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All charmless B — PV v, (P denotes the light pseudoscalar meson and V denotes the vector meson)
decays have not been experimentally observed to date, but some of them might be measured in the near
future. The charmless B — PV¢ 'y, decays with the axial-vector (A) resonance states, the tensor (7))
resonance states, and the excited vector (Vg p) resonance states are studied based on flavor SU(3) analysis
in this work, where Vj contains {p(1450), K*(1410), @(1420),$(1680)} with quantum numbers
n**L, =238, and Vp contains {p(1700), K*(1680), w(1650), #(2170)} with quantum numbers
n**1L, = 13D,. The hadronic amplitudes of the B — A/T#*v, decays are related by the nonperturbative
parameters, and the branching ratio predictions of B — A/T/VypfTv, are obtained, and then the
branching ratios of the B - A(A - PV)¢{*v,, B— T(T - PV){*v,, B— Vg(Vg = PV)¢{ 'y, and
B - V(Vp = PV)¢ " v, are obtained by the narrow width approximation or further considering the width
effects. We find that most branching ratios of the B — A¢*v, decays and many branching ratios of the
B — A(A — PV)¢*v, decays are on the order of O(107#~107%), and all branching ratios with the tensor
resonance states and the excited vector resonance states are small. Our results could be tested in the future

Belle I and LHCb experiments.

DOI: 10.1103/r3pg-kfwq

I. INTRODUCTION

Semileptonic B decays are very interesting in particle
physics due to their relatively clean signals. Semileptonic
B — PV¢*v, decays can receive contributions from both
nonresonant and various resonant contributions. The inter-
mediate resonances in these semileptonic decays provide a
clean environment for exploring meson spectroscopy.
Although no charmless B — PV£ %y, decay has been
measured to date, near future experiments such as Belle
IT and LHCb are expected to measure these decays.

Since the weak and strong dynamics can be separated in
the semileptonic decays, the theoretical description of the
semileptonic decays is relatively simple. The hadronic
transition form factors contain all the strong dynamics in
the initial and final hadrons, making them crucial for testing
the theoretical calculations of the involved strong

Contact author: ruminwang @sina.com

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’.

2470-0010/2025/112(3)/033002(15)

033002-1

interactions. However, the calculations of the B — PV
form factors are more complicated than ones for B — V or
B — P form factors, and reliable calculations are currently
lacking. In the absence of reliable calculations, symmetry
analysis plays a vital role in understanding semileptonic
transitions by providing relations between hadronic form
factors or hadronic decay amplitudes. Among these, SU(3)
flavor symmetry is one of the symmetries which has
attracted a lot of attention. SU(3) flavor symmetry has
been widely used to study hadron decays, including
b-hadron decays [1-14] and c-hadron decays [13-29].
Four-body semileptonic D/B — PP/PV¢*tu, decays
have also been explored in previous studies, for instance,
in Refs. [30-35]. In this work, we will focus on analyzing
four-body semileptonic charmless B - A(A — PV)¢ v,
B—T(T - PV) vy, BoVg(Vg—>PV){ v, and B —
Vp(Vp = PV)£ v, decays using the SU(3) flavor sym-
metry/breaking approach. The analysis begins by obtaining
the form factor relations for B — A/T/Vy p¢ v, decays
through SU(3) flavor symmetry/breaking. After ignoring
the SU(3) flavor breaking, the branching ratios of the B —
A/T/Vgpt*tu, decays are predicted. Using these predic-
tions along with previous results for A/T/Vgp — PV
decays, the branching ratios for B — A(A — PV){ ",
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B—T(T - PV){*vy, B—-Vg(Vg—>PV)ftv,, and
B — Vp(Vp = PV){Tu, decays are obtained by using
the narrow width approximation and considering the
width effects. Due to limited experimental data on
B—> M¢*v,, M - PV,and B— M(M — PV){*v, with
M=A,T,Vg,Vp, SUB) flavor breaking effects are
ignored. The relevant nonperturbative coefficients and
mixing angles are then constrained by using existing
experimental data. Finally, the branching ratios that have
not yet been measured are predicted by the SU(3) flavor
symmetry.

The paper is structured as follows: in Sec. II, three-body
semileptonic charmless B — A/T/Vgpf*v, decays are
studied. In Sec. III, four-body semileptonic charmless B —
PV¢*u, with the axial-vector resonance states, the tensor
resonance states, and the excited vector resonance states are
explored. Summary and conclusions are presented in
Sec. I'V. Additional details are provided in the appendixes.

II. SEMILEPTONIC CHARMLESS
B - M¢*v, DECAYS

A. Theoretical frame

The effective Hamiltonian below the electroweak scale
can be used to describe the b — uf v, transitions, which
can be written as

o G _ o
Heff(b_)u?’ﬂ+yf):71%Vubb7M(l_75)u’/f7//4(1_75)f7 (1)

where G is the Fermi constant, and V,;, is the Cabibbo-
Kobayashi-Maskawa (CKM) matrix element. The decay
amplitude of B — M# v, can be expressed as

A(B - Mt tv,) :—V“bzgmn W H M, (2)

with
b — ra(1 =75)¢ 3
m ea(m)yfya( 7/5) s ( )

;" = €(n) (M (py. €)ar" (1= 75)b|B(pg)).  (4)
where 4, =0, £1, 4, = :I:%, and 1, = —|—% are the particle
helicities, and € and &* are the polarization vectors of the
virtual W-boson and M-meson, respectively. The leptonic

parts Lf,{’l”

hadronic parts Hf/” are encoded in the transition form
factors.
The differential branching ratios are [36]

use perturbation theory to calculate, while the

dB(B - M¢*v,) _ 73Gp|V, bml/z( mﬁ)2
dq? 24(27)*m3

Htotal (5 )

with
m% 3mf
Hiota = (Hy +Hy) | 1+ W ~5 Hs,  (6)

HuZIHW

HL:‘HS/IZ

(7)

where A= A(m%,mi;, q*) with A(a,b,c) =a>+ b* +
c? —2ab —2ac —2bc, q¢*=(ps—pu)’ m% <q*<
(mp —my)?, and HY ) are the hadronic amplitudes. For
the B — PV v, semileptonic decay, we only consider the
axial-vector meson resonant states, the tensor meson
resonant states and the excited vector resonance states.

s

The hadronic amplitudes H? . HY ;. and H" 0, are listed
in Appendix A. Then the branching ratios of the B —
M¢"v, decays could be obtained by the relevant form
factors, which depend on the different methods.

The SU(3) flavor symmetry approach is independent of
the detailed dynamics, and it can provide the hadronic
amplitude relationships among various decay modes.
We will use SU(3) flavor symmetry to analyze relative
decays in this work. The SU(3) flavor analysis depends on
the SU(3) flavor group, and the relevant meson multiplets
of the SU(3) flavor group are listed in Appendix B.

In terms of the SU(3) flavor symmetry, the hadronic
amplitudes of the B - M¢*v, decays can be parame-
trized as

H(B — M¢*tv,) = cMBMIH; + ¢V B*WiMIH;
+ Y BIM{WLH, (8)

where ¢}/ (c}},) are the SU(3) flavor symmetry (breaking)
nonperturbative coefficients. Please notice that the non-
perturbative coefficients for the axial-vector mesons
with JP€ = 1** and for the axial-vector mesons with
JPC =17~ are different, and we will denote them by
o1, and cf, ,, respectively. The matrix W is related to
the SU(3) flavor breaking effects, which mainly come from
different masses of u/d and s quarks [37,38]. The hadronic
amplitude relations for the B - M#*v, decays are sum-
marized in Table I. Amplitude relations between different
decay processes can be easily obtained from Table I, and
the same relationships are also true for the form factors.
Since there are not enough experimental data in the B —
A/T¢" v, decays, we will only consider the SU(3) flavor
symmetry contributions, i.e., C¥ = C'M = cM.

B. Numerical results

The theoretical input parameters, such as the lifetimes,
the masses, and the experimental data within the 1o error
bar from the Particle Data Group (PDG) [39] will be used in
our numerical analysis.
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TABLE 1.
CM = M —

SU@3) amplitudes
2 4+ M, and CY =

for B — M¢"v, decays

due to the b— @tty, transitions. CM =M + M + Y,

C'™ if ignoring the SU(3) breaking effects.

Decay modes SU(3) hadronic amplitudes

Decay modes SU(3) hadronic amplitudes

BT = a,(1260)°¢*v, %CA BT = a,(1320)°¢*w, \/LECT
F = f1(1285)°C 0, o (V2c0s 03y +sin3p )CY BT = f2(1270)0 Ty, 5cos 0, C"
= £1(1420)¢" v, —Lf(f sin@sp; — cos O3, )CA BT — f5(1525)¢ v, %sin 0,,C"
BY = a,(1260) ¢ ", cA BY = a,(1320) ¢ *v, cT
BT — b(1235)%¢ "0, \/LECB BY — K5(1430)~¢*v, cr
Bt — 1y (1170)%¢* v, %(\/zcos O1p1 +sin@,p;)CB
F o (1415)°C 0, L (V2sin0p — cos0,p))CF BY — p(1450)°¢ v, /p(1700)°F v, L Vv,
B - b, (1235)" ¢, ct B = 0(1420)¢ v,/ w(1650)¢ v, vy,
BY - K,(1270)~¢*u, (sin@g, C"* + cos O, C'P) B" — p(1450)~¢"w,/p(1700)~¢ v, cVemvr,
BY — K,(1400)~¢* v, (cos B, C'* —sin O C') BY — K*(1410)~¢*v,/K*(1680) ¢ v, CcVen v,

Until now, none of the B - A¢"v, decays have been
measured, so we cannot determine the CA? by the
experimental data. The form factors of the B — a,/b,
and B, — K4/K,p transitions are taken from Ref. [40].
For the B — f1(1285), B — f,(1420), B — h;(1170), and
B — hy(1415) transitions, two cases are considered. In the
“a” case, we use the mixing angles 6,p € [5° 56° and
Osp, € [56°,125°] defined in Eqgs. (B5)—~(B6), and the form
factors obtained by using the SU(3) flavor symmetry
relationships from the B — a;/b, form factors. In the
“b” case, we use the mixing angles a;, = (69.7 + 8)° and

= (86.7 + 6)° defined in Egs. (B7)-(B8) and the form
factors of the B — f,,/hi, transitions in Ref. [40]. The
predicted branching ratios of the B — A¢"v, decays are
listed in Table II. One can see that the errors of some results
are a little large, the errors of B(B — a;(1260)¢"v,)
and B(B — b,(1235)¢"v,) mainly come from the form
factors and the CKM matrix element V;,, and the errors
of other branching ratios also come from the mixing
angles Ok, , Osp , or 0;p . For the B(B* — f,/"v,) and
B(Bt — h¢"v,), we listed the results in two cases. We
find that every branching ratio is obviously different in two
cases except B(BT — h;(1170)¢*v,). For the B(B? —
K7¢"v,) decays, their branching ratios are affected by the
mixing angle O , the results are obtained by using
Ok, €[52°,65° [30] and O, = (33 +4)° [41], which are
denoted by  and ! in Table II, respectively. One can see
that the predictions of B(BY — K;(1270)"¢*v,) in two
cases are similar; nevertheless, the predictions of B(B? —
K (1400)~¢"v,) are slightly different.

As for the B — T¢"v, decays, no decay mode has
been measured. The data of B(B' — f,(1270)¢ " v,)

obtained by B(B* — f,(1270)°¢"*v,) =

)Exp
fa( (1270)0
)Exp

may be
B(B*—rta 'ty

B(f>(1270)0—z* 7~

from Ref. [39], as follows:

B(BT — f,(1270)°¢" v, )B® = (3.21 £ 1.65) x 107, (9)

The relations of the B — T¢ v, decays in Table I will be used
for the form factors AT(0). Other form factors F;(0) =
vT(0),Ar(0),AT(0) can be expressed as r; x AT(0), and

jr(( >) are taken from Ref. [42]. The

form factor AT(0) is determined by the experimental data
given in Eq. (9), and we obtain AT (0) = 0.14 & 0.06 (it only
include part, such as C7 but not L\/- cos 6y, ), which is slightly

smaller than 0.19709% in Ref. [42]. Then the branching ratios

the values of the ratios r;

TABLEIL. Branchingratios of the B — A¢ " v, decays within 1o
error (in units of 107*); here, ' = e, u. For B(B* — f,/h¢*v,),
“ denotes the results obtained by using the 0,p /05p, mixing
angles and the form factors obtained by the SU(3) flavor symmetry
relationships. ” denotes ones obtained by using the ag [ay,
mixing angles and the B — f,/h;, form factors taken from
Ref. [40]. For B(BY = K{¢*v,), ! denotes the results by using
Ok, €[52°,65° [30], and {f denotes ones by using , = (33 +4)°
[41]. The a, b, 1§, {f signs are same in Tables V and VI.

Predictions Predictions

Branching ratios with £ = ¢’ with £ =7

B(BT — a1(1260)0f+yf) 16.33 +4.01 6.91 £1.87

B(BT = b (1235)0f+yf) 28.16 + 10.01 13.26 +4.42

Bt 1285)07+ [8.32x107,15.67]* [3.35x107,6.43]¢

B(B* — f1(1285)°¢*v,) 13.3943.99” 5.44:1.69°

0 9.60-£7.99 3.8743.23¢
B(B* — f1(1420)°¢*vy) Fpyripd 0.9020.67>
B(B* = m(1170)°¢ v,) 3282512320 15115597

B(B* — (1415)05+ /) [5.37x1078,5.82]¢ [2.36x1078,2.45]

[2.82x1077,0.56]" [1.21x1077,0.24)

l’j‘(B0 — al (1260)~¢*v,) 30.31 +7.39 12.85 +£3.47

B(BO by(1235)~¢*v,) 52.21 + 18.57 24.63 + 8.23
B(BO — K,(1270)~¢*v,) 72.42:£19.60° 31.2449.18"
s 74.43+19.53¢ 33.1949.41%
B(BO — K,(1400)=¢*v,) 5.7343.82" 2.8941.96"
s 3.0342.16¢ 1.1740.89¢
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TABLE III
f2(1270)¢*v,) are obtained by B(B*

1+
—>atn l/f) (1270)

Branching ratios of B — T¢"v, decays within 1o error (in units of 1073). © denotes B(B* —

o/ B(f2(1270) —» ztz~ )" from Ref. [39].

Branching ratios

Our predictions (£ = ¢")

Our predictions (¢ = 7)

B(Bt — a,(1320)°¢%w,) 2.92 +1.51 0.93 +£0.58
B(BY — £,(1270)¢"v,) 3.21 +1.657 1.06 £ 0.66
B(B* - f5(1525)¢v,) (4.56 £3.03) x 1072 (127 +£0.91) x 1072
B(B® = a,(1320)~¢"vy) 541 4+2.79 1.72 £1.07
B(B? - K,(1430)~¢*v,) 472+£2.48 1.50 £0.94

of the B — T¢" v, decays can be predicted in terms of the
constrained AT (0), and they are listed in Table II1.

For the B — Vi p£ v, decays, there is still no measured
mode. The form factors of the B — K*(1410) and B —
K*(1680) transitions are taken from Ref. [43], which are
calculated by the large energy effective theory, and other
form factors of B — Vg p are related with them by the
SU(3) flavor symmetry given in Table I. Then the branch-
ing ratios of the B — V¢ v, decays are obtained and
listed in Table IV. In addition, the form factors of B — Vg
transitions are also calculated by the light-front quark
models [44], and they are listed in Table XI of
Appendix A. The branching ratios of the B — Vz£ v,
decays are also predicted by using the form factors within
the light-front quark models, and they are given in Table IV,
too. One can see that branching ratios obtained by the light-
front quark models are slightly smaller than ones obtained
by the large energy effective theory. In the following
analysis, the results from the large energy effective theory
will be used.

III. CHARMLESS DECAYS B — PV?*v,
WITH THE RESONANCES

A. B(B - PV¢*v,) with the narrow
width approximation

For the B - PV#"v, decays with the resonances, if the
decay widths of the resonance states are very narrow, the
resonant branching ratios can be written as

B(B — R¢*v,. R — PV)
= B(B - R¢*v,) x B(R —» PV), (10)

where R denotes the resonances, and R = A/T in this
work. This relation is also a good approximation for wider
resonances [34]. The branching ratios of the two-body
nonleptonic decays B(A — PV) and B(T — PV) have
been studied in our previous work [30]. Using the expres-
sions of B(B — A/T¢"v,) given in Sec. Il and B(A/T —
PV) given in Ref. [30], we may predict the branching ratios
of the B— A(A - PV)¢*v, and B— T(T — PV){ Ty,
decays, which are listed in the second and third columns of
Tables V and VI, respectively, named as the results in
S, case.

From the second and third columns of Tables V and VI,
one can see that some branching ratios with the
axial-vector meson resonances, such as B(Bt —

B(B" — P0”_5+Vf)[al(1260)-]’ B )

B(B® = wn™ ¢ ve)p, (12357 BBY = p™nfve) (12355
B(BY — K*_ﬂ0f+l/f)[l(l(1270)—], B(BY - K0z~ ¢+ x
Vf)[Kl(1270)*,K1(1400)*]’ B(B(s) - pOK_f+Vf)[K1(127O)’]’
B(BY=p K6 ve) ik 1270y, and  B(By—wK ¢*x
V) [k, (1270)]> ate on the order of O(107#~1077), and other
branching ratios with the axial-vector meson resonances

TABLE 1IV. Branching ratios of B — V¢ v, decays within 1o error (in units of 1073). ¢ denotes the form
factors calculated by the large energy effective theory, and ? denotes the form factors calculated by the light-front

quark models.

Branching ratios

Our predictions (¢ = £")

Our predictions (¢ = 1)

B(BT — p(1450)°¢*v,)
B(BT — @(1420)¢*v,)
B(B® — p(1450)~¢*v,)
B(B? — K*(1410)~¢"v,)
B(BT — p(1700)°¢*v,)
B5(
B(
B5(

10.36 + 1.52¢, 8.14 + 1.15°
11.34 £2.20%, 9.00 &+ 1.77°
19.26 +2.87%, 15.14 +2.15°
24.14 £ 3.17%, 23.69 4+ 3.19?

443 +£0.719, 3.18 £ 0.48°

5.02 + 1.144, 3.64 4-0.82°

8.23 +1.349, 591 £ 0.91°
11.21 4 1.55%, 10.16 4 1.440

5.25+0.73¢ 1.87 +0.29¢
B* = w(1650)£+ ) 5.66 & 0.85¢ 2.10 £ 0.35¢
B® = p(1700)~¢*v,) 9.77 & 1.35¢ 3.47 £0.534
BY — K*(1680)~¢*1,) 11.35 & 1.55 433 40.65¢
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TABLE V. SU(3) branching ratios of B — PV¢'* v, decays within 1 error (in units of 107%). Bi4/7) denote the branching ratio with
the axial-vector/tensor meson resonant contributions. In the S; case, the results are obtained by using the narrow width approximation in
Eq. (10). In the S, case, the width effects are considered as given in Eq. (11). The definitions of B,,7 and S , cases are same in Table VI.

Decay modes

By in S, case

Bz in S, case

By in S, case

Bz in S, case

BY = p~nt vy
or

Bt = pta vy

Bt —» poﬂof/_"l/ﬂ

BT = omt v,

Bt — ¢nt’ vy

Bt = wn’tv,

BT — pol’]f"Ll/fr

BT - K*"K~¢""vp
or

BT - KK ¢ vu

BT = K*K%*v,
or
BT = K*9K%*v,

BY = pOn=¢"*u,
B — p= 2% *u,
B - won= ",
B = pnt'tup

BY - KOK=¢"*v,
BY - K*K%"*v,
OL&/Jr

B! - K r vy

BY - KOn¢"* v,

BY = pPK=¢"*v,

658 :t 27 1 [01 (]260)0]
6.9343.85¢
7.53£3.10° [, (1170)°]
0.644:0.64¢

0.045+0.045" [, (1415)°]
6.9643.87¢
7.5743.12 [, (1170)°]
0.6440.64¢

0.045+0.045” [, (1415)°]

0.6640.35¢

0.6840.26” [, (1170)°]
0.150£0.150¢
0.012+0.012° i,

0.022:£0.022¢
0.018-0.018% [, (1170)°]

0.0225+£0.0225¢

0.0032:+0.0032" [, (1415)°)

18.50 % 7.32),, 1235
1.44 £0.61;,

0.32 £ 0.14(, (1260

0.12 £0. 05[ by (1235)]
0.045+0.045¢

(1415)°]

1(1235)9]

0.0840.04"  [f,(1285)°]
2.2042.20¢
0.4740.47" £, (1420)°]
0.27+0.20¢

0.2940.21% [, (1170)°]
0.12740.127°
0.0370.037" [ (1415)°]

0.31 £ 0.13(,, (1260

0.11 £ 0.04,, (1235

0.012+0.012¢

0.02+£0.01”  [f,(1285)"]
1.96£1.96

0.4240.42" [f,(1420)°]

0.2640.19¢

0.28+0.20" [,
0.109-£0.109¢
0.03220.032° [ (1415)°]

12.19 = 5.02(4, (1260)-]
12.25 £ 5.0614, (1260)-]

34.16 = 13.48),, (1235
2.69 % 114y, (1235

1.17 £ 0-50[a1(1260)']
0.42 £ 0.17, (1235)

1.18 £ 051[“](1260)’]
043 £+ 0~17[b,(1235)']

5.39+3.23¢
5.60+3.404 K
1.73+1.19¢
0.95+0.69* [K

(1170)%]

1(1270)7]
(1400)~]

10.58+6.34°
10.9746.66 (K (1270)7]
3.4242.35"
1.89+1.36% [K | (1400)"]

12.39+3.49"

12.64£3.38% (K, (1270)7]
0.066+0.066"
0.02240.022% [K | (1400)"]

010:t006[ (]320 ]

0.00016 = 0.00009;,, 320y
0.00025 = 0.00015(7, 170y
0.00028 == 0.000201, ;5251

0.00013 £ 0.00007},, 1320y
0.00022 £ 000013 1570y
0.00025 = 0.00018 1, 5351

0.19 + 0-10[a2(1320)']
0.19 £ 0.10(4, (1320

0.00053 £ 0.00030(,,(1320)]
0.00056 =+ 0.00032,,(1320)]

0040 :l: 0.022[[(;(]430)*]

0.076 & 0.043 ¢ (1430

0.014 & 0.008 x+ (1430)]

368 :l: 1'42[‘11 (1260)0]
4.2742.45¢
4.59:£1.62° [h (

0.5440.54¢
0.029-£0.029” A, (1415)°)

4.35£2.50¢
4.66:£1.69” [, (1170)°]
0.54-£0.54¢

1170)°]

0.029+0.029° [, (1415)°]
0.24-£0.12¢
0.25:£0.09” [, (1170)°]
0.10£0.10°
0.006740.0067 [i; (1415)°]
0.0053+0.0053¢
0.0055+0.0055% [, (1170)°]
0.0050+0.0050¢

0.000610.00061° [ (1415)°]
15.59 £ 570, (1235)]
0.41 +£0.17,

0.15 % 0.06(,, (12600
0059:|:0021[b](1235 ]

04 [f(1285)°]

by (1235)°]

1.34£1.34¢
0.2740.277 [£,(1420)°]
0.08140.057¢
0.09440.062" [h; (1170)°]
0.096:0.096“
0.024-£0.024% [, (1415)°)

0. 14 :l: 006[511 (1260)0]
0051 :l: 0018[/)] (1235)0]
oer [£1(1285)"]

1.1941.19¢
0.24£0.24" £, (1420)°]
0.075+0.053¢
0.089+0.059" [, (1170)°]
0.085+0.085

0.021£0.021° [1; (1415)°]
6.84 £ 2.63(,, (1260)-]
6.89 £ 264, (1260)-]
6.37 + 2.26[ 5y (1235)]
0.54 + 0'22[a|(1260)‘]
0.21 £ 0.08}5, (1235)-

0.54 = 0.224,, (1260)-
0.21 £ 0.09;,(135)-]

4.48+2.50"
4.55+2.50% (K (1270)7]
1.20+£0.83"
0.82+0.58% [K (1400)]

8.7644.87"
8.89+£4.89% (K, (1270)]
2.36+1.64"
1.6141.15%[K (1400)7]

5.7341.47"

5.83+1.33%[K, (1270)7]
0.037+0.037"
0.0160.016" [K | (1400)"]

0090 :l: 0.048[02 ( 1 320)0]

0.000079 = 0.000046y,, (13500
0.000095 =+ 0. 000058[ 2(1270,,]
0.00022 = 0.00015 ;5551

0.000064 = 0.000037,,, (1330
0.000085 = 0. 000052[f2<1270 |
0.00019 == 0.00014, ;55591

0.17 + 0-09[442(1320)']
0.17 £ 0.09(4, (1320)]

0.00027 £ 0.00015,, (1320)]
0.00026 =+ 0.00015(,, (1320)]

0.035 % 0.020k: (1430

0.067 % 0.038; 1430

0.015 % 0.009k: (1430)]
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TABLE V. (Continued)

Decay modes By in S, case

Bz in S, case

By in S, case Bz in S, case

0 “K%' v, 23.974:6.63" 0.027 £ 0.016- - 10.624:2.73" 0.028 £ 0.017 - -
By = pm Ko vy 24.5146.56 (K (1270)"] (K3 (1430)7] 10.88+2.494 (K (1270)7] [3(1430)7]
0.1340.13¢ 0.07240.072¢

0.0440.044% [K, (1400)"]

0.032+0.032% (K, (1400)"]

0 —plty, 6.88+1.92" . . . - 4.941.30° . . ; -
By — oK~ v, 7.01+£1.87% (K, (1270)7] 0.015 4001 1[K2(1430) ] 5.08+1.18% (K, (1270)7] 0.016 £ 0.01 1[1<2(1430) ]
0.064:0.064¢ 0.035+0.035"

0.021£0.021% [K (1400)~]

0.016£0.016" [K | (1400)7]

0 =nl' YU 0.37£0.19° . . . - 0.15£0.08" X . . .
By — Knt"ve 0.38+0.19%[K, (1270)7] 0.0028 =0 0017[’(2(1430) ] 0.144:0.08% [K; (1270)7] 0.0014 0 0009[K2(1430> ]
0.15£0.10° 0.078=0.052"
0.11£0.10 (K, (1400)~] 0.080+0.068" [K | (1400)"]
0 -ty 0.2240.15° . . . _ 0.1140.08" . . . _
By - ¢K " vy 012.£0,094[K, (1400) ] 0.00019 £ 0 00012[,(2(1430) I 0.082.00.059% [K, (1400 0.00012 £ 0 00007[,(2(1430) 1

and all branching ratios with the tensor meson resonances
are small.

B. B(B — PV¥¢*v,) with the width effects

Some decay widths of the resonance states, such as ones
of hy(1170), h,(1415), b,(1235), a,(1260), K,(1270),
K,(1400), f,(1270), f5(1270), a,(1320), and K,(1400),
are not very narrow. We will consider the width effects of
the resonance states. After considering the width effects of
the resonance states, the decay branching ratios of B —
PV¢ T, are [45,46]

B(B—PV&tus )y

1 [ (mg+nlg)? (mp—/1g)?
:_/ dtR/ dq*
T J (mg—nTg)? m

2
2
« VIRAB(B = R v 1) /dg* B(R— PV, 1g)Tg
(tr—mp)* +mxlg

. (11)

where dB(B — RfYv,,tg)/dg* and B(R — PV, tg) are
obtained from dB(B — Rf*v,)/dq* and B(R — PV) by
replacing mg — +/fg. The form factors of the B — R v,
decays and the coefficients of the R-V-P vertexes follow the
SU(3) flavor symmetry relations. And then the predicted
branching ratios are obtained, which are listed in the last
two columns of Tables V and VI and named as ones in the
S, case. Comparing with the results with the narrow width
approximation, one can see that some results considered the
resonant width effects are obviously smaller. For B(B" —
K*iK:FI’p+Uf)[]:1(1285)O]’ B(};Jr i K*OK0f+l/f)[fl(1285)0],
and B(B" — KK/ "v;)(s, (1285, they are not allowed

in the S, case, since the decay width of f,(1285)° is small.
Note that for f,(1285)° — K**K~—, K*" K+, K*°K°, K*OK°
decays, their phase spaces are very narrow, and their
branching ratios have been obtained by considering the
decay widths of both f,(1285)° and K* mesons in
Ref. [30]. However, we only consider the decay width
of f1(1285)° meson in the S, case, and this is the reason

that the predictions are different between the S; and
S, cases.

C. B(B —» PV¢*v,) with the excited
vector resonance states

In addition, the excited vector meson contributions to the
branching ratios of four-body semileptonic decays will be
calculated by the narrow width approximation in this
subsection. Since B(B — Vg p¢'v,) have been listed in
Table IV, now we just need to calculate B(Vy p — PV) to
get B(B - PV£"v,) with the excited vector resonance
states.

The branching ratios of the V, — PV strong decays
can be written as [47]

3
Ty De 92
!
12am3, 7V =PV

B(V' - PV) = (12)

ﬂ(mzv,.m%,,m%,) d
= 2m, _ and gypy
are the strong coupling constants. gy_py can be para-

metrized by the SU(3) flavor symmetry

where V' = Vg or Vp, and p, =

gvi—pv = gy V'iPEVY, (13)

where gy are the corresponding nonperturbative parame-
ters. The strong coupling constants of these decays are
listed in Table VII.

For the V, — PV strong decays, only K*(1680) —
pK, K*m decays have been measured [39], as follows:

B(K*(1680) — pK)P® = (31.4759)%,
B(K*(1680) — K*z)¥* = (29.9122)%, (14)

and they can be used to constrain the nonperturbative
parameter gy, . We obtain gy, =648 +1.59 from
B(K*(1680) — K*z)¥** and gy, =533+ 1.33 from
B(K*(1680) — K*z)E*. The communication between
them, gy, €[4.88,6.66], will be used to obtained the

033002-6
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TABLE VI

SU(3) branching ratios of B¥ — PVz*y, decays within 1o error (in units of 107%).

Decay modes

By in S; case

By in S case

By in S, case By in S, case

+ -t
BT - pTntrty,
or

+ + =t
BT s paty,

Bt = pPn07ty,
Bt - wnrtu

BT — ¢y,

Bt = wn'tty,
Bt = pprtu,
BT - K"K 1t

or

Bt - K*K*tty,

Bt — KKy,
or

Bt —>I_(*0KOT+I/T

B = pOnzty,
B = p= %7ty
B - wrtty,
B = pprty,

B —» K*K—tty,
B - K K"y,

BY - K%y,

BY - K777y,

2.79 % 1.19;,, (12607

3.22+1.67
3.56+1.30” [, (1170)°]

0.2740.27¢
0.01940.019” [, (1415)°]
3.24+1.67¢
3.58+1.317 [ (1170)°]
0.27+0.27¢
0.019:£0.019” 1 (1415)°]
0.3040.15¢
0.3240.12" [h; (1170)°]
0.066-0.066
0.0050-£0.0050” [, (1415)°]
0.010+0.010°
0.0088-0.0088" [h; (1170)°]
0.010+£0.010°

0.0014:£0.0014% [ (1415)°]
8 38 i 3 00[ 1235)0]

0.67 % 0.260,, (1235
0.13 £ 0.05(,, (1260

0.057 £ 0022, (1235

0.019:£0.018¢
0.032+0.018” [f,(1285)°]
0.89-£0.89¢
0.19:£0.19” [, (1420)°]
0.13£0.09
0.142£0.10” [, (1170)°]
0.0560.056
0.016£0.016” 1, (1415)°]

0.13 £ 0.05(,, (1260

0.050 = 0020, 1535y

0.004740.0048¢

0.007540.0044% (£, (1285)°]

0.80-:0.80¢
0.17£0.17° [£, (1420)°]
0.12::0.09¢
0.1320.10° [, (1170)°]
0.04740.0474
0.01340.013 [, (1415)°]

517 £ 22114, (1260))
5.20 £ 2.22(4, (1260))
15.48 & 5.53 5, (1235)]
1.25 £ 0.50p, (1235))

0.49 + 0.20[(1](1260)-]
0.20 4 0.08;,, (1235)]

0.49 = 0.2014, (1260)-]
0.20 = 0.08 5, (1235)-]

2.37+1.45"
2.53+1.57% K,
0.86£0.60"

0.36+0.28% [K

(1270)7]
1(1400)7]

4.6642.85"
4.954+3.09¢ (K,
1.7141.19°
0.7140.55% [K | (1400)"]

(1270)7]

0.033 £ 0021, (1330

0.000053 = 0.000035,, 130y
0.000080 = 0.000055,. 1270y
0.000079 == 0.000060;, 15251,

0.000042 = 0.000028,, 130y
0.000071 = 0.000049,,. 1570y
0.000071 = 0.000053 7, 5251

0.062 + 0.039[@(1320)*]
0.062 =+ 0.040,,(1320)]

0.00017 £ 0.0001 1}, (1320
0.00018 £ 0.00012(,, 1320)-]

0.013 % 0.008; 1430

0.024 % 00160, 1430

141 £ 0.561, (1260 0.028 £ 0.018y,, (1330

1.98£1.07
2.08+0.67” [, (1170)°]

0.23+0.23¢

0.0130.013 [, (1415)°]
2.0041.09¢
2.08+0.67" |1, (1170)°]
0.2340.23¢
0.013£0.013 [, (1415)°]
0.094:£0.049¢
0.10+0.04" [, (1170)°]
0.042-0.042¢

0.0029+£0.0029° [, (1415)°)

0.0019-0.0019%

0.001940.0019” [, (1170)°]
0.001940.0019°
0.00025+0.00025 [ (1415)°]

7.18 £ 231}, (1235
0.18 % 0.07,, (1235
0.045 £ 0019, 1260y
0.025 £ 0.009, 1535y

0.000022 = 0.000014y,, 1330y
0.000024 = 0.000016;,. (1570
0.000059 == 0.000044;, 5251,

Ory, (1285)0)

0.49:£0.49¢
0.1040.10° [£, (1420)°]
0.031£0.022¢
0.037+0.025" i,
0.040-0.040°
0.009940.0099” (1, (1415)°]

0.043 £0.017, (12600) 0.000018 £ 0.000011,, (1320y0)
0.022 £ 0.008, (12350,  0.000022 £ 0.000014 £, (1270)0)
0.000053 £ 0.000039[.)«/2(1525)0]

(1170)°]

Ory, (1285)0)

0.4340.43¢
0.09+0.09° [£, (1420)°]
0.029:£0.021¢
0.035-0.023" [, (1170)°]
0.035-0.035¢
0.0088:£0.0088 [, (1415)°)

2.64 & 1.06(,, (1260))
2.65 = 1.04(,, (1260)]
2.88 =+ 0.920,, (1235)"]
0.23 & 0.09, (1235)]

0.16 & 0'07[541 (1260)7]
0.088 £ 0.036;, (1235)]

0.16 + 0'07[a| (1260)"]
0.087 + 0.036[b](1235)—]

1.93£1.07°
2.01£1.13F K (1270)7]
0.574+0.39°
0.31£0.23% (K, (1400)~]

0.052 = 0.0334,(1320)]
0.053 £ 0.0334,(1320)]

0.000073 = 0.000047 . 1320)-]
0.000073 = 0.000047,, (1320

0.011 = 0.007 (1430

3.7842.09"
3.92+2.19F K,
1.1240.77°

0.60+0.45%[K

. 0.021 % 0.014(; 1430

1(1400)7]
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TABLE V1. (Continued)

Decay modes By in S case By in S case

By in S, case Bz in S, case

B - p°K~7tu, 5344163 0.0044 = 0.0029x; (1430 230064 0.0046 = 0.0030x; (1430

5.62+1.627 [K, (1270)7]
0.031+0.031°
0.0085+0.0085" [K | (1400)~]

2.45+0.61% K, (1270)]
0.016+0.016°
0.0064-£0.0064% [K | (1400)"]

BY = pK'ru, 10333.11° 0.0086 % 0.0057 1430 4.20+1.17 0.0087 = 0.0058(x; (1430)

10.9243.16% (K (1270)7]

0.061+0.061°
0.01740.017% (K, (1400)"]

4511124 (K, (1270)7]
0.031+0.031°
0.0130.013% [k (1400)"]

B? el CUK_T+IJT 2.97+0.89 00049 + 0.0036[1(;(1430)—] 1.99+0.54" 00051 + 0.0038[1(5(1430)—]

3.1140.89% [K, (1270)7]
0.0300.030¢
0.0082+£0.0082% (K, (1400)"]

2.10+0.53% (K, (1270)"]
0.015+0.015"
0.006240.0062 [K | (1400)"]

BY > K*nrtu, 0.1740.09° 0.00089 + 000060[1(;(1 430)] 0.056+0.033* 0.00041 + 0.00027[,@(,430)—]

0.1740.09% (K, (1270)"]

0.079+0.052"
0.04340.036" [K | (1400)"]

BY = pK ttu, 0.1120.08° 0.000059 =+ 0.000041 ¢

0.048-£0.037% [K (1400)~]

0.05740.033% (K, (1270)"]

0.034-£0.022°
0.028:0.024% (K (1400)"]

a0 0044003 0.000032 % 0.000021 (¢ (1430

0.0270.020¢ [K ; (1400)"]

branching ratios and decay widths of the V, — PV
strong decays. After considering the bounds of
B(K*(1680) — PV) < 63.2%, B(p(1700)— PV)<100%,
and B(w(1650) —» PV) < 130%, the predictions are
obtained and listed in Table VIII. Please note that
B(w(1650) — PV), which is defined as B(w(1650)—
pr)+B(w(1650) > K*K) 4+ B(w(1650) > wn), is always

larger than 1, so we have to extend that
B(w(1650) - PV) < 130%, which means that all branch-
ing ratio predictions of every ®(1650) —» PV modes
should be smaller than our predictions. Moreover, we
set B(K*(1680) - PV) < 63.2%, since B(K*(1680)—
Kr)=(38.742.5)% and B(K*(1680)— Kn)=(1.49)%
are deducted [39].

TABLE VII.  Strong coupling constants of the V' — PV decays by the SU(3) flavor symmetry.

Decay modes Strong couplings gy_,py Decay modes Strong couplings gy'_,py
K*(1410)*/K*(1680)" — \/%gv’ K*(1410)°/K*(1680)° —>p‘K+ gy
K*(1410)*/K*(1680)" — wK+ \/Lig"’ K*(1410)°/K*(1680)° — ﬁg‘,,
K*(1410)*/K*(1680)" — pTK° gy K*(1410)°/K*(1680)° — a)KO %g‘,,
K*(1410)*/K*(1680)" — ¢K+ gy K*(1410)°/K*(1680)° — ¢K° gy
K*(1410)* /K*(1680)" — K**z° \/%gv' K*(1410)°/K*(1680)° — K** 7~ gy
K*(1410)"/K*(1680)" — K*0z* gy K*(1410)°/K*(1680)° — K*z° ~J59v
K*(1410)"/K*(1680)" — K**7 (22 — 0l gy, K*(1410)°/K*(1680)° — K*p (e =20 gy
K*(1410)*/K*(1680)" — K**of (Sn%e + <22y gy, K*(1410)°/K*(1680)° — K*0 G oY
p(1450)°/p(1700)° — p° (ZC\O/S(_)HP _ ZS%QP)gV, p(1450) /p(1700)* — p*y (ZC\O/SEQP _ 25\%913)9\//
p(1450)°/p(1700)° — %' (2l 4 200) 5, p(1450)* /p(1700)* — p*of (2l 200002 g,
p(1450)°/p(1700)° — wr° V29 p(1450)" /p(1700)" - wx™ V2gy
p(1450)°/p(1700)° - K*+ K~ \/%gvf p(1450)* /p(1700)* — K*FK° gy
p(1450)°/p(1700)° — K*~K+ \/LE gy p(1450)* /p(1700)" - KK+ gv'
p(1450)°/p(1700)° — K*K° —%gw
p(1450)°/p(1700)° — K*OK° _% gy
(1420)/w(1650) — py (20\"/5691’ - 23\%’!’) v ®(1420)/w(1650) — K* K~ %QV’
0 (1420)/w(1650) — p'y’ (25\“/‘6“’*’ + %)g ®(1420)/w(1650) - K*"K* %gv’
@ (1420)/w(1650) — p°z° V2gy @(1420)/w(1650) - K*°K° %gvf
@(1420)/0(1650) — pT V2gy ®(1420)/@(1650) — K*°K? S 9v
®(1420)/w(1650) - p~xt 29y

033002-8



FLAVOR SU(3) ANALYSIS OF THE CHARMLESS ... PHYS. REV. D 112, 033002 (2025)

TABLE VIII. Branching ratios and decay widths of the V[, — PV strong decays by the SU(3) flavor symmetry.

Vp — PV decays Branching ratios (%) Decay width (MeV) V, — PV decays Branching ratios (%) Decay width (MeV)

K*(1680)* — pOK~ 5.90 £1.43 21.61 £2.63 K*(1680)° — p~K+ 11.80 +£2.86 43.25 £5.27
K*(1680)" - wK™ 5.76 £ 1.40 21.11 £2.59 K*(1680)° — pOK? 5.84 £1.42 21.39 £ 2.61
K*(1680)" — p*K° 11.68 £2.83 42.81 £5.23 K*(1680)° - wK® 5.70 £ 1.39 20.90 £ 2.57
K*(1630)" — ¢pK ™" 372+ 1.13 13.39 +£2.45 K*(1680)° — ¢pK° 3.63 £ 1.11 13.07 £2.42
K*(1680)" — K** 70 7.55£1.82 27.44 £3.03 K*(1680)° — K**x~ 15.06 +3.63 54.70 £ 6.04
K*(1680)" — K0z 14.90 +3.59 54.15 +£6.01 K*(1680)° — K070 7.48 £1.80 27.16 +3.01
K*(1680)" — K*ty 1.87 £0.72 6.69 £+ 1.83 K*(1680)° — K0y 1.84 £0.71 6.54 +1.79
](*(]680) - K*y/ K*(l680)0—>K*017'
K*(1680) — K*n 22.50 £5.41 81.74 £9.03 K*(1680) — K*n 1.85+0.71 6.62 + 1.81
K*(1680) — pK 17.61 £4.27 64.53 +7.87 K*(1680) —» wK 5.73+£1.40 21.00 £2.58
K*(1680) — (]5K 3.67+1.12 13.23 £2.43

p(1700)° — p ;7 14.99 +5.41 44.08 +10.83 p(1700)" — p*n 14.99 +£5.41 44.11 £ 10.83
p(1700)° — p° ;7 0.020 £ 0.020 0.048 £ 0.048 p(1700)* — pty/ 0.020 £ 0.020 0.050 + 0.050
p(1700)° - wx° 48.50 +12.03 14191 £15.14 p(1700)" - wxt 48.37 + 12.00 141.56 + 15.12
p(1700)° - K** K~ 477 +£1.31 14.09 + 2.05 p(1700)" — K*+ K0 9.42+2.59 27.78 £ 4.06
p(1700)° — K*~K+ 4.77 £1.31 14.08 £ 2.05 p(1700)* — KOK+ 9.39 £2.59 27.69 £+ 4.06
p(1700)° — K*0K° 4.63 £1.28 13.65 £2.01 p(1700) — pn 14.99 +£5.41 44.09 + 10.83
p(1700)° — K*OK° 4.63 £1.28 13.65 +2.01 p(1700) — pn/ 0.020 £+ 0.020 0.049 £+ 0.049
p(1700) - wx 48.43 +12.02 141.74 = 15.13 p(1700) - K*K 18.81 +£5.19 55.48 £ 8.11
®(1650) - wn 10.13 £2.51 34.84 £9.12 w(1650) > K*tK~ 3.11 £0.50 10.80 £ 1.73
®(1650) —» wn’ e o(1650) - K*"K* 3.11 £0.50 10.80 + 1.73
(1650) — p'z° 36.43 +2.98 126.71 £ 10.30 0(1650) — K*OK? 3.00£0.49 10.41 £ 1.72
w(1650) - pta~ 36.32 £2.97 126.33 £10.27 (1650) — K*OK° 3.00 £0.49 10.41 £1.72
®(1650) - p~n" 36.32+£2.97 126.33 +10.27 0(1650) - K*K 12.21 +1.97 4242 +6.89
®(1650) — px 108.97 + 8.90 378.99 £ 30.82

TABLE IX. Branching ratios and decay widths of the Vy — PV strong decays by the SU(3) flavor symmetry.

Vg — PV decays Branching ratios (%) Decay width (MeV) Decay modes Branching ratios (%) Decay width (MeV)

K*(1410)* —>pOKJr 347+253 7.58 £5.25 K*(1410) —>p‘K+ 6.94 £+ 5.06 15.16 £ 10.51
K*(1410)" - wK™" 3.22 +£2.36 7.03 +£4.89 K*(1410)0 K° 3.35+245 7.32 +5.08
K*(1410)* — p*KO 6.70 £4.90 14.64 £ 10.17 K*(1410)0 - a)KO 3.10£2.27 6.77 +4.73
K*(1410)* - ¢K+ K*(1410)0—>¢K°
K*(1410)* - K*tx 0 8.06 £5.61 17.71 £ 11.55 K*(1410)0 K n 16.00 = 11.14 35.14 £22.93
K*(1410)+ — K*O + 15.69 £+ 10.94 34.47 +£22.51 K*(1410)0 — K*o 0 7.91 £5.51 1737+ 11.34
K*(1410)* K*+ K*(1410)° — K*" !
K*(1410) - K*z 23.83 £ 16.60 52.35 £ 34.16 K*(1410) - wK 3.16 £ 2.31 6.90 4+ 4.81
K*(1410) - pK 10.23 £7.47 22.35 £ 15.50

p(1450) — /) n 5.05 +4.07 19.56 £ 15.22 p(1450)* — pty 5.07 = 4.09 19.55 £15.21
p(1450)0—>p17 p(1450)+—>p+7]/
/)(1450)0 — wn° 32.93 +£22.86 12528 £80.47  p(1450)" > wn™ 3278 £22.77 124.72 + 80.13
p(1450)0 - K**K~ 0.94 £ 0.80 3434278 p(1450)" — K+K° 1.78 £1.52 6.48 +5.30
/1(1450)O K*~K* 0.94 +0.80 343 +2.78 p(1450)" — KK+ 1.78 £ 1.52 6.47 £5.30
p(l450)0 — K*0K0 0.84 £0.72 3.05 +£2.52 p(1450) — pn 5.06 +4.08 19.56 £ 15.21
p(1450)0 KK 0.84 £0.72 3.05+£2.52 p(1450) - K*K 3.55+3.03 12.95 £ 10.60
p(1450) - wr 32.85+£22.82 125.00 + 80.30

®(1420) - wn 217 +£2.06 9.70 £ 9.35 w(1420) -» K*tK~ 0.37 £ 0.37 1.65 + 1.65
®(1420) - poiy’ s e w(1420) > K*~K* 0.37 £ 0.37 1.65+1.65
(1420) — poﬂo 20.54 +12.84 95.67 £+ 60.95 ®(1420) —» K OK? 0.32+£0.32 142 +1.42
®(1420) - pta~ 20.42 +£12.77 95.14 £ 60.57 ®(1420) - — K*0KO 0.32£0.32 1.42 +1.42
®(1420) - p~x* 20.42 +£12.77 95.14 £+ 60.57 ®(1420) - K*K 1.37 £ 1.37 6.14 £6.14
®(1420) — px 61.27 +38.31 285.42 + 181.72
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From Table VIII, one can see that the errors of some
predictions are large, and the errors mainly come from the
nonperturbative parameter gy, and the decay widths such as
FK*(I()SO) =320+ 110 MCV, Fp(1700) =250+ 100 MCV,
and I, 1650) = 315 £ 35 MeV [39]. Our prediction of
B(K*(1680) — K*z) is consistent with its experimental
data within 1o error, nevertheless, our prediction of
B(K*(1680) — pK) is smaller than its experimental data,
since we only use the experimental data to obtain
gy, €[4.88,6.66], but do not use the data given in
Eq. (14) to further constrain the predictions. The reason is
that within the 1o error of the theoretical inputs and the exper-
imental data, it is difficult to satisfy B(K*(1680) — pK)E*P
and B(K*(1680) — K*z)E*P at the same time. If we extend
the experimental errors to 2o, the experimental data of
B(K*(1680) - pK) and B(K*(1680) - K*z) can be satis-
fied at the same time, and the errors of the B(K*(1680) —
PV) predictions are very small, for example:

B(K*(1680) — K*x) = (34.12 + 0.18)%.
B(K*(1680) — pK) = (27.34 + 0.14)%,
B(K*(1680) — wK) = (8.90 + 0.05)%,
B(K*(1680) — K*1) = (2.85 4 0.44)%,
B(K*(1680) — ¢K) = (5.89 + 0.18)%. (15)

Nevertheless, other predictions including I'(K(1680) —
PV) still contain large errors. The branching ratio
predictions in Table VIII will be used to obtain B(B—
PV{+I/£)[VD] later.

Strong decays of the excited vector mesons have been
studied by using effective relativistic quantum field theo-
retical model based on flavor symmetry [48], in which the
charges of the final state particle are not distinguished. For
convenient comparison with them, our decay width pre-
dictions are also listed in Table VIII. Our prediction of
['(K*(1680) — K*5) is 1 order of magnitude larger than
the one in Ref. [48]. Our predictions of other decay widths
of the V, — PV decays are on the same order of magnitude
as the ones in Ref. [48] with smaller errors.

As for the Vp — PV decays, no modes have been
measured at present, and there are only two limits [39],
as follows:

B(K*(1410) > K*r) > 40%,

B(K*(1410) - pK) < 7%, atthe 95%CL, (16)
and they cannot be satisfied at same time within the
SU(3) flavor symmetry. Therefore, gy, = {24532 gy, from
Ref. [48] with g, €[4.88,6.66] will be used to obtain

the predictions of the Vp — PV decays. After further

TABLE X. Excited vector resonance state V g/ contributions to the branching ratios of the B — PV# v, decays within 1o error (in

units of 1074).

Decay modes By, with £ = ¢

By, with £ = ¢/

B[VE] with 7 =7 B[VD] with 2 =1

Bt = p~ntttuy,

or Bf - ptn=¢tty,
or Bt = p2n%¢*u,
Bt - wnttu,

Bt = wn'¢tu,

Bt = p'nttu,

BT = p%ttu,

BT - K*JrK_erl/g
or Bt - K" K"¢*u,
BT - KK¢ty,
or Bt = KK+,
B - wn~¢*u,

0.26 = 0.18 (120

0.023 £ 0.022(,1420))
034 i 0.24“,(1450)]

0.0097 £ 0.0081,(1450)
0.0039 = 0.0039,,(1420,
0.0086 = 0.0074, 1450
0.0034 = 0.0034(,,(1420,
0.63 = 0.44),(1450)

0.22 + 0.03[0,(1650)]

0.057 % 0015/, 1650
026 i 0.09[/)(]700)]
0.081 + 0.032),(1700)
0.00010 = 0.00010,(1700);
0.025 £ 0.008,(1700)]

0.018 =+ 0.003 ,(1650)]
0.024 £ 0.008),1700  0.0036 = 0.0031 (1450
0.017 £ 0-003[111(1650)]

0.48 = 0.16,(1700)

0.12 = 0.08,,(1420] 0.080 = 0.014(,(1650;

0.0098 = 0.0092(,,(1420)
0. ] 5 i O 10[/,(1450)]
0.022 + 0.018W1450>]

0.021 = 0.0054,(1650))

0.094 =+ 0.031,(1700))

0.029 £ 0.011,(1700))

0.000036 == 0.000036y,(1700)|
0.0090 =+ 0.0029,(1700y)
0.0065 = 0.0011 41650y
0.0087 = 0.0028,,,(1700))
0.0063 =+ 0.0010,(1650))
0.17 £ 0.06(,(1700))

0.0041 = 0.0034 (1450
0.0017 = 0.00174,(1420)

0.0014 = 0.00144,,(1420)
0.27 £ 0.19, 1450)

B = p~nttu,
B’ - /)_l]/f+l/g
B - K*K~¢*u,
B - K*K°% v,
BY - K% *v,
B? — I_(*On_z/’ﬂ/g

0.096 + 0.078[/)(,450)]

0.034 = 0.029,(1450)]
0.034 + 0. 029@(1450)]
0.19 £ 0.13k+(1410)]
0.38 + 0.26(k+(1410)]

BY — )k, 0.082 £ 0.058 - (1410,
BY = p~K%%*y, 0.16 £0.1 Lk (1410))
BY - wK~¢*uv, K (1410)]

0.076 £ 0.054,
B(Y) — K*_nbﬂ+l/bﬂ e
B? g 4)K_f+l/f

0.15 =+ 0.06(,(1700y)
0.00020 = 0.00020,(1700)]
0.091 = 0.030,(1700)]
0.092 + 0.030&)(1700)]
0.088 == 0.027 k- (1680)]
0.17 £ 0.05(+ (1680)]
0.069 =+ 0.021 g+ (1680))
0.14 + 004[1(‘(1680)]
0.067 £ 0.020 - (1630)]
0.022 £ 0.009 k- (1630)]

0.043 £ 0.014 % (1630)]

0.040 £ 0.033 (1450,

0.014 + O.OIZW1450)]
0.014 % 0.012},1450;
0.090 % 0.062(¢- (1410)
018 :I: 0.12[[(*(]410)]
0.038 = 0.027 - (1410)
0.073 % 0.052 g+ (1410))
0.035 & 0.025¢- (1410)

0.054 = 0.021 (1700,
0.000070 = 0.000070,170)
0.033 £ 0.01 11700,
0.033 £ 0.011},(1700)
0.034 £ 0.011 - 1650

)]

[K*(1680)]

0.067 + 0.021x(1680)
[K*(1680)

)

0.026 = 0.008 Emgo
0.052 = 0.016 - 1650
0.026 % 0.008;x- (1650)
0.0082 = 0.0033 k- (1650
0.016 £ 0.005 - (1650)

]
]
]
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TABLE XI. Form factors of B — V| transitions obtained by
the light-front quark models [44], F(g?) can be similarly obtained

as the ones in Ref. [42], and FB5-@(1420) are the same as
FB—>p(l450).

Form factors  F(0) b Form factors  F(0) b

y/B—n(1450) 033 —=1.07 VY Bs—K*(1410) 0.38 -2.19

AB-r(1450) 028 —125  gB—K'(1410) 0.30 -2.56
0 0

Af"p(mo) 0.21 543 AlfﬁK*(MlO) 0.24 3.18

AB—»p(l450) 0.16 3.63 ABS_>K){(14IO) 0.20 1.02
2 2

considering B(K*(1410) —» PV) < 94.7%, B(p(1450) -
PV) <100%, and B(w(1420) - PV) < 100%, the
branching ratio predictions and the decay width predictions
of the V — PV decays are obtained and listed in Table IX.
Our predictions of the decay widths are consistent with
ones in Ref. [48]; nevertheless, our errors of the predi-
cations are quite large, due to the nonperturbative param-
eter gy, = 5.78 +2.07 and the decay widths of the exci-
ted vector mesons such as T'g«(1410) =232 &+ 21 MeV,
Fp(1450) =400 4+ 60 MCV, and Fa}(lGSO) =290 4+ 190 MeV.

Now, in terms of the narrow width approximation given
in Eq. (10), B(B — Vg p?*uv,) given in Table 1V, and
B(Vgp — PV) given in Tables VIII and IX, the branching
ratios of the B — Vg p(Vgp — PV){ v, are obtained,
and are listed in Table X. Comparing with the contributions
of the axial-vector resonance states and the tensor reso-
nance states given in Tables V and VI, one can see that only
the p(1700) resonance state contributes to the Bt —
P ¢t v, and B® — p~i'¢* v, decays, the branching ratios
with some excited vector resonance state contributions
and ones with the tensor resonance state contributions are
on the same order of magnitude; other excited vector
resonance state contributions are at least 1 order larger
than the tensor ones. In all B - PV£ v, decays except
B — pi'¢"v,, the dominant contributions still come from
the axial-vector resonance states.

Before we conclude, two comments of the interference
effects and the SU(3) flavor breaking effects are given.

Please note that the total branching ratios of the B —
PV¢*u, are not given in this work, since there are the
interference terms between different resonant contributions
and between nonresonant and resonant contributions,
which we cannot determine by the SU(3) flavor symmetry
now. As discussed in Refs. [33,49], the interference effects
between different partial waves vanish upon angular
integration in the branching ratios. Nevertheless, there still
are the interference effects between different resonances
with the same partial wave. We take B™ — p~zt£ v, as an
example, both a;(1260)° and h;(1170)° resonances
give large contributions to B(Bt — p~n"¢"v,), hence
their interference terms might be large. Likewise, the

interference effects might also be important for the
Bt - ¢nt*v,, B— K*Kf*v,, B, — K'nf*uv,, and
BY — K* nt*uv, decays, in which the two or more kinds
of contributions are important.

Although the interference effects have not been stud-
ied in this work, the total branching ratios of the B —
PV¢*tv, decays can be estimated based our results.
B(BT—=pTatttv, ) p°n°f" vy Jor® v, ) K F K u,),
B(B® - wx~¢'Tvy), and B(BY = K~ n°¢"* v,/
KO ¢*v,/p~K°¢'*v,) might reach the order of 1073.
B(B* = p°z° v, Jontt vy | KT Ky, ) KOK ¢,/
KYK¢tu,),  B(B'—=pn¢tuv./pa’ttuy /oy,
p " vy KOK= " vy KK uy), and  B(BY -
PPK v, /oK ¢t v, /K2y, /p KTt y,) might
reach the order of 107*. B(B* — pnt*v,/onttv,),
B(B® = p~nrtv,/K°K~ttv, /K"K’ v,), and B(B? —
K nt*vy,/pK ¢'*v,) might reach the order of 1075.
B(B* = ¢nt*v,) and B(B? — ¢K~7"v,) might reach the
order of 107°.

In addition, the SU(3) flavor breaking corrections due to
a nonzero strange quark mass are not considered in this
work. There are very little experimental data in the B —
A/T/Vgpftv, and B — PV{ v, decays, therefore, we
cannot judge how large are the possible SU(3) breaking
effects. The SU(3) breaking effects are usually of the
order of ~20% in some amplitudes, which would con-
servatively expect an error of 40% in some branching
ratios [37,38,50-53].

IV. SUMMARY

The four-body semileptonic B — PV#*v, decays are
more difficult to calculate than the three-body semileptonic
B — M¢*v, decays. SU(3) flavor symmetry can provide
an opportunity to relate different decay modes and can give
some valuable information about the decays. The charmless
B — PV¢'v, decays with the axial-vector resonance
states, the tensor resonance states, and the excited vector
resonance states have been studied by the SU(3) flavor
analysis in this work. Our main results can be summarized
as follows.

The hadronic amplitudes of the B — A/T/Vgpt v,
decays have been related by the nonperturbative parameters,
and the branching ratio predictions of B - A/T/Vg pt¢ v,
have been obtained. Most branching ratios of the B —
Af*v, decays are on the order of O(1074-107%), all
branching ratios of the B — V p¢ v, decays are on the
order of O(1073-10*), most branching ratios of the B —
T¢"v, decays are on the order of O(107), and they are
reached in current experiments.

In terms of the predictions of the B — A/T/Vypf v,
and Vi p — PV decays in this work and the A/T — PV
decays in Ref. [30], the branching ratios of the
B—A(A- PV){*v,, B-T(T—-PV)tv,, and
B - Vpp(Vegp = PV)¢ T, decays have been obtained

033002-11



QIAO, SHENG, XU, and WANG

PHYS. REV. D 112, 033002 (2025)

by the narrow width approximation or further considering
the width effects. We have found that B — ¢n v, only
receive the contributions of the axial-vector meson reso-
nances; BT — p%y'¢*v, and B® — p~5/¢* v, only receive
the contributions of the excited vector resonances;
Bt = p°2%*v,, BY - onttv,, Bt - wr'Ctu,,
Bt = p%nttv,, B - wn¢*tuv,, and B — pTnttu,
receive the contributions of both axial-vector and excited
vector meson resonances; and other decays receive the
contributions of all three kinds of resonance contributions.
Some predicted branching ratios with the axial-vector
meson resonances are on the order of O(1074-1073),
and other branching ratios with the axial-vector meson
resonances and all branching ratios with the tensor and
excited vector meson resonances are small. After consid-
ering the resonant width effects of the axial-vector and
tensor mesons, some branching ratios are obviously smaller
than ones obtained by the narrow width approximation.

|

SU(3) flavor symmetry is a powerful tool in analyzing
decays. The branching ratios of the B - A/T/Vg pt v,
and B - A/T/Vgp(A/T/Vgp — PV){* v, decays have
been calculated with the SU(3) flavor symmetry. According
to our rough predictions, some decays could be tested in the
future experiments such as Belle II and LHCb. They are
useful for testing and understanding the nonperturbative
effects in the semileptonic decays.
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APPENDIX A: HADRONIC AMPLITUDES AND FORM FACTORS

The hadronic amplitudes can be written as [54-56]

2mp |p
BqlpA| Al

H = (mg, = ma) V) % AR, (A1)
i = [, =i s, — Vi) — AP (A2)
0 2mA 6]2 B, A B, A 1 mp —my, 2 s
2mBq|I_5A|
p = Py g2, (A3)
VvV 4
for the B - A¢tv, decays,
2|pr| [ 2mp | prl
HT = mp + mp)AT(q?) F —— T yTa2)] A4
+ 2\/§mT ( B, T) l(q) (mBq+mT) (Q) ( )
p 1 4my |prl?
HT = |pT|{m2 —mE —g¥)(mp +mp)AT(g?) — ———— AT 2}, AS
0 \/imTZmT\/q_z ( B, T—q)(mg, r)A1(q7) my, + my 2(47) (A5)
pr| 2mp |7
HT: |pT| q AT 2’ A6
= ) (6)
for the B » T¢" v, decays,
HY = (mg +m ,)AV’(qZ) ¥ ng—w 2) (A7)
* By Ve (mp, + my) ’

HY =T, — = g, + maV ) — BIPE  g (A8)

’ 2myi\/q? & . b r mg, + nmy g ’

, 2mg [py]

H{ = —=—Ay (¢°), (A9)

Ve
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for B — V'¢*v, decays with V' = Vi or Vp, where | By | = v/2/2my, . The form factors A(¢%) and V), 5 5(¢%) (V7 (¢%) and

Al ,(g%)) are given by [42,57,58]

(A(p. )iy, (1 —y5)b|B(pg)) Mg —m

— |eg(mp —ma)V(q*) — (ps + p),(¢".p5) m;

2iA(q?) .
= = Gt pep?

M}

_mA

2m
+q,(€".ps) q—{‘ V4(a?) = Vi(a?)), (A10)
2iVT (q?)
T , *\ |5 1= b|B — KU O 10 f
< (p 3 )|uk7/u( yS) | (pB)> mB+mT€yuaﬁe PpP
e -q ., € q
+ 2mT7qug(‘12) + (mp + my) <eﬂ - T%)Alr(qz)
(), =M YAz, (A1)
mB+mT H q2 H
2vV(4%)
\v4 )i 1— b|B — KU A o
< (p € )|uky;4( yS) | (pB)> mB+mV/€;¢ua/}€ PpP
: AY (4%
—ile(mg +my)AY (¢%) — + £, 27}
[u( B V) 1(‘1) (s P)ﬂ( pB)mB+mv’
. " 2m 4 4 !
+iq,(¢".pp) q! [AY (4%) - AV (4%)). (A12)

KUY
e ppy,
mg

with e =

APPENDIX B: MESON MULTIPLET

Bottom pseudoscalar triplet B; is composed of an anti-b
quark and a light u/d/s quark, as follows:

B; = (B*(bu), B°(bd). BY(bs)). (B1)

The octet and the singlet components of axial-vector

mesons are presented in the matrix of A and B [59], as
follows:

A= a; ~hr Lyl kY, | (B2)
Ky K9, f_g_%
”7?2+h‘3+j—% b} Kt

B= by ‘%*%*hi K% |. (B3)
Kig Ky h_g_%

|
where A denotes the axial-vector mesons with the spin-
parity quantum number of JF¢ = 17+, and B corresponds
to the mesons with JF€ = 11~

Mesons K (1270) and K;(1400) can be regarded as the
mixtures of K4 and K,z with the mixing angle 0, as

follows:

K, (1270 sin 6 cos @ K

(etaon) = (oor. Zomoy ) () 3
K (1400) cosfy, —sinby, Kz

The value range of €k, has been investigated in our
previous work; g € [52°,65°] within 1o error [30] will
be used in this work.

Mesons f(1285), f1(1420) can be expressed by the
mixing angle 6sp while ;(1170), h;(1415) are mixed by

0ip,, as follows:
(f1(1285)> . ( 008631)] Sin93pl ) (f1> (BS)
f1(1420) ) \ —=sinBsp, cosBsp, )\ f5 /)’
sin @ h
1P, > ( 1)’ (B6)
cos Op, hg

(h1(1170)> - ( cos Oy p,
hi(1415) ) \ —sin6p,
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where 0, p, € [5°,56°], 63p, € [56°, 125°] within 16 error [30]
will be used in our analysis. There are different definitions
of the mixing angles for f; and &, [41], as follows:

Ap = sina,A, + cosayAy, (B7)

Ay = cosayA, —sinayA,, (B8)

where A; (Ay) is the light(heavier) axial vector, A, and A
denotes the corresponding components (uii + dd)/~/2 and
s5 in the wave functions. a; = (69.7 £8)° and «; =
(86.7 £ 6)° are also analyzed in this work [41].

Light pseudoscalar mesons and vector mesons are
represented as [60]

j = e i S SN (319
Gt KT
V= o _p_ﬂ +2 K0 (B10)
K*~ K0 ¢

The excited vector mesons Vg and V are similar to V

given in Eq. (B10). The pseudoscalar mesons # and #’ are
; _ uii+dd+ss uii+dd—2s3

the mixtures of n; = NG NG

and ng = with a

mixing angle denoted as 8p [61], as follows:

<;7/> _ <C?SHP sm9p)<ng)‘ (B11)
n sinfp  cosfp m
In our numerical analysis, we will utilize the mixing angle
range of 0p = [-20°, —10°] from the PDG [39].

The exchange of the lowest multiplet of p-wave tensor
mesons with J°¢ = 2+ takes the form [62,63]

a(,) fq *
atE G K
— 0 q
r= ay —\%—i—% K3 (B12)
K5~ K3 3

In this paper, the isovector mesons a,(1320), isodoublet
states K3(1430) and two isosinglet mesons f,(1270) and
f5(1525) are investigated; f,(1270) and f5(1525) are

mixed by 4 and f3 with the mixing angle 0y,, as follows:

<f2(1270)> _ (C?ngz sinf, )(fg>’ (B13)
f5(1525) sinf,, —cos@y, /] \ f3

where 6, €[8°, 10°] [64] will be used in our calculation.
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