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Abstract In this work, we investigate the semileptonic
decays of B, meson to n.(1S, 2S5, 3S), ¥ (1S, 2S5, 3S) and
X (3872) within the framework of covariant light-front quark
model (CLFQM). We combine the helicity amplitudes via
the corresponding form factors to obtain the branching
ratios of the semileptonic decays B, — n.(1S,25S, 35)lv,,
B, — ¥(8S,2S,35))¢v, and B, — X (3872)Cv,, with
£ =e,u, 7. In view of the R,y anomaly released by the
LHCDb collaboration, it is necessary to systematically calcu-
late the ratios Ry with X = (1S, 25, 35), n.(1S, 285, 39),
X (3872), which are helpful for checking the lepton flavor
universality (LFU). We also take into account another two
physical observables, the longitudinal polarization fraction
f1 and the forward-backward asymmetry A gp, which can
provide new clues for understanding the Ry, y anomaly. Such
theoretical predictions are necessary and interesting, and can
be tested in future LHCb experiments.

1 Introduction

In this paper we investigate the exclusive semileptonic decay
of B, mesonston.(1S, 25, 35), ¥ (1S, 25, 35) and X (3872)
using the covariant light-front quark model (CLFQM). The
traditional light-front quark model (LFQM) initially pro-
posed by Terentev and Berestetsky [1-4] is based on the
light-front formalism of Hamiltonian dynamics [5], and
later developed and applied to determine the transition form
factors, decay constants and distribution amplitudes [6-8].
Unfortunately, the Lorentz covariance of the matrix element
is lost and the zero-mode contributions cannot be handled in
the traditional LFQM. To compensate for these deficiencies,
Jaus put forward the CLFQM [9], where the spurious contri-
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butions that are dependent on the orientation of the light-front
can be eliminated by the inclusion of the zero-mode contri-
butions. This model has been successfully used to investigate
the nonleptonic and semileptonic decays of B(.) mesons [10—
14].

The semileptonic decays of B, meson to charmonium
states plays an important role in testing the Standard Model
(SM) and searching for new physics (NP). For example,
the testing of lepton flavor universality (LFU) and determi-
nation of the Cabibbo—Kobayashi—-Maskawa (CKM) matrix
element V., are investigated both experimentally and the-
oretically. In 2017, the ratio of the semileptonic branching
fractions Ry |exp was measured by the Large Hadron Col-
lider beauty (LHCb) collaboration [15],

Br (Bj‘ — J/ytTv)
Br (Bf — J/yutv,)

=0.71£0.17 £ 0.18,

ey

Rijylop =

which lies within 20 above the range of existing SM pre-
dictions [16,17]. This was considered one of the most fasci-
nating puzzles in flavor physics in recent years. In order to
provide a generalized and complementary check, it is use-
ful to measure the values of R¢(25’35) and R,]c(lg,zgjg). At
present, there also exist results of these ratios predicted by
other approaches. Furthermore, two other physical measure-
ments are also sensitive to NP, namely the longitudinal polar-
ization fraction f; and the forward-backward asymmetry
Arp. These observations can be represented by the helicity
amplitudes, which are combined via the corresponding form
factors.

Many different theoretical methods have been devoted
to studying the semileptonic decays of B, meson to char-
monium states, such as the nonrelativistic QCD (NRQCD)
[18,19], the Bethe—Salpeter (BS) method [20,21], the rel-
ativistic quark model (RQM) [22-24], the light-cone QCD
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sum rules [25,26], the relativistic constituent quark model
(RCQM) [27,28], the non-relativistic quark model (NRQM)
[29], the QCD potential model(QCDPM) [30], the Isgur—
Scora—Grinstein—Wise (ISGW2) quark model [31], the per-
turbative QCD (PQCD) approach [32-34], the covariant
confined quark model (CCQM) [35], the QCD sum rules
(QCDSR) [36], the covariant quark model (CQM) [37] and
the relativistic independent quark (RIQ) model [38].

The remainder of this paper is organized as follows.
In Sect. 2, the formalism of the CLFQM and the helic-
ity amplitudes combined via form factors are presented.
Numerical results for the branching ratios, longitudinal
polarization fractions f; and forward—backward asymme-
tries Arp for these semileptonic B, decays are listed in
Sect. 3. Detailed comparisons with other theoretical val-
ues and relevant discussions are also included. The sum-
mary is presented in Sect. 4. Some specific rules when per-
forming the p~ integration and analytical expressions of the
B, — n.(18,28,38), ¥ (18,28, 3S), X(3872) transition
form factors are collected in Appendix A and B, respectively.

2 Formalism
2.1 Covariant light-front quark model

In the covariant light-front quark model, we will employ
the light-front decomposition of the momentum p =
(p~. pT. po) with p* = p® £ p, p?> = p*p~ — pi. The
Feynman diagrams for B, meson decay and transition ampli-
tudes are shown in Fig. 1. The incoming (outgoing) meson
has mass M'(M") with momentum P’ = p| + p2(P" =
p{ + p2), where p/l(//) and p, are the momenta of the quark
and anti-quark inside the incoming (outgoing) meson with
the mass m/l(”) and mo, respectively. Here we use the same
notations as those in Refs. [9,13], and M’ refers to m g, for
B, meson decays. These momenta can be expressed in terms
of the internal variables (x;, p’1) as

Pih=x12P™, plo =x2Pl £, )

where x; + xo = 1. Using these internal variables, we can
define some quantities for the incoming meson which will be
used in the following calculations:

” ” 2 2
P+ mj +pL+m2
x1 xp

iy =\ ME — (' —mo)?,

ef/) = \/m}/)Z + pf + Péz,

M/2 — (6‘/] +€2)2 _

, _sz(’) _m%—}—pf
Pe = " My
(3)
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where M) is the kinetic invariant mass of the incoming meson
and can be expressed as the energies of the quark and the anti-
quark ei(/). It is similar to the case of the outgoing meson. To
calculate the amplitudes for the transition form factors, we
need the Feynman rules for the meson-quark-antiquark ver-
tices (i}, (M = n¢, ¥, X)), which can be found in Ref. [39].
Here, X (3872) is considered as a 17+ charmonium sate in
our calculations and replaced with X in some places for sim-
plicity.

2.2 Helicity amplitudes and observables

Since the form factors involving the fitted parameters for the
B. — n.(18,2S8,3S8), B, — ¥(18,28,3S) and B, —
X (3872) transitions were investigated in our recent work
[10], it is convenient to obtain the differential decay widths
of these semileptonic decays of B, meson by the combination
of the helicity amplitudes via form factors, which are listed
as follows:

2 2\ 2
dT' (B, — nelvy) __(q -mg>

dq? q°
JAmy m2  q)GEIVal*
X X —
384m7, 7 q*

x [} +2g2)00m3  m2 . 4 (g + 3mm3,

S ARRIE @)
2 2\ 2
dTl' (B — ¥lvy) _ q° —m;
dg? q*
JAmy my g G Vel
) 384m3, 3
mp 7
1
X q_2 Sm%A(m%C, mzw q2)A(2)(q2) + (m% + 2q2)
x| | m3, = w3 — P ms, + my)ALG)
2my my. —my —q-)mp, +my)Ai1(g
2
Mm% m3,. q%)
BV T T gD || Y (5)
mp. + my
2 2\ 2
dTl'+(B: — Yrlvy) _ (94— m
dg? q*
JAmy  mY, g G Vel
X
384m7, 73
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Fig. 1 Feynman diagrams for P}

B, decay (left) and transition
(right) amplitudes, where P’(")
is the incoming (outgoing)
om
meson momentum, p;" is the
quark momentum and p» is the
anti-quark momentum. The X in P
the diagrams denotes the vector
or axial-vector transition vertex

V(g%
X (m%+2q2))»(m%6,m2¢,q2) mp +my
2
(mp, +my)A1(g?) ©
Amg ,m3, %)
2 2\ 2
dUp (B — Xlvy)  [q° —my
dq? q?
JAmy  m%. ¢ G Vep|?
X
384m7, 73
1
X3 {3m§x<m§[,, my. q*)Vg (@) + (mj + 24°)
1
X |=— [(m%c —m% —q*)(mp, —mx)Vi(g?)
2myx
2
Am2  m%, g%
X Tyid || b )
mp. —mx
2 2\ 2
dTL (B, — X{lvy) _(a —my
dg? S\ g2
JAmE  m%, )G Ve |
) 384m3, 70
my 7
2 2 2 2 2 A(g?)
x 3 (my +2q )A(ch,mX,q ) m
2
(mg, —mx)Vi(g? ®

Amg ,m%. q%)

where A(qz) = )L(szr, mie(w’x), q2) = (m%c ~|—m%c(w’x) —
q2)2 — 4m%cmic(wyx), and my is the mass of the lepton ¢
with £ = e, u, 7! Although the electron and nuon are very
light compared with the charm quark, we do not ignore their
masses in our calculations. The combined transverse and total

! From now on, we use £ to represent e, i1, T and use £’ to represent
e, u for simplicity.

P1 p/f

Pl P//

—D2

differential decay widths are defined as

dFT_dF+ dl'_ dF_dFL_I_dFT

dg?>  dq?  dq?’ dq®>  dq?  dg?’
Fory (18,28, 35) and X (3872), itis meaningful to define

the polarization fraction due to the existence of different

polarizations

ST+ +T

C))

fr (10)
As to the forward—backward asymmetry, the analytical
expression is defined as [40]

1 _4r 0 4r
_Jo dcos@dcose —J- dcos&dcose _ fbﬁ(qz)dqz
= : = s

_dr_ r
—1 dcosf dcost Be

App

Y

where 6 is the angle between the 3-momenta of the lepton £
and the initial B, meson in the £v rest frame. The function
bs(g?) represents the angular coefficient and can be written
as [40]

(), 2 GilVal® mg ’ mg
by (%) = 5>\ gD (1 = — | —5(HyoHy ),
1287‘[3mbc q q

(12)
W.X), 2 GilVal® mlzi ’
by (q7) = M‘I VA@? (1 - qz)
[ 2 m%
X E(Hv,Jr—Hv,,)-l-qu(HV,oHv,t) ) (13)

where the helicity amplitudes
A (g2
() = A ()
q
2 2
. ch —m B
Y, (¢2) = =" F (4?). (14)

/qz
for the B, to n.(1S, 2S5, 35) transitions, the helicity ampli-
tudes
A (4?)

v+ () = A7) F o
vt lg (mp, +my) Al (g :FmBC+m1/,

14 (42) :
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Table 1 The values of the input parameters

Mass (GeV) mp = 4.8 me. = 1.4
my sy = 3.0969 my sy = 3.6861
my. = 2.9839 my.2s) = 3.6375
CKM Ve = (40.8 £ 1.4) x 1073 Lifetime

m, = 0.000511 m, = 0.106 me = 1.78
my3s) = 4.039 Mp, = 6.27447
my.(38) = 3.940 nmx3872) = 3.87165

75, = (0.510 + 0.009) x 10~'%s

s)

for the B, to ¥ (1S, 2S,3S) transitions, and the helicity
amplitudes

(16)

for the B, to X (3872) transition. The subscript V in each
helicity amplitude refers to the y,, (1 — ys) current. The tran-
sition form factors are collected in Appendix B.

3 Numerical results and discussion

The input parameters adopted in our numerical calculations
[41], including the constituent quark masses, the hadron and
lepton masses, the B, meson lifetime and the CKM matrix
element V., are listed in Table 1. In the calculations of the
helicity amplitudes, the transition form factors are the most
important inputs, and they were calculated in our previous
work [10]. Those parameterized form factors are extrapolated
from the space-like region to the time-like region using the
following expression.

q’ a\’
m

B. mp.

Here, F(g?) denotes different form factors. Compared with
other parameterization forms, this formula is more accu-
rate, where the parameters a, b can be well determined with

@ Springer

smaller relative errors. The corresponding results are listed
in Table 2.

The branching ratios for these semileptonic B, decays
to the S-wave ground charmonium states are collected in
Table 3. The uncertainties arise from the B, meson lifetime
and the decay constants of final-state mesons, respectively.
Obviously, because the mass of the t lepton is much larger
than that of e, u leptons, Br(B} — n.(J/ W)t vy) are
about 3 ~ 4 times larger than Br(B — n.(J/ W)t v;).
For comparison, we also list the results calculated by other
approaches. The predictions given by the NRQCD [18,19]
and the PQCD approach [32] are much larger than others, as
the former involves the large QCD correction K factor and
the next-to-leading-order (NLO) charmonium wave func-
tions, and the latter includes the large weak transition form
factors. These differences can be clarified by future LHCb
experiments. Certainly, our predictions are consistent with
most other theoretical results, such as the BS equation [20],
the RQM [22-24], the RCQM [27,28], the NRQM [29], the
QCDPM [30] and the CQM [37].

From Table 3, it can be seen that the value of the ratio
Ry

Br (Bf — J/yttr)
Br (BcJr — J/lﬂ,u*‘vﬂ)

Ry = =0.25+0.04, (18)
which falls within the range of 0.24 < R;,y < 0.28 pre-
dicted by most other SM approaches, and is also consistent
with the model-independent constraint 0.20 < R,y < 0.39
[16]. Our prediction is smaller than the measured one shown
in Eq. (1), but still agrees with it within 2o errors. As a com-

plementary check, we also calculate the value of R;;_,

_ Br (Bj‘ — ncr"’vr)
T Br (BgF — nc,uﬁ‘vﬂ)

=0.29 +0.02, (19)
which is still consistent with most of the other theoretical
results lying in the range of 0.25 < R,,, < 0.35[42,43], and
agrees well with the model-independent prediction 0.29 £
0.05 [44].

The branching ratios of the semileptonic B, decays to the
radially excited charmonium states are shown in Table 4,
together with the results obtained in other approaches for
comparison. The uncertainties are the same as those shown
in Table 3. It is observed that the large errors in the
B:F — 1:(28)€1 v, decays are induced by the decay con-
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Table 2 B, — n.(1S, 285, 3S), v (1S, 25, 3S), X (3872) form factors in the CLFQM. The uncertainties are from the decay constants of B, and
the final-state mesons

B. — 1 B.— J/y
F FO \4 A() A Ap

T T e e e Y T
P 0GR osIEEE AR ol owmE osetin
: BSIIELOR etAR IR engensra
b oW o@NENR  osIBNN  owlEUR omamIE  owgr
B, — n:(25) B, — ¥ (29)

Fi Fy \%4 Ao A Aj
F(0) 037500015 0370w 01s 0575560000 0417666000 035560000 017666000
Flgra) — 048%000%03 041700103 0.67*560 000 0447666000 035560000 0127566000
a e 1S 15 RO 15 T 5 11 P
b osIERE osEIY ol ostEI oediy et
B, — 1.(39) B. — ¥ (3S)

F Fy %4 Ag Al Ap
PO omTRR  onUREN  owdmmE  oocmumy  onuuny o
PR OWRED  onEBSN  osBRE ondRN owiman  ongmen
o ISEEER omEGR LN owdEAR  oosgEOR o
b 023550013 0740w o —00ITGRg 004G e 04500 o0 273500 0w
B, — X (3872) A Vo Vi Va
F(0) 028760003 021556001 113505607003 01155 001
F(Gar) 0.374550 004 0.19*5606:02 11025500 06 0.12 55501

1854002008 ~0.527501%0% ~0.05501%0% 077503 004
0.38" 001003 — 1457005705 ~1.03%050" 013 —0.617003* 01

stant fp.2s) = (24377),) MeV [10]. For the B —
nc(28) ve, ¥ (2S)€ v, decays, their branching ratios are
much smaller than the PQCD calculations [32]. Our predic-
tions are consistent with the results given by the BS equation
[20], the light-cone QCD sum rules [25] and the ISGW2
quark model [31]. Although the results for the semileptonic
B, decays to the ground-state charmonia given by the rel-
ativistic quark model [22,23] are appropriate, those for the

in the phase spaces of the final states with the increase in the
radial quantum number 7.

Similar to Ry,y, it is useful to define the ratios of the
branching ratios for the B, decays to the radially excited
charmonia, where the uncertainties induced by the model
calculations and the CKM matrix elements can be canceled

Br(Bf — ¢ (nS)ttvy)

semileptonic B, decays to the radially excited charmonium Ryws) = Br(BY — y(nS)utv,)’
states given by such approach seem to be too small. The Br(Bf — n.(nS)t )
c
branching ratios of these semileptonic decays show a clear  Ry.(ns) = < (22)

hierarchical relationship,

Br(Be — 1n:(38)¢vy) < Br(B, — n.(28)Lvy)

< Br(B: = n:.(18)4vy), (20)
Br(B:; — ¥ (3S8)¢vy) < Br(B, — ¥ (28)lvy)
< Br(B:; — ¥ (185)Lvy). 21

This is mainly because the relationships 71, (15) < My 25) <
my.(35) and My (18) < My (285) < My (3S) lead to a decrease

Br(Bf — n.(nS)utv,)’

where n = 2, 3. Our predictions Ry with X = n.(18S, 2S5,
38), ¥ (1S, 28, 39) are collected in Table 5, together with the
results obtained in other approaches for comparison. Obvi-
ously, it shows a clear hierarchical relationship,

Ry.35) < Rp.25) < Ryp.15)-
(23)

Ry@3s) < Ry@s) < Ryjw,

@ Springer
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Table 3 Branching ratios (in%) of the semileptonic B, decays to 1. and J/ W

Br(B;" — neetv,) Br(B;" — ncu‘*'vﬂ) Br(Bj’ — nettug) Br(Bj — J/vﬁe‘*’ve) Br(BL‘," — J/w/ﬁ'vu) Br(B;" — J/wr‘*'vr)

0469+0.01+0.03 0.20+0400+0.01

This work 0.7110:01+0.03

1.60+0'03+0‘19 1.59+0.03+0419 0.40+0.01+0.05

—0.01-0.03 —0.01-0.03 0.00—-0.01 0.03-0.04 —0.03—-0.04 0.01-0.02
[18,19] 2.1 2.1 0.64 6.7 6.7 0.52
[20] 0.55 - - 1.73 - -
[22,23] 042 - - 1.23 - -
[24] 0.81 - 0.22 2.07 - 0.49
[26] 1.64 - 0.49 2.37 - 0.65
[11] 0.67 0.67 0.19 1.49 1.49 0.37
[29] 0.48 0.48 0.17 1.54 1.54 041
[30] 0.15 - - 1.5 - -
[37] 0.95 0.95 0.24 1.67 1.67 0.40
[32] 4.5 4.5 2.8 5.7 5.7 1.7
[35] 0.98 - 0.27 2.30 - 0.59
[36,52]  0.75 0.75 0.23 1.9 1.9 0.48
[53] 0.97 - - 2.35 - -
[27.28]  0.59 0.59 0.20 1.20 1.20 0.34
[33] 0.44 0.44 0.14 1.01 1.01 0.29
[54] 0.42 0.42 0.16 1.31 1.30 0.37
Table 4 Branching ratios of the semileptonic B, decays to the radially excited charmonium states
References This work [20] [22,23] [25] (30] (31] (32]
1073 x Br(B — n:28)e*v,) 0.917902+087 0.7 0.32 1.1 0.2 0.46 7.7
1073 x Br(Bf — nc.28)u*v,) 0.911003 087 - - - - - -
107 x Br(B} — nc(28)t+v;) 8.2t 1t - - 8.1 - 1.3 53
1072 x Br(Bf — 1:(38)e*v,) 0.337301+0.-11 - 0.0055 0.19 - - 1.4
1073 x Br(B} — n.3S)utv,) 0.331001 011 - - - - - -
1073 x Br(BS — n:(38)ttv,) 0.397901+013 - 0.0005 0.57 - - 0.19
1073 x Br(BS — ¢ (28)etv,) 2341004009 1 0.31 - 1.2 2.1 12
1073 x Br(Bf — v (28)utv,) 232004009 - - _ _ _ _
1075 x Br(B} — ¢(28)ttv,) 15.89 028 +0-90 - - - - 15 84
1073 x Br(Bf — ¢(3S)etv,) 0.7370:01+0-03 - 0.0057 - - - 0.36
1073 x Br(Bf — ¢(3S)u*v,) 0.7270:01+0-03 - - - - - -
107 x Br(Bf — ¢y (3S)ttv;) 0.58 001003 - 0.0036 - - - 0.038

It can be seen from Table 5 that our predictions for these R
values are comparable to other SM calculations. If a departure
of the SM predictions for Ry (25,35) and R, (1s,2s,35) from
the experimental data can be detected, it will further highlight
the puzzle in flavor physics and the failure of lepton flavor
universality suggested in the R;,y measurement [15]. Our
predictions for the branching ratios of these semileptonic B,
decays to the radially excited charmonia are larger than 107°,
which can be measured in future high-luminosity LHC (HL-
LHC) and high-energy LHC (HE-LHC) experiments [45].
Then, the semileptonic B, decays to the ground and excited
charmonia will provide a more complete research area.

@ Springer

In order to investigate the impact of the lepton masses
and provide a more detailed physical picture for the semilep-
tonic B. decays beyond the branching ratio, we also define
another two physical observations that can be measured by
experiments: the longitudinal polarization fraction f; and
the forward—-backward asymmetry Arp. These two physi-
cal quantities are sensitive to some new physics [46-50], so
their values are helpful for testing the SM and different NP
scenarios. Meanwhile, the calculations of these two quanti-
ties may provide new clues to understanding the puzzle of the
Ry, ratio. We expect that these physical observables can be
measured by future LHCb experiments, and will be helpful
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Table 5 The values of ratios Rx with X = n.(1S, 25, 3S), v (1S, 2S5, 35)

Ratio This work [38] [24] [21] [33] [22,23] [34] [37] [25] [31]
R, 0.29 = 0.02 - 0.27 - 0.31 - - 0.25 - -
Ry.@s) 0.09 £ 0.12 0.14 - 0.054 - - 0.069 - 0.74 0.028
Ry Gs) 0.012 = 0.006 0.021 - 0.010 - 0.0010 0.0014 - 0.03 -
Ry 0.25+0.04 - 0.24 - 0.29 - - 0.24 - -
Ry@s) 0.068 4 0.003 0.085 - 0.51 - - 0.070 - - 0.071
RyGs) 0.0081 =+ 0.0007 0.078 - 0.0092 - 0.0063 0.0011 - - -

Table 6 The longitudinal polarization fractions f7, (in%) for the decays Bc+ — 1:(18,28,385)0T vy, B;r — Y (18,28, 35)£ v, The uncertainties

are the same as those given in Table 3

Decay modes Bl — J/yetv,

BY = J/yutv, BY — J/yttv,

This work 50.9f8:gf§:?
[32] 33
[54] 44
[11] 51

50.9%09137 438408139
33 39
44 40
51 45

Decay modes BF — ¥ (28)eT v,

BF — y(2S)utv, BY — ¢y (28)t v,

This work 59.21’%:8f8:;
[32] 46

+1.0+0.1 +0.8+0.2
59'2—1.0—0.2 44'6—0.8—0.3
46 41

Decay modes B}Y = ¢ (3S)et v,

BF — ¢y (3S)uTv, BY — ¢ (3S)t v,

This work 57~9ji:8ti:?
[32] 54

+1.04+4.0
57'971.074.1

54 31

+0.74+3.2
4'0'5704773.1

for clarifying the discrepancies among different theoretical
approaches. From the numerical results listed in Tables 6 and
8, the following points can be found:

(1) From Egs. (7)—(10), we find that the longitudinal polar-
ization fractions f7, of the decays B}t — J/y £ vy decrease
with the increase in my, although this trend is mild, that is,

fL(BY — J/yetv) ~ fL(BF — J/yuTv,)
> fL(BF — J/YytTvr), (24)

which is supported by our predictions shown in Table 6. Cer-
tainly, this rule can also be applied to the decays B —
Y(2S,38) T vy.

In order to investigate the dependence of the polariza-
tion on the different g2, we calculate the longitudinal polar-
ization fractions by dividing the full energy region into
two regions for each decay, which are listed in Table 7
together with the partial branching ratios, where Region 1
is defined as m? < ¢> < w and Region

_ 2,2
2 is w < ¢*> < (mp, — my@us)?, with

n = 1,2, 3. From Table 7 we can see that in Region 1, the
longitudinal polarizations dominate the branching ratios for
the decays with e and p involved, while the longitudinal and

transverse polarizations for the decay channels involving t
are comparable in Region 1. It is interesting that for all the
considered decays, the transverse polarizations dominate in
Region 2. These results can be tested by future LHCb exper-
iments.

(2) From Table 8, we find that the ratios of the forward—
backward asymmetries A rp between the different semilep-
tonic decays associated with the B, — 1.(nS) transitions
have the following rules: A‘;B/A;B = (3 ~4) x 10* and
ALp/A%p > 1x 10°. This is because A g for B, — 1.(n.S)
transitions is proportional to the square of the lepton mass
shown in Egs. (11)—(12). Undoubtedly, the effect of lepton
mass can be confirmed in such decay modes with the pseu-
doscalar mesons involved in the final states. For the B, —
¥ (nS) transitions, the values of the forward—backward asym-

metries A’; 5 are almost equal to A; 5» While the values of

A p are smaller than those of A;(Z). The dominant contribu-
tion to the App for the B, — 1 (nS) transitions arises from
the term proportional to (H‘z,’+ — H‘Z,’_) in Eq. (13).

In Figs. 2 and 3, we display the ¢> dependence of the dif-
ferential decay rates dI'(;,) /dg? and the forward—backward
asymmetries A rp, respectively. It can be observed that the
values of dI'(z) /dq2 and Arp coincide with O at the zero

@ Springer
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Table 7 The partial branching ratios and longitudinal polarization
¥ (18,28, 38)" v, in Region 1 and Region 2

fraction fr(in%) for the decays B} — n.(1S,2S,39)¢ v, Bf —

Observables Region 1 Region 2 Observables

Region 1 Region 2 Observables Region 1 Region 2

Br(B} — J/yetv,)  0.71 x 1072 0.89 x 1072 Br(B} — J/yru*v,)
fL(BF — J/yeTv,) 645 40.1 fLBF — J/yutvy)
Br(B} — ¢ (28)etv,) 133 x 1073 1.01 x 1073 Br(B} — v (2S)u*v,)
JLBF = y(28)etv) 71.2 434 SLBF = y2S)utvy)
Br(Bf — ¥ (38)etv,) 0.40 x 1073 0.33 x 1073 Br(B} — ¢ (3S)u*v,)
fL(BY = ¢ (3S)etv,) 70.2 42.8 fL(BF — v(3S)utvy,)

0.71 x 1072 0.88 x 1072 Br(B} — J/yttv,)  0.13 x 1072 0.27 x 1072

64.5 40.1 fL(BY — J/ytrv) 539 40.1
131 x 1073 1.01 x 1073 Br(B} — ¥ (2S)rtv;) 5.33 x 107 10.55 x 107°
71.2 435 fL(BF — y(2S)ttv,) 524 40.7
0.40 x 1073 0.33 x 107 Br(B} — ¥ (3S)tTv;) 0.16 x 1075 0.42 x 1073
70.2 42.9 fL(BY = v(@S)ttv,) 457 38.1

Table 8 The forward—backward asymmetries A g for the decays B — n.(1S,2S,35)¢" v and B} — ¢ (1S, 2S,385)¢ 1y,

Decay modes

BCJr — me+ Ve

Bj - 770/1«+V,u

B:r — r)ﬂ*ur

This work
[54]
[55]
[56]

(931010 x 1077

—8.6 x 1077
—2.049 x 1077

-+0.000+0.001
0'015—0.000—04000

—0.012

+0.014-0.02
0'36—0.01—0401

—-0.35
0.357
0.364

Decay modes

BF — n:(28)eT v,

BC+ — nc(ZS);["vu

Bf — n:28)t v,

This work
[38]

(6967013432 x 107

5.75 x 1077

+0.000+-0.019
0'02370.00070.017

+0.014+0.28
0’3070.01 —0.24

0.384

Decay modes

B} = n:.(38)et v,

Bj - nc(3S)/¢L+V/L

BF — nc(38)tT v,

This work

OO <10

+0.000+0.009
0'028—0.000—04009

+0.0140.14
0'33—0.01—0412

0.367

[38] 10.5 x 1077

Decay modes Bf — J/yetv,

Bf — J/yutv, Bf — J/ytTv,

This vor o213
[54] —0.19

[55] 0.18

[56] _

+0.00-+0.02 +0.00-+0.02
—0.21250020'02 =0.1475 00 0,02

—0.19 -0.23
- —0.255
- —0.042

Decay modes BF — ¥ (28)eT v,

Bf — y(2S)utv, BY — ¢y (28)t v,

. +0.004-0.00
This work —0.16Z5'00 001

[38] —0.246

+0.00+0.00 +0.002+-0.014
—0. 1670.0070.0] _0'09370.00270.003

- -0.214

Decay modes BF — ¥ (3S)eTv,

BF — y(3S)uTv, BY — ¢ (3S)t v,

. 40.00+0.01
This work —0.142500 0701

[38] —0.155

+0.004-0.01 +0.00140.014
_0'1470.0070.01 _0'04870.00170.003

- —0.144

recoil point (g% = q,%mx), since the coefficient A(g?) =
X(m%c, mrzk/w, qz) shown in Egs. (4)—(13) at the same zero
recoil point being equal to 0. Furthermore, it is very different
for the ¢> dependence of the differential decay rates from
the longitudinal polarization dT"; /dg” between the decays
Bl — J/Wl vy and B — ¢(28,385)¢ vy

We similarly analyze the semileptonic Bf — X (3872)
¢*vg decay by assuming that X (3872) is a regular c¢c char-

monium state. The branching ratios, longitudinal polariza-

@ Springer

tion fractions f7 and forward—backward asymmetries Arp
are listed in Table 9. One can observe that Br(B} —
X (3872)t " v;) is only about 1/25th of B‘r(BgL — X (3872)
£'Tvy) due to the narrower phase space of the final states
with the 7 lepton involved. Obviously, our predictions are
consistent with those given in the generalized factorization
approach (GFA) [51], while they are about 7 ~ 9 times
smaller than those in the QCDSR approach [25]. The ratio
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(e, )

dr/dqY[10"°GeV!]

B’ nd', ]

dr/dqy[10"5Gev!]

(d)

dr/dg’[107%GeV™]

dr/dg’[107°Ge V]

T T T T

B n28)0', |

(e, u)

(e)

dr/dg*[107"°Ge V"]

T T T

B 1G9,

T T T

B~ YG3S)I'y,

Fig. 2 The ¢> dependence of the differential decay rates dI" /dg? (solid lines) and dT'; /dq? (dashed lines), with L representing the contribution

from the longitudinal polarization

1.6 T T T T T T
h e

ki eV
<= B n2s)ey,

Lzp W ——B'~ n(39)e'v,

Agp[10°]

0.1k 1
0.2 -
0.0 -
q[GeV?]
T T T T T
0.00 1
/ !/
! /
! !
-0.01 /) / q
/ /
/ /
£ 0.0z / ' 1
< /
/
/
-0.03 I 9
— =B’ I¥e'v,
-0.04 - == B’ ¥@2S)k'v,
B'~ W(3S)v,
0.05 L L L L N
0 2 1 6 8 10
q[GeV?]

(d)

Agp

T T T T
=Bl
- - - B~ n@Su'y, |
—B'— 1G9’y

q[GeV?]

-0.01

-0.03

-0.01

- B I,

— B YE',

- - - B WS, T

L L L L

1 6 8 10

PIGeV?]

(¢)

0.25

0.20

0.05

0.06
3

T T T
S
- == B’ n @Sy, |
— B~ (9,

q[GeV?]

- B TV,
- - - B Y)Y, |
— B~ Y39y,

L L L L

7 8 9 10 11

q[GeV?]

(f)

Fig. 3 The q2 dependence of the forward—backward asymmetries A g for the decays B, — n.(1S,2S,3S8)¢" vy and B, — ¥ (1S,28,38)¢F v,
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Table 9 The branching ratios, the longitudinal polarization fractions f; and the forward—backward asymmetries A rp for the semileptonic decays

B — X(3872)0F v

Decay Modes Br(10=%) fr(%) AFB
This work [51] [25]

B — X(3872)¢* ve 9271016 022 0 13.5 67 367506 01113 ~0.45501%6.60 0,03

0.16+0.01+0.57 0.6+0.0+2.5 0.0140.00-+0.07
Bf — X(3872)u" vy, 9.20%0167 021 0:39 13.5 - 367506 0013 —0.447001 70,00 005
BoxGRDC 0THRARAY  oss a2 aoedidr —oawgiiamen
Table 10 The partial branching ratios and the longitudinal polarization fraction f;, (in%) for the decays B — X (3872)¢% v,
Observables Region 1 Region 2 Observables Region 1 Region 2 Observables Region 1 Region 2
Br(Bf — 047 %1073 046 x 1073 Br(B} — 0.46 x 1073 046 x 107 Br(B} — 1.15x 107> 2.58 x 1073

X (3872)e*v,) X (38721t v,,) X (3872)t+ ;)
fL(BF —> 43.4 29.9 fL(BF > 434 29.9 fL(BF —> 323 317
X (3872)e*v,) X (38721 v,0) X (3872)+v;)

Fig. 4 The ¢° dependence of 30 T T T T — 0.02 T T T T T T
the differential decay rates B X8I, 0-00 K 1
dT'/dq? (solid lines) and . 002 .
dT'; /dg? (dashed lines) are “> -0.04 | \\,\ g
shown on the left panel and the 3 1 0,06 \\ 1
¢ dependence of the - 2 oost ~. .
forward—backward asymmetries = 1 < 010k \\\ ]
AFp for the decays g ol T 1
B} — X(3872)¢" v, are shown 5 1 ]

on the right pannel

-0.14 |

4 0.16F 7€

-0.18 |

Ry is

Br (Bl — X(3872)t ;)

Ry =
X7 Br(BS > XG8T2utv,)

= 0.040 =£ 0.006,

(25)

which is consistent with the value Ry = 0.048 given by the
GFA and QCDSR. There is a significant difference in polar-
ization fractions between B” — X (3872)¢'* vy and B} —
J /Y€1 vy the transverse polarization is dominant in the for-
mer, while the longitudinal and transverse polarizations are
comparable in the latter. Both the B} — X (3872)t v, and
B} — J/WtTv; decays are dominated by the transverse
polarization. The forward-backward asymmetries Arp of
the decays Bj — X (3872)£ " vy are about twice as large in
magnitude as those for the channels Bf — J/Wety,.

The partial branching ratios and longitudinal polarization
fractions in Region 1 and Region 2 defined in the previous
section are given in Table 10, where the transverse polar-
izations are dominant in both cases. It is evident that the
dominant contributions arise from the transverse polariza-
tions whether in Region 1, Region 2, or the entire physical
region. All of these values are meaningful for determining
the inner structure of the X(3872) by comparison with future
experimental measurements.

@ Springer

~0.20 L L L L L L
6 0 1 2 3 4 5 6

q’[GeV?]

In Fig. 4, we plot the g2 dependence of the differen-
tial decay rates dI'(,) /dg? with L referring to the lon-
gitudinal polarization and the forward—backward asymme-
tries Arp for the decays Bj — X (3872)¢t v, where it
is similar in character to the cases of B:F — Y (nS)etvy;
that is, the values of dF(L)/dq2 and App are coincident
with 0 at the zero recoil point (¢> = ¢2,,). Furthermore,
the differential decay rate from the transverse polarization
dFT/dqz(Bj‘ — X (3872)£*v,) is much more sensitive to
the change in ¢ compared with that from the longitudinal
polarization dT"1, /dg* (B} — X (3872)¢F vy).

4 Summary

In this work, we investigated the exclusive semileptonic
B, decays to n.(1S,2S8,3S), ¥(1S,2S8,3S) and X(3872)
in the CLFQM. Using the helicity amplitudes combined
via the form factors, we calculated the branching ratios,
the longitudinal polarization fractions f7 and the forward—
backward asymmetries App for these semileptonic B,
decays. From the numerical results, we found the following
points:
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1. Comparing the branching ratios of these semileptonic
decays, it shows a clear hierarchical relationship,

Br(Be — 1n:(38)¢vp) < Br(B: — 1n:(28)0vyp)

< Br(B. — nclvy), (26)
Br(B. — ¥ (38)Lvy)

< Br(B. — ¥ (28)tvy) < Br(B. — J/Wlvy).

27
+ ., xrt .

2. The ratios Ry = % are predicted as

Rjjw =0.25+£0.04, Ry 25) = 0.068 £ 0.003,
Ry sy = 0.0081 £ 0.0007, (28)

Ry, =0.29+0.02, R;.25) = 0.09 £ 0.12,

Ry.3s) = 0.012 £ 0.006, (29)
Rx@3872) = 0.040 £ 0.006. (30)

3. The longitudinal polarization fractions f7 for the decays
B} — €T v, have the following rules

LB = y(nS)etve) ~ fL(BS — y(nSHutvy)
> fL(BF — ¢y (nS)thv,). (31

The longitudinal polarization dominates the branching
ratios for the decays with e and p involved, while
the transverse polarization is dominant for the decays
with 7 involved. It is different for the decays B —
X (3872)£T vy, where the transverse polarization is dom-
inant in all cases.

4. The ratios of the forward—backward asymmetries Arp
between the different semileptonic decays associated
with the B, — 1.(nS) transitions are given as

Al A}
ATFB=(3~4)><104, ATFB>1x105. (32)
FB FB

While the forward—-backward asymmetries App for the
decays B — ¢ (nS)¢Tv, and B — X (3872)¢" v,
become minus in sign, the differences between these val-
ues Afp p are small and less than three times.

5. Our predictions are helpful for testing the standard model
and different new physics scenarios. Certainly, the val-
ues correlated with the X (3872) are also meaningful for
determining the inner structure of the X (3872) by com-
parison with future experimental measurements.
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Appendix A: Some specific rules under the p~ integration

When performing the integration, we must include the zero-
mode contributions, which amounts to performing the inte-
gration in a proper way in the CLFQM. Specifically, we use
the following rules given in Refs. [9,13]

A~ . 1 1
Pl = PuAl) + Al (A1)
~ N . 2 2 2
p/lupiv = guvA(l = PMPvAé : + (PMCIv +qMPU) A§ )
2
+auquAY, (A2)
Zy = Nj +m? —m3+ (1 —2x;) M"?
/
ql
+(a*+q-P) —quzq , (A3)
/
Agl) _ ﬂ’ A;l) _ Agl) _ Py 2q¢’
2 q
@ _ 4,0
AD = ADAD, (Ad)
2
@ M @ L,© )
A9 = (a) - AP AP =t
2
(P’ -q1) @ %
- > Ay Z(A1 ) . (A5)

q

Appendix B: Expressions of B, — P, V, A form factors

The following are the analytical expressions of the B, —
nc(18,28,35),¥ (18,285, 3S), X(3872) transition form fac-
tors in the covariant light-front quark model

’ "
hBL‘hr]C

AT

N,
FlB”n” (qz) = 167;3 /dxzdzpi
x [x1 (M + M) + x2g? = 22 ('} = )’

(BI)

—x1 (= m2)” = xy (m{ —m2)’ ]

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

945 Page 12 of 14

Eur. Phys. J. C (2023) 83:945

BLnt( )+

FBL'nC 2 2 N d d2 /
0 (q ) ( P) 167 163 xd py
2h/ h” Ve ” ,
— 1 —X1X2 —py —mmp
sz’N/ Lo

] — ) (e, + 1ma)
2
q-P (P -q1)

2(p’l q1) paL
S
X [M”2 —xz(q2+q - P) —

+
(x2 — x1) M"

120 M — 2 () — m) () + m})] } . (B2

21y
0NNy

!
P Z‘IJ_U
q

N(-(M/-f—M”)

VIV (Y = =

xzd2 /

X {xzmll + xymy + (m’l — m/{)

2
2 | 5 (PLal)
+w/‘,/ |:pl + q2 s

By, 2 1 Ne 2
A] (q) = M/ M 167‘[3 dx2d Pj_

(B3)

!/ "

hig By
N
X {2x1 (ma—m) (Mg 2y ”2) 4x1m'{M(')2

+2x2m/1q-P+2m2q2—2x1m2 (M’2+M”2)
+2 (m' —my) (m} + m'{)2 + 8 (m} —my)

x [m + (pquu) } +2(m} +mY)

P\ qL
q2
a*p?+ (p 1)
q?wy,
X [2x1 (M’2 + M(’)z) e —

X (q2+q~P)

—4

P-2(¢+q-P) piq'z

=2 (m} —mY) (m} —m2)]}, (B4)

3 N(M/ + M//) 2h/Bch//
AFV (@ = FE T | dnd?p e,
167° AR

X {(xl — Xx2) (xzm'l +x1m2)

P qL
J_qz [2x1m2 +m/

2 /
X2+ p -qL
+ (x2 —xl)mll] —272 l//
x2q%wy
x [p’L P+ (xlmz—l—xzm']) (xlmg—xzm'{)]} , (BS)
! 4 ! 1"
By, oy _ M +AM" gy o M —-—M" By ,
AO (q )= oM Al (q ) — oM A (l] )
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