is because we
propagate the full uncertainties from all input
parameters (quark masses, Gaussian parameters f,
CKM elements, and the total width I'g:), whereas
earlier works often considered only partial errors.
The largest uncertainty from 'z, which is induced
by the input parameters used in the calculation
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of T'(Bi— B.y). Our value T(Bf— B.y)=
(39723) eV differs from the result (59 & 12) eV
in Ref. [67], and this uncertainty will be reduced
by the precise measurement of I'p. in future high-
luminosity experiments. The smallest uncertainty
arises from CKM factors, particularly for the
B: - B¢, decays induced by & — 5/,
transition at quark level, which is attributed to the
current precise experimental measurements of
CKM matrix elements. In addition, the results of
B: = n.(38)¢"v,, w(2S,38)¢ 1, decays in this
paper are first presented.

Owing to the hierarchical relations between
the CKM matrix elements |V,,| <|V.| <
|[Veal < |V, there are some clear hierarchical
relationships among branching ratios for the B
decays induced either by the bottom quark decay
or by the charm quark decay, i.e.,

B(Bz{‘ g Df_ﬂf) < B(B: = Bf/_ljﬂ)
< B(Bz - nC(IS)f_Df)

< B(B: - B,f" 1), (57)
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B(B: — D)) < BB — B*£1,)
< B(B’g —>w(18)¢ o,)
< B(B: = B:'"vy). (58)

It should be pointed out that the phase spaces in
b — ¢ induced B: — 1.(1S), w(1S) transitions are
much larger than ¢ — d induced B: — B™) transi-
tions and thus can compensate for the small CKM
matrix element in B! — 5,.(18)¢"0,, w(18)¢ 0,
decays.

Due to the hierarchical relations between masses
My (15) < My (25) < My (35) And myi5) <y o) <
my3s), the phase spaces of final states decrease
with the increase in the radial quantum number n.
There are some clear hierarchical relations, i.e.,

B(B¢ = n.(38)¢70,) < B(B: — 0.(28)¢7 1)
< B(B: — }7C(15>I/ﬂ_l_/f),
(59)

B(B: — w(38)¢70,) < B(B: — w(25)¢77y)
< B(B: — w(18)¢-1,).
(60)

In addition, from the numerical results in Table V,
the branching fractions of B — V£~1, decays are
generally larger than those of the corresponding P
modes, except for the D) case where the larger
phase space of the D mode compensates for the
fewer helicity amplitudes. This leads to the follow-
ing hierarchical relations, i.e.,

B(B; — nc(nS)t™0,) < B(B; — w(nS)¢~w,),
(61)

B(BZF - B(S)f/_l_/f/) < B(Bi - BTS)f/_l_/f/). (62)

As for the hierarchical relations between the
branching ratios of B — D¢, decays,

B(B: - D¢~v,) > B(B: — D*¢~,),  (63)

which differ from the above predictions in Egs. (61)
and (62). This can be attributed to two factors. One
is the larger phase space available in the B — D
mode; the other is that the form factors at g> = 0
are also larger for the D mode than for the D*
mode, as listed in Table II.

In Table V, one may find that the CKM-favored

B: i B§*>f/_17,/0/, B(*>f/_17f/, l//(lS)f_ij,

2
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w(2S)¢' "0y, and n,.(1S)¢ "D, decays have the large
branching fractions, >O(107%). In particular, the
branching fractions of the B} — Bje™ 0, and By 7,
decays can reach up to O(107%) and therefore should
be prioritized for searches and are expected to be
first observed in future LHCb experiments. Owing to
the relatively small CKM factors and form factors,
the B: - D" ¢~ 1, and other excited charmonium
modes possess much smaller branching fractions of
O(10712) ~ O(107%), which implies that these de-
cays are hardly observable for a long time.

At present, no direct evidence of NP has been reported;
there still exists some discrepancies with the SM
predictions in semileptonic B decays. As mentioned
above, the BABAR, Belle, Belle II, and LHCb collab-
orations reported a combined 3.8¢ deviation of their
measured ratios R, from the SM predictions. Be-
sides, the ratio R;,, in semileptonic B, decays
measured by the LHCb collaboration lies 1.8c above
the SM prediction. The above-mentioned large devia-
tions in R, and possible anomaly in B. decay
channels imply possible hints of NP. Therefore, it
would be interesting to investigate whether such
similar anomalies also exist independently in semi-
leptonic B decay modes.

Our numerical results for the ratios R”(") defined in
B: — (P, V)¢~ b, decays are summarized in Table VI,
and the ¢> dependences of these observables are
shown in Fig. 5. Using the results collected in Table V,
we obtain the predictions within the CLFQM [67] and
BS method [64],

RP = 0478, R7-(15) = (.229,
R1:25) = 0.087, CLFQM, (64)
RP = 0.675, R"<(15) = 0.300,
RP" = 0.698, R¥(1S) = 0.277. BS method.
(65)

One can see that these results are slightly smaller
(larger) than ours, due to the adoption of distinct
models and parametrizations in form factor evaluation.
Notably, these ratios are less model dependent and can
be used to verify the consistency between theoretical
predictions and experimental observations in future
experiments.
From Table VI, it could be found that

R‘I/(SS)

0 < R‘I/<25) < RWUS)’ (66)

(L) (L)
R138) « Rne(28) ~ Rne(18) (67)

This hierarchy is mainly correlated with the available
phase space, which is more restricted for the excited
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states, and also reflects the differences in the helicity
compositions among these states.

In contrast to R}, F has identical decay modes and
the ranges of ¢ integration in both its numerator and

denominator. one can find that F"'9 ~ F¥®9) ~

FY59 ~30% and F?' ~35%, which implies that
B — V7, decay dominated by the transverse
polarization.

Moreover, we also consider the ratios

B(B: — Bye™1,)
RE/P =00 7 Do 2l — 148701003 (68
B(B: — Be 1,) -01-04+  (68)
B(B: - Bu1,)
Rp/P = — e~ h I 4 TS (69
H B(Bi N /ft_l_/'u) —-0.1-0.4 ( )

<g-  B(B: — Bie D
giisp - BBe = BieT0e) _ (g crosios (g

B(B: — B*e™1,)

RE/E W _ 16.5507102, (71)

where the first uncertainty comes from the Gaussian
parameter # and the second from the constituent quark
masses. The larger f induced uncertainty for R:/5’
arises because vector meson wave functions are more
sensitive to # than pseudoscalar ones, while the quark
mass uncertainties affect both ratios similarly. These
results suggest a relatively large SU(3) symmetry
breaking effects in B} — B¢’ "Dy decays.

Furthermore, we also take into account another two
physical observables, the lepton spin asymmetry
AfW) and the forward-backward asymmetry A;’(V)’
which are very sensitive to the NP effects and widely
studied in B system within various NP scenarios
[36,104-106]. Our numerical results for ¢’-

integrated Af(v) and Ag(v) are collected in Table VI,

and the ¢*> dependences of A/f(V) and Ag(v) are
shown in Fig. 5.

One can notice that the theoretical uncertainties of
these two observables listed in Table VI are signifi-
cantly small compared with the branching fractions.

Therefore, the precise SM predictions for Af(v) and

Agw) obtained in this work may provide useful

references for future experimental measurements.
A detailed look at the g>-dependent distributions
and the integrated observables reveals several features.
For Ay in Table VI, the uncertainties are generally
smaller for ground-state channels than for radially
excited states. This reflects the fact that excited-state
form factors are more sensitive to the detailed shape
of the wave functions, which introduces additional
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parametric dependence in the CLFQM. Consequently,
ground-state predictions are under better theoretical
control, while excited-state results are more affected
by the model inputs. This channel dependence is also
visible in the error bands at high ¢* for 5,.(2S) and
1.(35), as shown in Fig. 5. In addition, the differ-
ential g*> dependences show the following features:
AY crosses zero at ¢*> ~4.9 GeV?, Azf(ls)’"“m)'D
cross zero at g*> ~ (3.2,3.2,3.7) GeV? respectively,
while AZ"GS) exhibits no zero crossing in the physical
g* region. These distinct patterns offer complemen-
tary information for testing theoretical predictions.
Interestingly, the LHCb collaboration has measured
the ratio R,/,; relating the nonleptonic and semi-
leptonic brancfling fractions of B, meson [107],

B(B; = J/wr")
Rn'/m'/ = — -
" B(B: = J/ypp,)
— 0.0469 + 0.0028(stat)
+ 0.0046(syst). (72)

This ratio takes the advantage of being independent
of both the B, production rate and V. Similarly,
using the predictions of nonleptonic B} decays given
in our previous work [66] and the results of semi-
leptonic B} decays calculated in this paper, we also
consider the theoretical predictions of the following
ratios:

B - Bn~
RE,. _ BBz Br) 33,
T B(BE = Bup,)

B: — B,n~
gh = BBe=Ba) g

/Wb B(B: — By D)
n(is)  B(Bi—n(18)x7)

s) _ B = 0.039,
7/ D B(B: = n.(18)¢"0p)
g9 _ BB = n297) o
7% B(B: — 3.(28) " Dy) ,
. B > B'n~
RB/ o= B(_ ¢ 7 Jf_) = 0.978,
T B(Bi = B*uTo,)
. B: > Bin~
RB; - = B(_ d _)— S7j—) = 1321’
/e~ B(Bt — Bip D)
gris _ BB ow(S)r) g
w05~ BB — y(18)¢7 D) ’
B 28)n™
gees) _ BBe—wQS)mT) . (73)

/% = B(B; — w(25)¢ )

Theoretically, these ratios can be predicted more
precisely within the SM and will be more suitable for
probing NP beyond the SM.
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IV. SUMMARY

With the high luminosities of the running LHC and the
future Super Electron Positron Collider, it is expected that
a huge amount of the B} data samples would be accu-
mulated, offering a valuable opportunity to investigate the
B} weak decays. In this paper, we have studied the tree-
dominated semileptonic B} — (P,V)¢~v, (P = D, By,
n.(18,28,38); V=D B, w(1S,25,3S)) decays,
induced by the charm quark and bottom quark weak
decay. The form factors for the B; — (P, V) transitions
are calculated using the CLFQM. The helicity amplitudes
are calculated in detail, and the predictions of observables
including branching fraction (decay rate), the longitudinal
polarization fraction of the daughter vector meson, lepton
spin asymmetry, forward-backward asymmetry, and ratios
Ry are presented in Tables V, VI and Figs. 4 and 5. It is
found that the CKM-favored Bi — Bje™0, and Biu "o,
decay has large branching fraction of O(107%). Therefore,
it is likely to be observed in future LHCb experiments or
can serve as golden channel to search for the B} meson in
experiments. In addition, the ratios R/, relating the
nonleptonic and semileptonic branching fractions of B
meson are also predicted in discussion. This study
provides a ready and helpful reference for experimental
discovery and investigation of B} mesons in the future.
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() = —2{Xma T ———

ay =" (%) = 2m (1 - A = A5") 4 2m] (A1) - A

)_quDV.con

k, K| + (xm! + xmy)(xmy — Xm)],

APPENDIX: DETAILS OF THE CLFQM
CALCULATION

In this appendix, we provide the explicit expressions for
the form factors of V — (P, V) transitions in the CLFQM.
The notation used in this appendix follows the CLFQM
conventions of Ref. [98].

Following Ref. [98], the V — P transition matrix ele-
ments are parameerized in terms of the auxiliary functions

9(q%), f(4*), ay(g?), and a_(q*) as

(P(p" M@ v g IV(P) = i€uape’ P d"g(q?), (A1)
P(p" . M@ "vursd' V(D))
= —f(¢*)e, —€- Pla.(¢*)P, +a_(¢*)q,).  (A2)

where P =p'+ p” and ¢ = p’' — p”. These auxiliary
functions are related to the physical form factors V(g?),
Ao(q?), Ai(g), and Ay(q?) by

V(g?) = ~(M + M)g(g?), (A3)
Ao(?) = =515 1= (M7 = M)a ()
+£(¢) + q*a_(q*)]. (A4)
2
Alg) =~ 2 (3)
Aed) = (M + M0ay(@). (A6)

Their explicit expressions in the CLFQM are given by the
following integrands:

(A7)

dxd?k’
IF(q))ewr = / L)(MJ(M}-CLF(X,k/qu)’

where F denotes the CLFQM form factor obtained within
the self-consistent scheme. For V — P transition, the
integrands F are given by

k, - 2 k' -
q DV con q
—4A%) + 4AD) + 4y (A1) 4245 — 240
(A9)
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PP () = —2{m’1 [M" = (m —my)? = % = N = Z,) + m! (M2 = m"? —m2 = N, = Z, + 4A?))
~ 2
+ 2t + 8 =24 + 2 [<2x S M 4 M7= 2 — )y + )
2k, - k
+2xM - g* — ;72‘“ (M” - M" + q2)] [ki + %} } (A10)

a’="P(q?) = 2{m'1 AV + AN 1) 4 myA) =AY 44D —44D)) 4 2my (A1) =240 — 24P

+24) -

[—2<M/2 + M2 4 2(m + my) (] — my) — ) (AL + AP — ALy

V.con

+ (M7 + (m + m/{)z —2(m} + m,)? = ¢* — Ny + M) (A + A 1)
. M? — M"?
+22,(247 =34 + 1) + 2= (4AA® - 3A52>)} } (A11)

For V — V transition, the integrands F are given by

- 1
Vi=V(g?) = 2{)c(m’1 + m!)m, + i(k’2 + x*m3) =K' - q +xmm/] + 8A< )

2
~ (-AP +4A47) + m{ AP + 4m,AV] - ; it AP+ ml) (~AY + 4AY) + dmyA )
con ,con
4 A® 1o 2.2 / S / "
D/v Dy, A} §(k¢ +x*m3) — K| -q +xmim| — x(m| +m{)my| ¢, (A12)
con con

VIY(q?) = 2M2 = 2(m} = mo)? + (m = m})? = ¢ = N + N{ = 22, - 164"
M/2 _ M//2
+2[2(my = mh) (my = mi)) = M2 = M" + g* + 22,]A5") + 4(2 + T)Aﬁ”

4

/
V.,con

+

[, (44 = 34) + w7 AP 4 2m, (248 — AP

4 2 3 2 3 2
o i A+ m(4A5” = A7) 4 2my (247 — AT

V.con

4 - N
‘o { [—ZM’Z = (my = m{)? +2(m} —my)* + ¢* + Ny = N{ + 22,

D/‘/COHD/‘QCOH
4(M/2 _M//2) 5 3
- A AP AD L 2[M? 1+ M7 — 2w + my) (! + my) — ¢ —22,)A0) V. (A13)
vl 2 2 3 3 1 _ 1 1 2 2
vy V(qz)—4(M’2—M"2){4(A§>—A§>+A§>—Ag))+D, [(x = x)m! (A — A — A% 4 AP
V.,con

+m(AY =240 + AD) + xmy (Al =AY =24 1 247)]
_I_

1 - 1 2 2 2 - 1 1 2 2
o7 [ (2 = 245" + AP + 247 + AP + (x = )y (A — ALY — AT+ ADY)
1 2 2 3 3 2 1 1 2 2
+2my (A + AP =340 — 240 24P 4 + oo Al — Al — AP 4 Ay
V.,con™V con
1
(LR ) =] = o+ s (A4
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7=V(g?) = _4q2{2(—A§” + AL + AP 4247 —347 — 240 4+ 240)

1

+ i 3AYY =348 =345 — 447 + 747 44T — 44D

D/

V.,con

+m! (AP =248 + AP) = 2my (AP + AP =240 — 241 4241y

i (=% + 245" = AP =247 — AP + my (A =AY — AP — 44T

Dl‘l/ con
+547 + 44 — 448 1 2my (A1) — 240 — AP — AP 44D 4240
1
~ 24N+ 5 [2<M'2 + M2 = 2(m) -+ mo) (i -+ ma) = ¢?) (AT — AT
V.,con™V con

+ A = AT+ M2+ (= mi)? = 2(m) + mo)? = ¢ = N+ M) (4] - 4

2(M/2 _ M//Z)

2

~AY + AP + p

2 0,2 n,3 2,0
AP AP A0 -2

+ 2,024 —6Al? + 4Ag3>>] } + VELF(x, KL ¢2), (A15)

ViV = 2{M’2 — (mh —my)? = Ny = 7, - 8(A}Y - 4Y)
(M2 = M7 4 20— mi) (] = my) = g7+ 2R7)(AY) - A3

2 “
o [ (00— < A <A D ) 2

V.,con

2

M _M//2
2 AP ) = (07 = = 3 = WAL = A0) + 22

2

M _M//2 N
+TA§2)>_’"2<4A§3’ ) =y (o, = m)? = @+ Ny + M) (A7) - A5

2mi AP — ami(A7) = A5)) = 2my (A1) + 247 - 245)]

D//

V.,con

4 3 3
+ 5T [(M’z + M2 =2+ my) (] + my) — g?) (A~ A

V.,con™V con

M/2 M//2
+27,A8) (TQ) (A?))Z] } (A16)

RVER N o 2 3 3
VIV(g?) = z{M'2 — (= m))2 = (m, —my)? + ¢* — 2N} = N = Z, + 8(A'Y — A — AT

M = M2 1 2(m), = m) (), = my) — ¢+ 28] (A + ALY

o [4mi (A1 + A5 = A7) — 2mi AT — 2my (47 - 24— 247)]

V.con

2 R M/2 M!/Z
+ 5 [m’l (M”2 —m? —m}— N = Z, + Z,AY + )

V .,con
+ ol (]2 + m3 =M™ + M) (A + AY)) + ml (M7 - maz — Fy(al) + A3

R M/2 M//2

+m] <m12 +mE— M2+ N+ Z, — 447 + 447 1 440 22A< ) - ) aC )>

073001-20



SEMILEPTONIC B: — (P, V)¢, ...

PHYS. REV. D 114, 073001 (2026)

+my((my —m!)> — > + Ny +

+ M) =AY = 4)) + dmy (-AT

A+ AD)

4
+ [(—M'z = M2+ @+ 2(mh + mo) (] + mo)) (A - AT = A5)
V.,con™ V. con
) 3 2(M/2 _M//Z) 5
+27,(A7 - D) —Tmi DR (A17)
AYV(g) = —(mf =2 4+ ¢ = Ny = Y+ 8AY + 2[M2 M2+ 2(m = m3) (my = m))
214 " 1 )
—q¢*]A; —4(m —|—m)< )A . (A18)
1 : : DIVCOI’I DI‘;COH 1
2
AV—»V(qz) M unz{( _ml)2 2(m2—m1)2—|—2M’2—q —ZZZ—N’ —I—N”
4 M/2 M//2
P2 p2 LAR) 4 202y = )y = ) =M% = M 4 2+ 22:]A)
4 2 _ / " (2) 4 CLF r2
D (my —my +2my)A}" = ——(my —m{ =2my) A" ¢ + AT (x. K. q7), (A19)
V ,con V ,con
AV () = —4(M” _M,,z){Agl) _ Al ZAD 4 A®)
1
topmhE 24 — A — 247 — AP 4 m (=AY + A AT - Al
1 2 2 2 2 3 3
+2my (=AY + AT + AP + #mi F—af - b (A20)
D DVcon
AX—>V(q2> _ —4(M’2 _ M/I2) {A(ll) —A —A<22) +A4(;2)
1
g, I - A0 + 47 - A7) 4 (47 + 2457 - A7)
2 2 3 3
#2m (A - AP 4 5 (A a0 (a2)
V.con™V con

In the above expressions, M’' and M" are the initial and final meson masses, m}, m/, and m, are the constituent quark

masses, and Dl‘ygon =M + m/]w) + mj, is the denominator function for the vector vertex.
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