PHYSICAL REVIEW D 112, 036015 (2025)

Study of B, — x.;(P,V) decays in the improved
perturbative QCD formalism

Xin Liu
Department of Physics, Jiangsu Normal University, Xuzhou 221116, People’s Republic of China

Hsiang-nan Li
Institute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China

Zhen-Jun Xiao

Department of Physics and Institute of Theoretical Physics, Nanjing Normal University,
Nanjing 210023, People’s Republic of China

® (Received 2 June 2025; accepted 30 July 2025; published 25 August 2025)

Motivated by the recent LHCb measurements of the ratios between the branching ratios (BRs),
R, /1y =BR(Bf = yon")/BR(Bf = J/ynt) and R, , =BR(Bf = y,7")/BR(Bf = y,n"),
we analyze the decays Bf — y.;(P, V)" in the improved perturbative QCD (iPQCD) formalism, where
X¢y denotes the p-wave charmonia with J =0, 1, 2, and P(V) denotes the pseudoscalars 7 and K (the
vectors p and K*). Our results R, ,/;/, = 0.324+0.05 and R, ,,, = 0.11 = 0.01 at leading order in the
strong coupling a, agree well with the data within uncertainties. The result R, ,;,, = BR(B/ =
Xeon")/BR(BE — J/yrt) = 0.17 £ 0.02 is lower than 1.41703 inferred by the B} — y 7" measure-
ment. The large longitudinal polarization fractions imply that these components dominate the B —
Xetop™ BRs. A peculiar constructive (destructive) interference between the twist-2 and twist-3
contributions is identified in the Bf — y.p™ (Bf — y.#") mode, but not in the corresponding ones
with y.. mesons. Inputting the BRs of the strong decays y.. — 7772 /KTK™ and y., —
xtn~ (zTn~ /KT K~) reported by the BESIII Collaboration, we obtain those of Bl — y.;(p, 7)™ followed
by secondary decay chains under the narrow-width approximation. All the above iPQCD predictions can be
confronted by more precise experiments in the future to deepen our understanding of QCD dynamics in

B. — y.; transitions.

DOI: 10.1103/d8zz-qtdg

I. INTRODUCTION

A B, meson is the ground state of a unique meson family
consisting of two different heavy flavors, i.e., b and ¢
quarks [1,2]. It is also the only meson whose constituent
decays compete with each other. Undoubtedly, the rich and
complicated dynamics in B, meson decays, being disparate
from those in charmonia and bottomonia, deserves
thorough studies. On the experimental side, the LHCb
has accomplished the first upgrade of its detector and
resumed running since 2022 [3]. A huge amount of data
with superior quality will offer a precious opportunity for
analyzing the production and decay of B, mesons and for
promoting the B, physics into a precision era. On the

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)/036015(12)

036015-1

theoretical side, the dramatically distinct predictions
for B, meson decays in the literature indicate that our
understanding of the involved dynamics is still far from
complete. More endeavors need to be devoted to this
field. The present work will concentrate on the decays
Bl = y.;(P,V)*, where P(V) denotes the pseudoscalars
7 and K (the vectors p and K*). The p-wave charmonia y .;
with J =0, 1, 2 represent the scalar y.(1P), the axial-
vector y.;(1P), and the tensor y.,(1P).

Recently, the B — y.n" decay was observed for the
first time by the LHCb with a significance exceeding seven
standard deviations. The relative ratio between the B —
Yon™ and BY — J/wx' branching ratios (BRs) was
measured as [4]

Exp — BR(B;F _))(027[+)
xeallly BR(B/ = J/yn™")

=0.37+0.06£0.02£0.01,

(1)
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where the first uncertainty is statistical, the second is
systematic, and the third is associated with the y., —
J/wy BR. As to the decay B} — y .z, the LHCb set the
upper limit of the ratio between the B — y.,z" and B] —
xeon” BRs at the 90% confidence level [4],

Exp _ Bl{(BLJ‘r _’)(clﬂ+)
XetlXea BR(BZr _’)(c2ﬂ+)

< 0.49. (2)

The LHCb also reported the evidence for the B — y oz"
mode at a significance of four standard deviations [5],

o(B)

o(B")

x BR(Bf = yoont) = (9.8f33:§(stat)
+0.8(syst)) x 107°,  (3)

with the B and BT meson production cross sections,
o(BY) and o(B™"), respectively. If the ratio 6(B/ ) /o(B") is
determined definitely, the absolute Bf — y,z" BR can be
deduced, and vice versa.

The decays B — y.x* with the angular momenta
J =0, 1, 2 have been investigated in various theoretical
frameworks [6—16], and different predictions for their BRs
and relative ratios are presented in the Tables I-III. It has
been a consensus that the two larger B — (y.0..2)7" BRs

TABLE 1.
and the data.

are of similar order of magnitude, and the B} — y.,#7 BR
is lower. Despite this qualitative observation, the tables
exhibit obvious quantitative discrepancies among the pre-
dictions. Big spreads of the results for BR(Bf — y.,7t)
and for R,  /;/,, over three orders of magnitude are seen in
Table I. Only the two ratios R, /;,, from [9,10] are roughly
compatible with the recent LHCb data, though the pre-
dicted BR(B} — y.on") in Refs. [6,9—12] are close to each
other. A broad range of BR(B] — y. z") also exists in
Table II. Nevertheless, all R, ,, . except the one in [11]
meet the upper bound set by the LHCb. Almost all the
predicted BR(B} — y.on") in Table III except the one in
[16] are of O(107*) or higher. These BRs vary signifi-
cantly, and, in particular, the value from the NRQCD
factorization [15] manifests huge next-to-leading order
corrections. The notable disparity summarized above
strongly suggests the necessity of further explorations into
this challenging subject in alternative approaches.

We shall analyze the Bf — y.;(P,V)" decays in the
improved perturbative QCD (iPQCD) formalism, which
incorporates the charm quark mass effects into the newly
established Sudakov resummation [19-21], besides keep-
ing them in the hard decay kernels as done in the conven-
tional PQCD calculations [22]. This framework with the
consistent treatment of the charm quark effects at leading

The B — y.7n" BRs and the ratios between the BY — y.,z" and B — J/wz™ BRs from various theoretical approaches

Data [4] [6] [7]1 [8]1 [9]

[10] [11]

[12] [13] [14]* [151° [16]° [17]

10*- BR(Ber - )(1727[+)

R BR(B.—xam)

— BR(B.ozon) (.37 +0.06 0.14
Xe2/J/w = BR(B.—J/yn)

25 790 075 4.6 22 38 2.1+0.5 400190 4375223 2401310

-152 0.37%)_.11; l30~3t§411'7(16-6ﬁ'22)

137 0069 0.27 029 062 019085 172109 1507048 82582 0.04070808 521738 (6.15705)

*These results are from the leading-order nonrelativistic QCD (NRQCD) with relativistic corrections.
"These results are from the next-to-leading-order NRQCD. The corresponding leading-order BR is given by (9.77)4) x 1073
“The values in the parentheses were obtained without Coulomb-like corrections in the same framework based on three-point QCD

sum rules.
TABLE II. Same as Table I but for the decay B — y. nt.

Data [4] [6] [7] [9]1 [10] [11] [12] [13] [14] [15] [17] [18]
10 -BR(Bf = yoa") .. 07 089 068 0014 20 021+002 51710 0647010 23428 070792 (0.1140%) 1.3
R ZBRB!ozart) <049 028 0.01 0.5 001 053 010002 (.131090 002 0.01 0.005(0.007)
Kl Xer — BR(B; =yar') —0.01 —0.01
R _ BR(B{~zar?) 0.04 0.02 0.04 0.002 0.33 0.02 0221000 0.02  0.08797 0.03799°(0.0419%%)  0.0719Y)!

Zet/dw = BR(BI =J/yx")

TABLE III.  Same as Table I but for the decay B — y.on™.

Data [6] [7] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18]
10*-BR(Bf = yor™) ... 2.8 980 55 26 21 3.14£04 16073 647530 2807380 024700 19672124503 6.610%
R,, /szzgggggzﬁl; oo 1120124 120 118 055 148104 0401080 1481035 1.17:0%  0.658  0.15009(0.1410%°
R = BRBi~zor) ... 0.16  1.70 0.32 034 0.34 0.28+£0.01 0.69100 2227027 96271014 0.032 0.78092(0.8910})) 0.34

Z0/d/w = BR(Bf =J/yx")
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order in the strong coupling a; is thus expected to refine the
previous PQCD studies on hadronic B, meson decays. It
has been demonstrated that the iPQCD predictions for the
B — J/wM™ modes, which are dominated by factoriz-
able emission contributions, agree well with the available
data [19]. It will be shown that the relative ratios among
the Bf = (J/w,xc1.co)x" BRs from the iPQCD also match
the LHCb measurements. The longitudinal polarization
fractions for the Bf — y.; .op" decays are computed,
and found to be nearly unity. Inputting the BRs of the
strong decays y.. — #tx”/KTK~ [23] and y. —
ata~ (zTx~ /KTK™) [24,25], we estimate those of multi-
body B, meson decays via charmonium resonances under
the narrow-width approximation. This work justifies the
reliability of our theoretical setup for B. meson decays,
explores the involved QCD dynamics, and helps probe the
inner structure of charmonium states.

The rest of the paper is organized as follows. We present
the iPQCD factorization formulas in Sec. II, which con-
volute the perturbative b quark decay kernels with the
nonperturbative wave functions for the initial and final states
in parton transverse momenta [20]. Numerical outcomes and
related phenomenological insights are discussed and elab-
orated in Sec. III. Section IV contains the summary.

II. FORMALISM

The weak effective Hamiltonian H.; for the decays
B} = y.;(P, V)" is given by [26]

Has = T { Vi1 [C10)01 1)+ Calh) ()] } + Hec.
@

with the Fermi constant Gz = 1.16639 x 1075 GeV~2, the
Cabibbo-Kobayashi-Maskawa (CKM) matrix elements V.,
and V,, [27,28], q being the light quark d or s, and the local
four-quark tree operators

0, = Qayu(l - 75)Mﬁ5ﬁyu(l - }/S)bw
0, = Qayu(l - yS)uaEﬁyy(l - yS)bﬁ (5)
The Wilson coefficients C;(u) sum the large logarithms

In(my /p) to all orders in the strong coupling a,, where my,
is the W boson mass and u is the renormalization scale.

GAYM AN
BC(E ‘ ’XCJ Bc‘ ’ Ej) Xey
(a) (b)

FIG. 1.

We will not address CP violation here due to the absence of
penguin operators.

Figure 1 depicts the leading-order Feynman diagrams for
the B — y.;(P,V)' decays in the iPQCD framework,
whose evaluation is similar to that of B — J/wM™. The
factorization of the B — y.;(P, V)" decay amplitudes is
formulated, according to [19], as

A(Bi _)XCJ(P»V)Jr)E<XCJ(P’V)+|Heff|BZ'L>
N/dxldXZd.X3b1db1b2db2b3db3

Tr [C(t)cDB(, (x1.b1)®p y(x2.0,)P,, |
X(x3’b3)H(xi’bi’t)e_S(t)]7 (6)

where x; are the longitudinal quark momentum fractions, the
variables b; are conjugate to the quark transverse momenta
k;r, t is set to the largest running energy scale involved in
the hard kernel H, Tr is the abbreviation of the traces
over Dirac and color indices, and the wave functions ®
describe the quark momentum distributions within mesons.
The Sudakov factor ¢=5(), whose explicit expression was
derived in [19-21,29], strongly suppresses the long-distance
(large-b) contributions [29,30]. We emphasize that the
present formalism has included the charm quark mass effects
into the Sudakov factor, compared to the conventional
PQCD approach to the B — y.;(P, V)" decays [13].

We specify the meson distribution amplitudes needed for
implementing the factorization formula in Eq. (6). The
knowledge about the y.; meson distribution amplitudes
®, (x), whose dependence on the intrinsic » dependence
has been ignored, is still quite limited. We employ the
models in Refs. [13,31,32]. The twist-2 distribution ampli-
tude ¢  (x) and the twist-3 one ¢; (x) of the scalar y . are
defined via

@00 = e (PO 0+ B0} ()

with the y.) meson momentum P and mass m, , and the
charm quark momentum fraction x. They are assumed to
take the asymptotic forms

Iy
v (x) = 53.74 49 [x(1 —x)(1 =2
Bjalx) = 537457 (1 =) (1 = 20)]C(),  (8)
P,Vv"* AN
B Ley B Xes
(c) (d)

Leading-order Feynman diagrams for the decays Bl — y.;(P, V)™ in the iPQCD framework, with (a), (b) and (c), (d)

contributing to the factorizable and nonfactorizable emission amplitudes correspondingly.
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f)ﬁo
24/2N.

with the decay constant f, . The function C(x) is extracted
from the p-wave Schrodinger states in a Coulomb potential
(details can be found in the appendix of Ref. [13]),

{lx(1=x)(1 —4x(1 —x))3)\/?
/1 =4x(1=x)(1 = 2/4)P =7, (10)

¢y, (x) =212 —==C(x), 9)

Cx) =

where v? = 0.3 [32] stands for small relativistic corrections
to the Coulomb wave functions [33]. The distribution
amplitudes ¢, (x) and ¢; (x) are antisymmetric and
symmetric, respectively, to satisfy the charge conjugation
invariance of scalars [34,35].

Note that the numerical coefficients of the charmonium
distribution amplitudes in Eqgs. (8) and (9) are chosen to
meet the normalization conditions,

! f
d =, 11
A x¢sym(x) ) /—ZNC ( )
for the symmetric distribution amplitudes, and
1 d 1-2 f 12
A x¢asym(x)( - X) - 2 /—ZNC ’ ( )

for the antisymmetric ones, where f denotes a decay
constant. Such numerical factors appear, because the
charmonium distribution amplitudes are not expanded in
terms of the Gegenbauer polynomials like light meson
distribution amplitudes.

For the axial-vector y,.;, the twist-2 distribution ampli-

twde ¢5")(x) and the twist-3 distribution amplitude

¢)'((7]> (x) associated with the longitudinal (transverse) polari-
zation are defined via

1
(D)?m ()C) :W75 {m)(clé)?clqﬁ)?cl ()C) +é)ﬁ-1p¢)t(<-1 (x)}’ (13)

1
CI);M (X) :WY5{mX(;1é}€;l¢)(vcl ()C) X<1P¢Z 1 ( )}’ (14)

where m,,  is the y.; meson mass, and e (e") denotes the
longitudinal (transverse) polarization vector of y.;. These

distribution amplitudes are written as

L _ f){m
L (x) = 12.6027\/2_]\_7; [x(1 =x)]C(x). (15)
L
¢}, (x) = 5374 2\/2? (x(1=x)(1 =2x)|C(x), (16)

t f)m 2
¢!, (x)=23.16 \/Wc[(l—Zx)(l—6x+6x )|C(x). (17)
Py (x) = 1'592\1;% [1+ (1 -2x)2]C(x), (18)

with the decay constants f, and fi_l.

A similar decomposition applies to the distribution
amplitudes for longitudinally and transversely polarized
tensors ¥,

1
- \/W{m)mé)ﬁzqs)(cz( )+é)ﬁzp¢)tm(x)}’ (19)

CI)}("cz(x \/W{ X2 )(cz¢)m ) )(rzpqﬁhz( )} (20)

respectively, with the twist-2 components

f X2
22N,

e
2V2N.

and the twist-3 ones

PL (x) =53.74 [x(1=x)(1-2x)]C(x), (21)

¢! (x) =53.74 [x(1=x)(1=2x)]C(x). (22)

t e
by, (x) = 23‘162\/770
x [(1=2x)(1 —6x+6x%)]C(x), (23)
$p(x) =12.44 5 \%_N_ [(1-2x)]C(x), (24)

m,, , being the y., meson mass, and f, , and fi_z being the
decay constants.

The B, meson wave function @ (x,b) and the distri-
bution amplitudes @y (x) of the light pseudoscalar and
vector mesons have been collected in [19], which are not
shown for simplicity. For the inputs, such as the decay
constants, the shape parameter Sz in ®p (x,b) and the
Gegenbauer moments in ®p i, (x) refer to [19]. The related
measurements, as well as lattice QCD or QCD sum rule
calculations, are expected to enhance the accuracy of the
above nonperturbative quantities.

We construct the Bf — y.;(P, V)" decay amplitudes in
Eq. (6) by convoluting the hard kernels H(x;, b;, t) from
Fig. 1 with the aforementioned meson distribution ampli-
tudes. The factorization formulas read

A=V,V, K;CI+C2>F fp+CM} (25)
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for Bf = y.P* and Bf — y, V™, and

A":V’gquq[(%Cl +C2)F’§-fV+C1M4 (26)
for Bf = y. V" with the vector meson polarizations
h =1L, N, T, where fpy) represents the decay constant of
the light pseudoscalar (vector) meson. The expressions of
the factorizable (nonfactorizable) emission amplitudes F )
(M) induced by the (V —A)(V — A) operators in Eq. (5)
have been provided in Eqgs. (32)—(48) of [13]. The corre-

sponding BR is then given, in the rest frame of a heavy B,
meson by

BR(B! = yes(P.V)")

=15 - T(Bf = yey(P,V)T)
G%|Pc|
= " A(Bf = P, V)N, 27
TB, 167 %?(,-| ( c )(c/( ) ) ( )

wherezg = 0.507 psisthe B. meson lifetime, I'is the decay

width, and |PC|E|PP(V)|:|PM|:\/ﬂ(m%{yb,m%,(v),mﬁd)/

(2myp ) is the momentum of either the P(V) or y.; meson
in the final state, with the B (P(V)) meson mass mg_(mpy))
and the Kallén function A(x,y,z) = x* + y* + 722 — 2xy —
2xz — 2yz [24].

III. NUMERICAL RESULTS
AND DISCUSSIONS

To proceed with the numerical study, we adopt the
following QCD scale and meson masses (in units of GeV)
[24,30]:

(=4 _ _
ALY <0250, my =8041,
mp =6275,  m,, =3.556,
m, =3511,  m,, =3415,
my = 4.8, m, = 1.5, (28)

and the CKM matrix elements [24]
|

BR(B; — ") = 375155 (Bp,)

BR(B} = yoK") = 275100 (s,)

where the errors mainly arise from the shape parameter
and the less constrained decay constants f, and f j ,- As
mentioned in the Introduction, the decays Bl — yo,P*
have been investigated extensively in the literature [6—17]

O (e 00 (@) 231 (V) x 1074,

J—r(()).'gg(fce)fg_%(aK)_gff(;(Vcb) x 1079,

V| = 0.041821 000655,
IV,al = 0.97435 4 0.00016,

IV..s| = 0.22500 = 0.00067. (29)

The y.; meson decay constants at the scale u = m,. are set
to (in units of GeV) [36]

fy.0 = 0.093 £ 0.009,
f,,, =0.185+£0.019,
£, = 0.090 £ 0.009,
f,., = 0.181 £0.018,

fi, =0.131£0.013, (30)

for which 10% variations of the central values have been
assigned for assessing the potential theoretical errors. As
stated in [20], the charmonium distribution amplitudes are
defined at the charm quark mass scale in the iPQCD
framework, so are the associated decay constants. Note that
the decay constants in Ref. [36] were derived at the scale
m, = 1.628 GeV, while the charm quark mass is chosen as

m. = 1.5 GeV in Eq. (28). Therefore, the renormalization-
group evolution [37]

ool = Foslu) (2217

(31)

with the coefficient by = 11 —2n,/3, n, being the active
flavor number, should be taken into account. The anoma-
lous dimensions take y = 8Cy/3 for f, and f, with the
color factor Cr =4/3, y =3Cp for f7 and f5, , and
y =0 for f, [37]. Equation (30) represents the results of

the evolution from 1.628 GeV down to 1.5 GeV.
A. Bc+ —> X JP +
We present the iPQCD predictions for the BRs and

ratios associated with the decays B — y.;(P,V)*. The
CP-averaged Bl — y.,P™ BRs are written as

(32)

(33)

|
with dramatically different outcomes. Our prediction for
BR(BS — y.n") is consistent with those from Refs. [9,11]
in Table I within uncertainties. The value in Eq. (32) is
lower than those in the conventional PQCD approach by an

036015-5
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order of magnitude [13] and in the leading-order NRQCD
factorization by a factor of about 25 [15]. Owing to the
unclear production cross section for B, mesons, one has to
consider relative ratios between BRs of B, meson decays.
As shown in Eq. (1), the Bf — y.,n" channel was
observed in terms of its BR relative to the Bf — J/yx™
one. Combined with the Bf — J/wzt BR in the iPQCD

|

formalism [19], the ratio is given by

R,./1y = 032 £ 0.05, (34)

where errors from various sources have been added in
quadrature. It is compatible with the data in Eq. (1), and
also with the predictions in [9,10].

We obtain the B} — y P" and B} — y,P' BRs,

BR(B! = yeon") = 2022031 (Bs.) 2037 (Fee) 2000 (ax) 205 (Vi) x 1074, (35)

BR(B! = yeoK™) = 1472039 (Bs,) 109 (fee) 1017 (ak) 1005 (Vep) x 1075, (36)
and

BR(B! = yan") = 416506 (Bs.) 175 (fee) 2005 (ax) 014 (Ven) x 1072, (37)

BR(B! = yaK") = 2.65103¢ (85, ) 105 (fee) 209 (ax) 2010 (V) x 107°, (38)

respectively. It is seen from Table III that the iPQCD result
for BR(B} — y.o7") matches those in Refs. [10,11] and in
[17] without Coulomb-like corrections. The decay B} —
e has not been observed, and the upper bound of its
BR has been imposed by the LHCb as in Eq. (2). Our
predicted BR(B! — y.n") agrees with those from
Refs. [14,17] with Coulomb-like corrections in Table II.
We also compute the ratio between the Bf — y.z" and
B = y.n" BRs,

|

which satisfies Eq. (2). It has been pointed out that most
of the predictions for this ratio, spanning a wide range
as listed in Table II, respect Eq. (2). More precise
data will help discriminate the different theoretical
approaches.

The evidence of the B} — y.,n™ mode was reported in
association with the ratio 6(B/)/o(B") of the B} and B*
production cross sections in Eq. (3). Note that these cross
sections include contributions from excited states. The
same ratio o(B})/c(B") appears in the measurements

Ry /v, = 0112001 (39) by the LHCb [38,39],
|
(BY) BR(BF — J/yr*) (0.61 £0.12)% (pr >4 GeV,2.5 <n<45)
RUHCy = T2 2¢ ) ¢ VT ) _ ] (0,698 +0.02 4 20 GeV, 2. 4. 4
Py o(B") BR(B™ = J/yK) (0.698 £0.023)% (4 < pr <20 GeV,2.5 <n<45), (40)
(0.683 £0.020)% (0 < pr <20 GeV,2.0 <y <4.5)
and by the CMS and ATLAS collaborations [40,41],
Bf) BR(Bf — J/yn™")
REMS = o(B; . < =(0.48 +0.08)% 15 GeV, 1.6), 41
c/u 6(B+) BR(B+ —>J/I/IK+) ( ) 0 (pT > € |y| < ) ( )
ATLAS — o(B!) . BR(B = J/yx") _ +0.07
R = o(B") BR(B- > JjyK') (0.347505)% (pr > 13 GeV, |y| < 2.3), (42)

036015-6
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with the bottom-meson transverse momentum p; and

(pseudo)rapidity (77)y.
Given the measured BR(B' —J/pyK")=(1.020+

0.019) x 1073 [24], we extract 25} x BR(B! — J /yn*) =
(6.97 £ 0.13) x 10™° from Egq. (40) in the fiducial region
corresponding to the transverse momentum 0 < pp <

20 GeV and the rapidity 2.0 <y < 4.5. The LHCb data

75) % BR(B — yeont) = (9.8737) x 1070

same fiducial region in Eq. (3) then yields1

from the

Exp — BR(B:_ _)/YCO”+)
XeolJw BR(B! — J/yx")

o(BF
25 X BR(BE = y077)

a ;’Egi; x BR(BS = J/yxt)

= 141700 (43)

Our prediction for the above ratio

R

veo/ Iy = 0- 17j8.'822’ (44)

seems to deviate from Eq. (43). On one hand, the data suffer
large uncertainties. On the other hand, the nonperturbative
inputs related to a y., meson are still poorly known. If the
decay constant f Yo takes a value around 0.3 GeV [17,32,42],
the B — y. o7t BRin Eq. (44) can be greatly amplified by a
factor of 10, and the consistency with the data will be
improved.

Analogous to Egs. (39) and (44), we consider the ratios,

BR(B! —ya7")

— _ 0.81 —
RZCI/J/W:BR(B?——>J/l//7‘[+)_(3'56t0'82)x 10 2’ (45)

which agrees with the predictions from Refs. [6,9,17] in
Table II, and

+
= 054700, (46)

= 02150, (47)

which await future experimental scrutiny.
The ratio between the Bf — (c¢)K™ and Bf —(c¢)n™
BRs, governed by the factorizable emission amplitudes [19],
|

is simplified into

_BR(BI = (cO)K") [fx Vil
|Vud|2

= (7.951067) x 1072, (48)

R = ~
Kix = BR(B{ — (co)at) ~ f2

with the kaon (pion) decay constant f (f,). The observed
departures from Eq. (48) signify the nonfactorizable con-
tributions in the considered channels. To be specific, we
present the ratios between the B — y.,K* and B} —
2% BRs,

BR(BS — y,K™)

X2 — c c — +0.57 -2

R =R (B" = g.ar") (7.33102]) x 1072, (49)

ero — BR(BE = 1e0K*)
K/ BR(BZ!_ - )(cOﬂ+)

= (7.2819%) x 1072, (50)

R){(,l — BR(Bj_ _)/YCIKJF)
ke BR(B{ — yo7")

= (6.3711%)) x 1072, (51)

where the uncertainties are dominated by the variation of
the Gegenbauer moment aX in the twist-2 kaon distribution
amplitude. Though Egs. (49)—(51) basically align with the
naive expectation in Eq. (48), they reveal a dependence of
the nonfactorizable emission contributions on the y.; final
states.

The BESIII Collaboration reported their latest measured
BRs of the strong decays y.9 — #t7~ and KtK~ [23],

BR(y,o — 7t 7~) = (0.606 + 0.015)%,
BR(y.o — K*K~) = (0.636 + 0.015)%, (52)

BR(y.» — 7777) = (0.161 £ 0.005)%,
BR(y., — K*K~) = (0.122 & 0.004)%, (53)

where errors from various sources have been added in
quadrature. With these data, one can deduce BRs of
multibody B, meson decays via charmonium resonances
under the narrow-width approximation. The B} —
7 ye0.c2(— nn~ /KTK~) BRs are then found to be

BR(Bf = (= 777 )at) =BR(Bf = yoon) -BR(re = n777) = (1.227043) x 107, (54)

BR(BY = yeo(= KTK™)zt) =BR(B} — yont) -BR(y 0 = KTK™) = (1.287032) x 1076, (55)

'"To derive the error Sy associated with a quantity X = u/v, we follow the formula 6% = (1?82 + v252)/v*, where 5, (5,) represents

the uncertainty of u (v).
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BR(Bf = yu(— nta7)at) =BR(Bf = yoorn') -BR(y. — ztn™) = (0. 60+8:12§) x 1070, (56)
BR(B! — zeo(— K*K")7") = BR(B! = ya7") - BR(zes = K'K") = (046:217) x 10, (57)

The above results suggest that the Bl — y.o (= #7727 )z" and Bl - y.o(— K"K )z" decays with larger BRs are
observable in the near future. Employing the data in Eq. (3) and the predictions in Egs. (35), (55), we attain the ratio
o(B.)
o(B")

“BR(B} = yoo(= K*K7)zt) = (4.98739) x 1078, (58)

in line with the measured one (8.0f§‘_‘§ ) x 1078 within large uncertainties [5]. More precise predictions and data are required
for a serious comparison.

The BESIII Collaboration also reported the improved measurements of the decays y.; — 2(z"z~) [25]. The y.; —
#tn~ K"K~ BRs are available in Ref. [24]. The inputs of these four-body strong decays,

BR(y.0 — 2(z"77)) = (2.127 £ 0.101)%, BR(y. — 77" K"K™) = (1.82 £ 0.16)%, (59)
BR(y,, — 2(z* 7)) = (0.685+0.031)%,  BR(yy — 7' 7 K*K~) = (0.45 + 0.10)%, (60)
BR(y» — 2(x"77)) = (1.153 £ 0.063)%,  BR(yer — 7' K*K~) = (0.83 £ 0.11)%, (61)

lead to the BRs of the five-body decays Bf — n7y ;|- nta (ztn~ /KTK™)],
BR(B; — foo(— 7" mna )n") = BR(BE = yon”) - BR(re — 2(x¥77)) = (430733 x 107, (62)
BR(Bf = yeo(= 72 KK ™)a") =BR(Bf = y.0n") -BR(yeo = 777 K*K™) = (3.687|33) x 107, (63)
BR(B! — fo(— 7" maa )x*) = BR(BE = yan*) BR(r — 2(xt77)) = (28570%9) x 107, (64)
BR(Bf = yei(= 72 K*K)a") =BR(Bf = y.n7) -BR(y.y = 772 K*K™) = (1.87707]) x 1077, (65)
BR(B! — yo(~ n'm nz )x") =BR(B} = yor') BR(ro = 2(n 7)) = (43215 x 107, (66)
BR(Bf = yeoo(= a2 K*K™)a") =BR(Bf = youn™) -BR(yey = 772 K*K™) = (3.1175/33) x 1076, (67)
among which those of O(107%) could be probed promisingly.

B. B: =X v
We then come to the decays Bf — y.,V*. The B} — y. V" BRs are predicted, in the iPQCD framework, as

BR(B! = 7a0") = 29703 () 075 (Fc) 0120, 0B (V.y) x 107, (68)
BR(B — 70K™*) = 200038 (Bn,) 047 () 013 () 002 (V) x 107 (69)

to which only longitudinally polarized V™ meson distribution amplitudes contribute. It explains why BR(B{ — y. V") are
in the same order as BR(B! — y.oP"). Our prediction for BR(Bf — y.op ™) is close to that from Ref. [11] in Table IV. The
predicted BR(B! — y.0K*") is close to those from Refs. [10,17] without the Coulomb-like corrections. The values in
Egs. (68) and (69) are smaller than those in Refs. [7,9,13,18] by one or even two orders of magnitude. Future measurements
of these two modes will discriminate the different theoretical methods. We present the ratios

BR(B{ = yeor™)
Y25\ — c c _ +0.05
RS, == NN 0.251005, (70)
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vo _BR(B! = zK™)
K/p ™ BR(Bf = xeop™)

= (6.737012) x 1072, (71)

The latter, which deviates from the naive expectation
RK*//) ~ |Vus|2/|vud|2 ! %(*/f% = (575:())1165) X 10_2 rely—
ing only on the factorizable emission contributions, implies
the relevance of the nonfactorizable contributions to these
decays.

Next we inspect the contributions to the B — y.; »V*
decays from the three polarization configurations, whose
transversity amplitudes are written as

with the normalization factor & =, /G%|P.|/(16amyp I')

and the ratio r = P, - P3/(my -m, ). For their corre-

sponding factorization formulas, refer to [13]. These trans-
versity amplitudes obey the normalization

AL + A P+ AP = 1. (73)

The CP-averaged longitudinal polarization fraction f; is
defined as

A= mo s f A, (74)
L = .
AH = 5\/—mBCAN, |AL|2 + |./4|||2 + |AJ_|2
_ 2 T
Ay = mymy, /20" = DA, (72) We predict the B — y.1..2V* BRs
|
BR(B! = zap™) = 140703 (Bs,) 1051 (fee) 2000 () 008 (Vep) x 1072, (75)
BR(B! — o1 K*) = 249508 (85 ) 103 (fee) 2005 (ax-) 805 (V) x 107, (76)
BR(B! = yap™) = 1182556 (Bs,) 1021 (fee) Z000 (@) 2004 (Vep) x 1072, (77)
BR(B! = yeoK™) = 6831745 (B, ) 1125 (fe2) 2000 (ak-) 1035 (V) x 1072, (78)

where the uncertainties are mainly caused by the variations
of the B, meson shape parameter fz and the charmonium
decay constants. The large Bf — y.; op' BRs are meas-
urable at the LHC. We also predict the ratio between the
BY = y.p" and B - J/yx" BRs,

BR(Bj _))(clp+)
BR(B! — J/yr")

Y43V a—

J/wr —

= 1207015, (79)

TABLE IV. B/ — y.;V* BRs predicted in the literature.

I
and theratiobetweenthe B} — y,p" and Bf — J/ywx" BRs,

BR(B = x0p™)
BR(BS — J/yx™)

2P —

J/yr —

=1.017012.  (80)
Compared with the results in Table IV, our BR(B} — y.1p™)
is similar to thatin Ref. [13],and our BR(B} — y.K**) and
BR(B} — y., V') agree well with those in Refs. [17,18] and

[9,11], respectively. All the above predictions in the iPQCD
formalism can be tested in future experiments.

Decay modes (AS = 0) [6] (10™) [7] (1072) [9] (1073) [10] (10~%) [11] (10™%) [12] (10™*) [13] (1073) [17] (107%) [18] (107%)
BR(B} — y.0p™) 7.2 33 1.3 6.7 58 7.6 5.8713 5.16708(0.647011) 1.695920
BR(B! = yeipt) 2.9 0.46 0.29 1.0 L5 2.3 2.8103 0.521098(0.068 0018y 0.43700!1
BR(BY — yop™) 5.1 3.2 1.2 6.5 11 5.6 1614 35027738 (4.47709%)

Decay modes (AS = 1) [6] (107°) (7] [9]1 (1073) [10] (1073) [11] (1073) [12] (107>) [13] (10~*) [17] (1073) [18] (1079)
BR(B} = y.oK*) 3.9 7.0 3.7 4.0 45 3.3508 0.27+0:94(0.03319:30¢) 9.6
BR(B} = g K*) 1.8 1.8 0.73 1.0 1.7 18793 0.03279995(0.0041 1901y 27401
BR(B} — yoK*) 3.1 6.5 3.8 7.4 33 9.6132 1.851099(0.24705%)
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The longitudinal polarization fractions associated with
the Bf — y.1 V" decays are given by

fL(BE = yapt) = (95.050))%,

fL(BE = xaK*) = (19753 %, (81)
fL(Bc+ —’)(cz/ﬁ) = (92 8+l l)%’
FLBE = xoK™) = (90.91]4)%, (82)

which indicate the dominance of the longitudinal compo-
nents in these modes. Our f; (Bl — y.p*) and f;(Bf —
1o K*) differ slightly from those in the conventional
PQCD approach [13], while f;(Bf —= y,V") are
consistent.

The ratios between the Bf — y.;(P,V)*
Bj_ _’)(cl,CZKH— and Bzr _>Xcl,02p+’

BRs read, for

BR(B! — 1 K"") ;
R)I{g*l/ﬂ = BR(BCT —>);,1P+) - (1'781rg.'82) x 1072, (83)

e BROBE = 70K
K0 ZBR(B = yop)

= (5.7950%) x 1072, (84)

%”/’ , in [19], but the former is not.

This disparity traces back to the behaviors of the charmo-
nium distribution amplitudes in Eqs. (15)-(18) and (21)—
(24): the overall antisymmetric y., distribution amplitudes
result in the analogy to the decays Bf — J/w(p, K*)", i.e.,

The latter is close to R

the similarity between R)‘ 2 K /p and Rfé o . The y., distribution

amplitudes are (anti)symmetric for the (transverse) longi-
tudinal polarization at leading twist, and (anti)symmetric
for the (longitudinal) transverse polarization at twist 3.

|

These properties, producing distinct nonfactorizable emis-
sion contributions, differentiate the Bf — y.;(p, K*)* and
Bf — J/w(p,K*)" channels.

The combinations of the B! — y.(z",p") BRs in
Egs. (32), (35), (37), (68), (75), and (77) give rise to the
ratios

BR(B{ = xeor™)
Rﬂli;(;‘l = BR B+ - + = 14'71_(())(())96’ (85)
( c Xl )

BR(B}
Ry = BREBJF — Al % =33.6535.  (86)
c _)}(Clﬂ

R)(CQ = BR(Bj _)ZCZP )

+0.06
e SBR(BE = o) 00 87

in a nonuniform pattern. The value of Rﬁ” matches

perfectly the ratio 3.15700 between the B — J/wp™
and Bf — J/wx" BRs [19]. The value of R7/ . in spite of
the significant theoretical uncertainties, is surprisingly huge

and marks a sharp contrast to RZ;’;. A careful check unveils

that the contributions from the twist-2 and twist-3 y.;
meson distribution amplitudes are constructive (destruc-
tive) in the B} — y.p™ (Bf — y. 7)) mode. Such pecu-
liar interferences do not appear in the y. ., involved
decays. It is encouraged to examine the iPQCD predictions
and to deepen our understanding of the intricate dynamics
in B, — y.; transitions by measuring the above ratios.

At last, adopting the BRs of the y.; strong decays in
Egs. (52), (53) and (59)-(61), we get the BRs of B} —
xespt with secondary decay chains under the narrow-width
approximation,

BR(B! — 7e0(— n'77)p") = BR(B{ — £,0p") - BR(z,0 = 7' 77) = (1800 x 1075, (88)
BR(B! — ze0(— K'K™)p*) = BR(B} = z.00") - BR(z0 — K'K~) = (1891022) x 10°°, (89)
BR(B! — za(— 77 77)p") = BR(B — y00p™) - BR(zs — °77) = (1.90:014) x 1070, (90)
BR(B — zoo(— K*K )p*) = BR(BY — £:0p%) - BR(1e — K*K~) = (1.442056) x 1075, (1)
and
BR(B! = ze0(— "5 77)p") = BR(BY — zp™) - BR(z0 — 2 n7)) = (632382) x 106, (92)

BR(Bf = yoo(— nta KTK )pt) =
BR(B: = (= x'zntn)p")

BR(B! — yul—~ "2 KK ]p*) =

BR(B! = y.op") BR(yoo = 7 KTK™) =
=BR(B! = y.p")

BR(Bf = y.p") -BR(y, » ata " KTK™) =

(541770 x 1070, (93)
“BR(y, — 2(z*77)) = (0.96757) x 1075, (94)

(6.30°259) x 1070, (95)
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BR(B! — fo(— m° 7w )p*) = BR(BL — zap*) - BR(ze — 2(r*27)) = (13605) x 107, (96)

BR(B! = yoa(— " K*K™)p*) = BR(B! = yp™) - BR(r2 = 't KTK™) = (0.981949) x 1075, (97)

These predictions provide a useful reference for experi-
mental search for multibody B, meson decays.

IV. SUMMARY

We have studied the B.-meson decays into y,.; plus light
pseudoscalar or vector mesons in the leading-order iPQCD
approach. The Bf — y.;(P, V)" BRs and the longitudinal
polarization fractions of the B — y.; ., V" decays were
evaluated. In view of the unclear B, meson production
cross sections, we defined and predicted the ratios between
the Bf - y.;(P,V)" and B} — J/wzx" BRs for exper-
imental verifications. In summary, we found that the
predicted ratios R, ,;, =032+0.05 and R, , =
0.11 = 0.01 coincide with the current observations and
upper limit reported by the LHCb, and the ratios R, /;/,, =
0.17£0.02and R, /;,, = (3.5610%,) x 107 can be con-
fronted by future measurements. The different ratios R)/i/”

- o _ : J
were obtained: RY7 = 3.15709 matches perfectly R pﬂ’r’,

but RY\ = 14775005 (RY), = 33.657]70) is a bit lower
(surprisingly higher) than R;ﬂ' This nonuniform pattern is
attributed to the distinct interplays between the twist-2 and
twist-3 contributions in these decays. The predicted ratios
R);;‘;ﬂ and R4? 1, meet the naive expectation that they are
governed by factorizable emission contributions. The larger

(smaller) R, (R! ),
naive anticipation, suggests the varying involved non-
factorizable emission contributions. Inputting the measured
BR(y.0co—»>n"n"/KTK™) and BR(y.,—zntn (ztzt/
K"K™)), the BRs of Bf — y.;(m, p)t with secondary
decay chains were estimated under the narrow-width
approximation, which serve as useful references for their

experimental search.

), being evidently disparate from the
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