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We make a detailed study of the three-body decays B(y) — x. hi', where h() is either a pion or kaon, by

taking into account the S-wave states in the 2/’ invariant mass distribution within the perturbative QCD
approach. The two meson distribution amplitudes are introduced to capture the strong interaction related to
the production of the A’ system. We calculate the branching ratios for the S-wave components and observe
large values of order 10~* for some Cabibbo-favored decays, which are accessible to the LHCb and Belle II
experiments. The obtained branching ratio B(B — y.,K§(1430)(—= K*77)) = (5.1703) x 107> consistent
with the data from Belle within errors. Moreover, we also predict the differential distributions in the Ak’
invariant mass for the decays under consideration, which await the future experimental test. In addition, the
corresponding y.; (2P) channels are also investigated, which are helpful to clarify the nature of the X (3872)

state.

DOI: 10.1103/PhysRevD.104.073001

I. INTRODUCTION

B meson decays to final states containing a charmonium
meson have played a crucial role in the observation of CP
violation in the weak interactions of quarks and provided
powerful probes of the strong interaction in a heavy meson
system. In particular, the y.; modes, which are allowed
under the factorization hypothesis, are found to be a
comparison of production rates with respect to the similar
J/w processes [1]. Studying the production of the y,
meson and its radial excited states in B meson decays will
help to shed light on the production mechanisms in the
exclusive charmonium B decays.

Two-body decays of B — y. 7 [2,3] and B — y, K®
[4-6] have been observed and well measured by several
collaborations. Also, some multibody decay modes, such as
B = y K*7n~ [7], B, = y.; K"K~ [8], and B = y. a7k
[9], were observed, for which one can search for
charmonium or charmoniumlike exotic states in the
pion-charmonium invariant mass distribution. For example,
the narrow exotic resonance X(3872) was discovered
in the J/wz"z~ invariant mass spectrum produced in
B — J/yrtr~K decays by the Belle experiment [10],
and later confirmed by multiple other experiments [11-14].
In addition, the X(3872) state was also observed in
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B — X(3872)Kn decays [15]. Its quantum number assign-
ment has been identified to be JFC€ =1+t [16-18],
suggesting it may be the typical y.(2P) charmonium
state in the quark model scenario. However, its mass
(3871.69 + 0.17 MeV), narrow width (I" < 1.2 MeV)
[1], and the isospin violating decay chain X(3872) —
J/wp® = J/wyrta~ [16-22] imply that it may not be a
simple c¢ charmonium state. Results from recent LHCb
studies [23-25] also support it may have further mystery
substructure beyond the conventional charmonium model.
Popular interpretations, including y.; (2P) state, tetraquark,
molecular state, admixture state, ccg hybrid state, and
vector glueball, have been proposed [26—43], which means
the question of its internal structure remains open. A more
detailed discussion of the current knowledge of the
X(3872) properties can be found in Ref. [44] and refer-
ences therein.

B meson decays into final states containing the
xc1(1P,2P) state have generated many theoretical discus-
sions [45-54]. In particular, the authors of Ref. [52]
analyzed the two-body B — y.,(1P,2P) decays in QCD
factorization by treating charmonia as nonrelativistic bound
states. They found that the B — y.,(2P)K decay rate can
be comparable to that of the y.; (1P) mode and argued that
X(3872) may be dominated by the y.(2P) charmonium
but mixed with a D°D**/D**D® molecule state. In
Ref. [53], the branching ratio of the B — X(3872)K was
calculated in the perturbative QCD (PQCD) approach, by
assuming X(3872) to be a regular y.,(2P) charmonium
state. The obtained number is larger than the current upper
bound set by Belle [55] within the error bar, which indicate
a pure charmonium assignment for X (3872) is not suitable.
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Further studies should be carried out in other exclusive

decays to clarify its inner structure, especially in the three-
body B — y.1(2P)hh’ decays, which are still lacking in the
literature to date.

In this consideration, we study the three-body decays
B — y. hh with h,' =z, K within the framework of
PQCD, where y., is used to denote the y.(1P) and
xc1(2P) collectively. The latter could help to clarify the
nature of the X(3872) since y.(2P) may be one of the
possible assignments for X(3872) as mentioned above.
Here we put the focus on the 24’ pair originating from an
S-wave configuration, while the subjects related to the
crossed channel such as y.;h() and other higher partial
wave are outside the ambit of the present analysis. For
recent works applying triangle singularities to inter-
preting several charmoniumlike structures in the X .z ™"
invariant mass distributions of B — X K-zt with X,. =
J/w,w(2S), y.1, we refer the reader to Refs. [56-58].

The PQCD approach has been successfully applied to
various three-body charmonium decays of B meson to
investigate the contributions of the resonances involved
[59-66]. The method has also been extended to the four-
body charmless hadronic B meson decays very recently
[67,68]. Within the quasi-two-body approximation, we
assume two light final-state mesons 4 and 4’ move almost
in parallel for producing a resonance. The associated final-
state interactions inside hh' pair are parametrized into the
nonperturbative two meson distribution amplitudes (DAs)
[69-75]. That is, three-body processes are assumed to
proceed predominantly via one intermediate state which
strongly decays into two light mesons. The corresponding
decay amplitude can be conceptually written as the con-
volution of all the perturbative and nonperturbative objects:

A=0; QHR D)y D, . (1)

where ®p and @, are the nonperturbative B meson and
charmonium DAs, respectively. The two meson DA ©,,,
absorbs the nonperturbative dynamics of the hadronization
processes in the hh' system. The hard kernel H, similar to
the case of two-body decays, includes the leading-order
contributions plus the vertex corrections. As pointed out in

0.0,00/0)

: ol
B
e

kp @) k

(b)

Refs. [49,52], the infrared divergences arising from vertex
corrections cancel in the B — y.; decay as in the case of
B — J/y. Therefore, the vertex corrections obtained in
QCDF can be applied to PQCD without introducing any
extra parton transverse momenta [61].

The paper is organized as follows. After the Introduction,
we present our model kinematics and describe the S-wave
DAs in 7z, Kz, and KK pairs, respectively. In Sec. III, we
make predictions of the branching ratio and the differential
distribution for each S-wave component in the considered
three-body decays. In the final section, we give discussions
and the conclusion. Some technical details are relegated to
the Appendix.

II. KINEMATICS AND THE S-WAVE TWO
MESON DISTRIBUTION AMPLITUDES

Consider the quasi-two-body  process
Xc1R(— hh'), whose leading order diagrams are shown
in Fig. 1. In the rest frame of the B<S> meson, we assume the
final state charmonium is moving along the direction of
v = (0, 1, 01) while the meson pair is along n = (1,0, 0p),
where n and v are two lightlike vectors in the light-cone
coordinates. Then the B(,) meson momentum pg, the .
meson momentum ps, and the meson pair momentum p
can be parametrized as [76]

By —

M M
P :72(1,1,%), P3 :72(9‘,9*,%),

M
= = +’ _’ 0 ) 2
where the variables

1
g 2(1 n+rrt\/(1=n?>=2r(1+n)+r*), (3)

with the mass ratio r = m/M and m(M) is the mass of the
charmonium (B meson). The factor # is defined as n =
w?/M?* with @ being the invariant mass of the meson pair
satisfying p?> = @?. The meson momenta p; and p, inside

(1—|—77—r2:|:\/(1—17)2—2r2(1—|—77)—|—r4),

FIG. 1. Feynman diagrams for the B, — Xc1R(— hl) decays at the leading-order approximation, where the symbol (black filled

circle) denotes the insertion of effective weak interaction.

073001-2



S-WAVE CONTRIBUTIONS TO THE ...

PHYS. REV. D 104, 073001 (2021)

meson pair, obeying momentum conservation p = p; + p,
and the on-shell conditions p?, =m?,, one can derive

them:
)f_,PT>

(a5 e
(T )
(4)

with the mass ratios rj, =m?,/M?. ¢ is the meson
momentum fraction up to corrections from the meson
masses [67]. By use of the on-shell conditions pi, =
m7 ,, the transverse momentum pr can be written as

(r —72)2_71 + 1
dn? 2n

prl* = 0* (1 =) + (5)
In the Al rest frame, the three-momenta of the final states &
and charmonium are written as

I Mw?, m?, m3) N AM?, m?, @?) 6
|p1| - 20) ) |p3| - 2&) 9 ( )

respectively, with the Killén function A(a,b,c) = a*+
b* + ¢*> —2(ab + ac + bc). To evaluate the hard kernels,
the following parametrization for the valence quark
momenta labeled by kp, k3, and k in Fig. 1 is useful:

M M M
kg = <0,EXB,kBT), ky = (\ﬁg_&,\ﬁgﬂ@,ky),
M
k=|—=f"z,0,k > 7
(Sroky )

with the parton momentum fractions xg, x3, z and the
corresponding transverse momenta k7, ksr, k7.
The light-cone hadronic matrix element for a B(;) meson

is decomposed as [77]

@, (x,b) = [(#s + M)ysés, (x.b)].  (8)

2N

with b being the conjugate variable of the parton transverse
momentum k7, and N, denoting the number of colors. We
here only consider the leading Lorentz structure, while
other subleading contributions [78,79] are negligible
within the accuracy of the current work. For the B
meson DAs, we adopt the conventional form [77,80],

)
M? wp b
202 2
By

B ()= Ny, (1 =xPexp | - | ©

with the shape parameter wy = 0.40 & 0.04 GeV for B, 4
mesons and wg = 0.48 £ 0.05 GeV for a B, meson [81].
The normalization constant N By, is related to the By

meson decay constant f B via the normalization

/¢B (x,b =0)dx —23.92_]_\,. (10)

For more alternative models of B meson DA, one can
refer to [82-84].

The distribution amplitudes of y.;, defined via the
nonlocal matrix element, have been derived in Ref. [85].
The longitudinal polarization component is given by

®,, = ﬁnﬁ(mm(x) @), (D)

with the longitudinal polarization vector e; = lenx

(—=g7,9",07). The twist-2 and twist-3 DAs are collected
as follows:

——fx” x(1=x)7T (x
xL(x) _2\/6NL (1-x)7(x),

——f;—“ N—T X — — 6x x27T (x
)(t(x>_2\/6 ¢ 2x— Dl -6x+6x7T(x),  (12)

where f;((j) is the vector (tensor) decay constants. The
coefficients N, y satisfy the normalization conditions
[85,86]

/1 Npx(1 =x)7T (x)dx =1,
0

/1 Npx(l = x)(2x = 12T (x)dx = 1. (13)

The function 7 (x) can be extracted from P-wave
Schrodinger states for a Coulomb potential. The explicit
expression for 1P state can be found in Refs. [85,87], while
that of the 2P state will be derived in the Appendix.

The light-cone matrix element for an S-wave meson pair
is decomposed, up to the twist 3, into [59,88]

1
D} = [Ph5(z. @) + odi(z. o)

V2N,
+o(ff - Dgs(z. 0)]P (20 - 1), (14)
where the Legendre polynomials P;(2{ — 1) =1 for the

S-wave component. The two-meson DAs are parame-
trized as
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9Fnh’(w) , _ _
\/m ath(l Z)(] 2Z)’
3F (@)

2N,
_ Fw (o)
22N,

o th’(a)) (1 _ 2Z),

- 2y/2N,

$5(z.0) =

P52, w)

Ps(z )

with the Gegenbauer moments a,, =0.2+0.2 [59],
axg = 0.80£0.16 [63], By =—0.57£0.13 and B; =
—0.42 £0.22 [89,90]. Except for the twist-2 DA of the
Kr pair, others are set to the asymptotic forms since the
coefficients in the Gegenbauer expansion of the two meson
DAs are poorly known at the moment.

The timelike scalar form factors F;, (w), which
absorbs the elastic rescattering effects in a final-state
meson pair, are parametrized in different forms according
to different meson pairs. Let us begin with the pion pair
first. There are two intriguing light scalar resonances
f0(500) and f((980) below or near 1 GeV, which can
couple to z'z~. Their internal structures were quite
controversial [91-94]. The LHCb collaboration observed
a peak for the f((980) in the B — J/wratzn~ decay,
while that of f;(500) is not seen [95]. On the contrary, in
the corresponding B, decay, a signal is seen for the
f0(500) production, but no visible trace for f((980)
production. Therefore, in this work, we assume the
f0(500) and f((980) enter into the nonstrange and
strange scalar form factors, respectively. The former
contribute dominantly in the B° decay, while the latter
should feature mainly in the BY mode.

Including higher resonances, the strange scalar form
factor can be described as the coherent sum of three scalar
resonances f(980), fo(1500), and f,(1790), which have
been widely employed in the PQCD studies of the B, —
(J/w,w(28),n.,1.(28))zx decays [59,96-98]. Explicitly,
we have [59]

2 i0
m !
€115, (980)¢

m]%(,(%o) —w* —im 70(980) (GraPrz + IkkPKK)

Frn(w) =

2 i0
Crms e'”?
n 2% £ (1500)

2 2 2
my (1s00) @~ img, (15000 £, (1500) (@7)

L2 i0;
n €3, (1790)¢

m3 1790 — @ = ims,1790) U, (1790) (@)
(16)

where ¢; and 0;, i = 1, 2, 3, are the corresponding weight
coefficients and phases of the resonances with the

hh' = nn, KK,

2(1=2)[1+ B13(1 = 22) + B33 (1 = 22)(7(1 = 22)* = 3)], hh' = K=,

(15)

[
parameter values of Ref. [S9]. my, is the nominal mass
of the resonance. I';, (@), the mass-dependent width, is
defined as in the case of a scalar resonance

m
Ffo(w) = Ffo . <

1
w® —4m2 \3
a) 9

m}o —4m2 (17)
where 'y, is the partial width of the resonance. Different
from f(1500) and f(1790) resonances described usually
by the Breit-Wigner (BW) model, f(980) is parametrized
as the Flatté model [99] since its mass is close to the KK
threshold. The constants g,, and ggx are the f,(980)
couplings to ztz~ and KK~ final states, respectively. The
Prr(kk) factors are given by the Lorentz-invariant phase

space
2 | 4m]2ri N 1 . 4m]210
Prx = 3 @* 3 w?

1 dam?. 1 4m2,
=_1/1 -—XK —[1-—K 18
Pk 2\/ ’ +2\/ * (18)

For the nonstrange case, only the resonance f((500) is
included here, which can be modeled using two alternative
approaches, the BW function [59] and the Bugg formula
[100]. The BW model read as

2
Fld() = — By 500 9
ms (so0) ~ @~ imy(s00)L g, (500) (@7)

with cgw = 3.5 [59]. The Bugg resonant line shape
[100], with more theoretically motivated shape para-
meters, has been used by several recent analyses, e.g.,
Refs. [96,97,101,102],

- a)2 -5
Fil() = cgoggm, T’ () {m% P - el PP
m, —_ SA
4 -1
—im,y ri(aﬂ)] , (20)
i=1
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with cpyg, being a tunable parameter. Its value is set to 1.6 so
that the corresponding PQCD prediction of B(B’ —
J/wfo(500)(= ntn™)) = 8.5 x 107 is consistent with
the LHCb data (8.8£0.5']1)x 107 in Ref. [103].
Variables and parameters in the above equation are not
shown here for readability, which can be found in [100]. We
also note that the f,(500) can be represented as a simple pole
[104-107], parametrized as

Ag(w) = ; (21)

where s,, is the square of the pole position /s, = m, — il',,
extracted from the data. However, Eq. (21) carries a dimen-
sion and is not normalized to the unity as @ — 0. Thus it is
not appropriate to be taken as a form factor in the PQCD
approach in the current form. The exact form factor corre-
sponding to the pole model in PQCD should be taken into
account in the future.

For the scalar form factor of the Kz system, we employ the
LASS line shape [108], which consists of the K;(1430) reso-
nance as well as an effective-range nonresonant component,
|

2 -
FKﬂ(w):ﬁ.;.+eziag mylo/|Pol .
|p1| cotdp —i m%—wz—img%%
1 1
cotdy = —=— + = b|p,|. 2
=5 T2 |1 (22)

mq and Ty are the pole mass and width of the K{;(1430),
while the scattering lengths a and b effective range are
parameters that describe the shape, whose numbers are taken
from measurements at the LASS experiment and tabulated in
the next section. p, is the value of p; calculated using the
nominal resonance mass, m,. The phase factor J5 is needed
for the conservation of unitarity. It is worth noting that the
LASS parametrization has a range of applicability up to
about the charm hadron mass [109,110] in the Kz invariant
mass, which is just approaching the upper bound of M — m
for the charmonium B decays. Therefore, it is not necessary
to introduce a nonphysical cutoff here and the LASS model is
appropriate to describe the Kz S-wave in the decays
under study.

As for the case of the KK system, we follow Ref. [63] to
take the form as

2
M, (980)

Fg(o) =

2
C1o(1370)M 5 (1370)

mjzfo(gs()) - w2 - imfo(980) (glmpmt + gKKpKKF%(K)

+

2 2
my 30 @~ imy, (13700 g, (1370) (@

% (1 + cs,a370) 7" (23)

with ¢, (1370) = 0.12¢77/2 [63], which yields the branching ratios of the f,(980) and f,(1370) components in B, —

J/wKTK™ are consistent with the data, simultaneously. The exponential term Fgg = e~k is introduced above the KK
threshold to reduce the pg factor as @ increases, where ¢ is the momentum of the kaon in the KK rest frame and
a=20+£025GeV~2 [95,111].

Now we will present the formulas of amplitude for the quasi-two-body decay mediated by scalar resonances. Performing
the calculations to the factorizable and nonfactorizable diagrams in Fig. 1, one gets the following expressions:

LL _ _ 3 (! “
F 82Crf, M / dxgdz | bpdbpbdbgy(xy, bp)
0 0
x{lopy(=2fTgtz—g +g") +wds(-2f gtz 4+ g +9") + MPY(fTgt (fTz+1) - fg7)]
X as(ta)e_sab<ta)h(ae’/}a7 bB’ bl)St(x?a) =+ [M¢g((f_ + l)f+g+ - g_(f_ +f+(f_ - 'xB))) - 2(1)45%
X (g7 (=f~ + x5 = 1)+ (fF + Dg)a(1,) e+ h(a,, B, by, bg)Si(xp)}, (24)

1 )
MEL = 167/22C M3 /) dxpdzdx, A bpdbybsdbsd(xp. by)

X [Mryp(x3)@32f (g7 ) 2xs + g (fTxp + f(-2f T2 =297 x5 4+ xp)) + [T ((f~+ 1)z — 2xp))
— 21y (x3) 0 (fF gtz 4 g7 xp) + 497 g rox (x3)wdlag(t)e S Dh(By, a,. b, bg), (25)

MSP = MLL, (26) LR, and SP refer to the contributions from
(V-A)®(V-A4), (V-A)Q®(V+A) and (S—-P)®

jf?LR — _f‘LL’

with r. =m./M and m, is the charm quark mass;
Cy;=4/3 is a color factor. The superscripts LL,

(S + P) operators, respectively. The hard functions h
and the threshold resummation factor S,(x) are adopted
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from Ref. [112]. a and f; with i = a, b, d denote the
virtuality of the internal gluon and quark, respectively,
expressed as
a=zxgfTM?,

ﬁa - Zf+M2’

By =~f"(f —xp)M?,

Pa=~(fTz+ g x3)(g"x3 = xp)M* +mg.  (27)
|

M

The hard scale ¢; is chosen as the largest scale of the
virtualities of the internal particles in the hard amplitudes:

to = max(va, \/B,. 1/b.1/by),
1, = max(va, /By, 1/b, 1/byg),
tg = max(v/a, \/By, 1/bs, 1/bp). (28)

The Sudakov factors derived with the leading-logarithm k-
resummation are given by

Sap(t) = S<\ﬁx3,b3) +s<\%f*z, b) +s<%f*(1 —Z),b> +§%/lb:i—ﬂ}’q<ﬂ) +2/1/tbi—”yq(ﬂ),
S.a(t) = s(\]‘//lixg, bB) + s<\1‘//1§f+z, b3> + s(\]‘//%f*(I - 2), bB) + s<$g+x3,b3> + s(\l‘/ggﬂl —x3), b3)

11 [+ du t du
+3 —74(1) +2/ —7,(1),
1/by M 1/by; M

where y, = —a,/x is the quark anomalous dimension, and
the explicit expression of the function s(Q, b) can be found
in [113]. We note that the complete next-to-leading-
logarithm (NLL) k7 resummation for the J/y meson wave
function has been developed recently [114], which could be
applicable to the B — y,.; decays. However, it is found that
its effect on the branching ratio is numerically small, less
than 20% [114]; thus its contribution is neglected in
subsequent calculations.

By combining the contributions from different diagrams
with the corresponding Wilson coefficients, the full decay
amplitude can be recast to

A= % Ue[anFLL + CyMEL] = 3,[(as + ag) FLL

+ (615 + 617).7:LR + (C4 + Clo)MLL
+ (Cs + Cg) MO}, (30)

with

1 1
a2=C1+§C2, 613:C3+§C4,

1 1 1
a9:C9+§C10, 05=C5+§C6, a7:C7+§C8.
(31)

The quantities /1p = V;prq with p=c¢, t and g =d,
s encode the Cabibbo—Kobayashi-Maskawa (CKM)
factors. We also consider the vertex corrections, whose
effects can be combined into the coefficients a; in Eq. (31)
as [115-117]

(29)
[
ay = ay +Z—;;—i€2 {—18 - 121n(mih) +f,],
as + ag —>a3+ag+z—;;—i(C4+C10)
X {—18— 12ln<mib) —l—f/],
as + a; —>a5+a7—Z—;;—i(C6+C8)
x {—6— 121n <mib> n f,], (32)

where the detail calculations for f; refer to Refs. [49,52].
Finally, the differential branching ratio for the B —

Y1l process reads as
dB _ zo|p1||Ps|

ey LV

dw 3273 M3 (33)

III. RESULTS AND DISCUSSIONS

This section serves to summarize all parameter values
required for numerical calculations. The meson and heavy
quark masses (GeV), lifetimes (ps), and the Wolfenstein
parameters are taken from Particle Data Group [1],

Mp =537, Mg=528, mg=0494, m,=0.14,
m}m(lp):3.51067, ml(_l(zp):3.87169,
m,=4.8, m.(m.)=1275,
g+ =1.638, 15 =151, 75 =15I,
1=0.22650, A=0.790, p=0.141, 7»=0.357.
(34)
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TABLE I. A summary of the relevant resonance parameters.
Resonance Model Parameters
f0(500) BW mg = 0.50 GeV, I'x = 0.40 GeV [59]
Bugg See Ref. [100]
f0(980) Flatté mg = 0.99 GeV [1], g,, = 0.167 GeV, gxx/ gz = 3.47 [103]
fo(1370) BW mp = 1.475 GeV, I'p = 0.113 GeV [95]
Sfo(1500) BW mp = 1.50 GeV, I'y = 0.12 GeV [95]
fo(1790) BW mg = 1.81 GeV, I'y = 0.32 GeV [59]
(K7)s_wave LASS mg = 1.435 GeV, 'y = 0.279 GeV, a = 1.94 GeV™', b = 1.76 GeV~! [118]

TABLEIL Branching ratios of S-wave resonant contributions to the BY — y.,(1P,2P)x* 2~ decays. The theoretical errors correspond
to the uncertainties due to the shape parameters wy , the hard scale ¢, and the Gegenbauer moment a,,, respectively.

Modes B(R = f,(980)) B(R = f,(1500)) B(R = f,(1790)) B(S — wave)
B = ya(IP)r*n™  (165570570¢) x 1070 (T8I0 100707) x 1070 (6.4%,3707752) x 107 (LIZg3 1) x 107
B ra(P)r (LIRS x 10 (L8IIN) x 100 (LoRITE) 107 (5630 x 107

The B decay constants are set to the values fz = 0.19 GeV
and fp = 0.24 GeV [67]. Since there is no measurement

for f,,p, We assume fi),, = f\5 =0335 GeV
[50,51,53] and do not distinguish the vector and tensor
decay constants in subsequent calculations. The relevant
resonance parameters are listed in Table I. Other parameters
appearing in the two meson DAs have been specified
before.

Using the above parameters, we calculate the CP average
branching ratios of various S-wave components for the
neutral B® and B? decays by integrating the differential
branching ratio in Eq. (33) with respect to . The
corresponding numbers for the charge analogous B™ decay
processes can be obtained by multiplying the BY ones with
a factor of 7z« /7 in the limit of isospin symmetry. The
theoretical errors correspond to the uncertainties due to the

75T (@) Bioye 1Pyt * £ (980) 17
£,(1500)
— £,(1790)

60 F S-wave |

>

S}
T
1

dB/dw (107 GeV™!)
w
(=]

—
[}
T

ol— L ' . icaeN
0.4 06 08 1.0 1.2 1.4 1.6 1.8

» (GeV)

shape parameters wp = 0.40 & 0.04(0.48 + 0.05) GeV

s)

for the B,y meson wave function, the hard scales 7 defined
in Eq. (28), which vary from 0.75¢ to 1.25¢, and the
Gegenbauer moments a,, = 0.2 £ 0.2 [59], agx = 0.80 =
0.16 [63], B, =—-0.57£0.13 and B; =-0.42+0.22
[89,90] associated with the twist-2 DAs as shown in
Eq. (15), respectively. It is necessary to stress that the
twist-3 DAs of the meson pair in this work are taken as the
asymptotic forms for lack of better results from non-
perturbative methods, which may give significant uncer-
tainties. In the following, we will discuss the relevant
numerical results in turn.

A.B 5 yntn~
As mentioned in the previous section, three reso-
nances were considered in the BY — y.ztz~ decay,

5[ |(b) B>y, @Pyr'n 1

N )
ol (=}
T T

dB/dw (107 GeV'!)
w
o

0 L i ' e
0.4 0.6 0.8 1.0 1.2 1.4

 (GeV)

FIG. 2. The w dependence of the differential decay branching ratios dB/dw for the decay modes (a) BY — y. (1P)z* 7z~ and
(b) BY - y.1(2P)n*z~. The contributions from f,(980), f,(1500) and f,(1790) components are shown by the dotted gray, dashed
khaki and solid blue curves, respectively, while the solid red curves represent the total S-wave contributions.
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TABLE III.

Branching ratios of S-wave resonant contributions to the B® — y., (1P, 2P)f,(500)(— zx) decays.

The theoretical errors correspond to the uncertainties due to the shape parameters wpg, the hard scale ¢, and the

Gegenbauer moment a,,, respectively.

Modes B(BW) B(Bugg)
B® = y.(1P)fo(500)(— zta™) (2.95, 911y x 1070 (2.870:610.9104y % 1070
B® = .1 (2P)fo(500)(— zta™) (2.810919:0195) % 1070 (175957940 1) x 1076

namely, f,(980), fo(1500), and f,(1790). The calculated
branching ratios of concerned resonances are collected in
Table II. The last column corresponds to the total S-wave
branching ratios. It is evident that the largest contribution
comes from the f((980) component, which accounts for
69% (83%) of the y.;(1P(2P)) mode. The contributions
from high resonances suffer serious suppression since the
pole masses are approaching the upper bound of the two
pion invariant mass spectra. In particular, the nominal mass
of fy(1790) falls outside the kinematically allowed mass
range for the y.; (2P) mode and the residual contribution in
the tail region of the BW function, also known as virtual
contribution, is expected to be fairly small. The corre-
sponding branching ratio is predicted to be of order 1077,
much smaller than that of By — y.;f0(1790)(— 7).
The total S-wave branching ratios for the two channels can
reach the 107 level, to be compared with those of J/y
modes [59,98], which is large enough to permit a
measurement.

In Fig. 2, we track the differential branching ratios for
various resonances as a function of the "z~ invariant
mass, which we vary from 2m, up to M — m. The dotted
gray, dashed khaki and solid blue curves correspond to the
f0(980), f¢(1500), and f,(1790) resonances, respectively,
while the solid red curves represent the total S-wave
contributions. Note that the mass difference between
xc1(1P) and y.(2P) causes significant differences in the

0.8 T T T T T T T
(a) B®>y,, (1P) '~ B
[~ — Bugg
_0.6F k
>
3
Q
o 0.4} . -
z -~ ~
/

= ’ \
S

0.2F / \ -

7 N\
N
7/
e N ~
-,
Cd
0.0 1= 1 1 1 1 1 I
0.4 0.6 0.8 1.0 1.2 1.4 1.6
o (GeV)

FIG. 3.

range spanned in the respective decay modes. One can see a
clear signal from the f;(980) resonance, accompanied by
fo(1500), while the amount of f,(1790) is less than 1% of
the total S-wave contributions. A dip in Fig. 2(a) in the
invariant mass region of 1.2—1.4 GeV is ascribed to the
interference between the f,(980) and f,(1500) channels.
However, such a dip is not observed in Fig. 2(b) because the
fo(1500) component suffers strong phase space suppres-
sion for the y.(2P) mode.

B.B" - y n*tn~

The branching ratios of B — y.,(1P,2P)f,(500)(—
mtx~) decays, calculated for both BW and Bugg models,
are presented for comparison in Table III. The dependence of
differential branching ratios as a function of the invariant
mass is also shown in Fig. 3 for the aforementioned two line
shapes, where the solid pink and dashed blue lines corre-
spond to the BW and Bugg models, respectively. The two
curves have a broad bump with different behaviors in shape.
In the BW model, the peak at the resonance is usually highly
dominating and the majority of the resonant contribution
focuses naturally on the mass range of f(500). Although
f0(500) is very broad, the predominated mass region still far
away from the upper bound of allowed phase space, M — m.
However, the strength of the Bugg model is slightly small, as
seen in Fig. 3, the spectrum bump is located above the pole
mass of f(500) because the substantial coupling of f(500)

0.8 T T T T T
(b) B>y, (2P) ntn

_0.6F .
>
D
&)
o 0.4fF J
z s~
3 £ N
N / N
g 4 N

0.2F s \ E

7/ N
s N
4 ~ J
//
-
0.0 P L L L L
0.4 0.6 0.8 1.0 1.2
o (GeV)

(a) dB/dw invariant-mass distribution for the B’ — ., (1P)f,(500)(— z*z~) decay with two different descriptions for the

f0(500) resonance. Similar curves are shown in (b) but for the B — y,,(2P)f,(500)(— 7" z~) mode. The BW and Bugg models are

shown by the solid pink and dashed blue lines, respectively.
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TABLEIV. Branching ratios of various S-wave components to the B,y — .y (1P,2P)Kr decays. The theoretical
errors correspond to the uncertainties due to the shape parameters wp, the hard scale 7, and the Gegenbauer

moments B 3, respectively.

Modes B(R = K;(1430)) B(LASSNR) B(S-wave)

B = xa(1P)K-n* (3806 0503 ) x 107 (34507 05 g4 ) x 1076 (69118 05 55 ) x 107
B = 1 (2P)K~x* (1550350105 ) x 107 (18509701201 ) x 107 (4.4205705755) x 107
BY = za(IP)K m™  (SE00105) 51075 (S3HY0I05) %105 (LIF020102) x 107
B" = x.(2P)K "5~ (16203501505 ) x 1073 (28103 01 04) x 1073 (64513701707 ) x 1073

to KK and #nn are included. As a consequence, the contri-
bution from the high-mass regions can not be ignored. From
Table III, we find B(B® — y.,(1P)fy(500)(— z*z~)) and
B(B = y.1(2P)f,(500)(— ntx~)) are of comparable size
for the BW model, but the latter is relatively small owing to
the phase space suppression for the Bugg one.

C. B(()s) _)XclK”

Since the LASS description for the Kz S-wave contained
both resonant and nonresonant components as shown in

25 T T T T T
(a) B">y,, (IPDK*n K} (1430)
- - LASS NR
20k S-wave |]
>
3 15} .
T
5
B 10f E
N
/M
o
5 = -
0
0.6 0.8 1.0 1.2 1.4 1.6

» (GeV)

1.6 H(C) Bisye (IP) Kn* .

—
0o

dB/dw(107° GeV)
(=]
[oe]

0.4

0.6 0.8 1.0 1.2 1.4 1.6 1.8
» (GeV)

Eq. (22), we summarize the branching ratios of K{(1430)
resonant and nonresonant component as well as the total
S-wave contribution in Table IV separately. The invariant
mass dependence of the differential decay rates for the
two components is shown in Fig. 4. Analogous to the
pattern of the B(,) — J/wKr decays in our previous
analysis [60], the contributions from the resonant and
nonresonant components in this work are comparable in
size. Hence, the nonresonant contributions also play an
essential role in B(;) — y. Kz decays. The constructive

15 T T T
(b) B>y, 2P)K'n
T o10f
2
Qo
L
=z
3
o
5 5
o
0
0.6
0.8F
5
D
&}
L
5
8 0.4F
N
/m
=}
0.0
0.6 0.8 1.0 1.2 1.4

» (GeV)

FIG. 4. S-wave contributions to the differential branching ratios of the modes (a) B® — y.(1P)K*z~, (b) B® = y.,(2P)K* %",
(¢) BY - y.,(1P)K~x*, and (d) B? — y.,(2P)K~x*. The dotted blue, dashed violet, and solid red show the contributions from
resonances K{;(1430), LASS NR and their combinatorial, respectively.
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TABLE V. Branching ratios of S-wave resonant contributions to the B — y.,(1P,2P)K*K~ decays. The theoretical errors
correspond to the uncertainties due to the shape parameter wp , the hard scale 7, and the Gegenbauer moment agg, respectively.

Modes B(R = f(980))

B(R = f,(1370)) B(S-wave)

BY £ (1P)K K- (3.5134105705) x 107

BY = . (2P)KT K~ (2719192402 5 107

(92577 65") x 1076 (3.9%93197g5") > 1072

(24155%92%5) x 1076 (24555195%5) x 1078

interference between the resonant and nonresonant con-
tributions lead to large S-wave branching ratios as shown in
Fig. 4, especially the B — y.,(1P)K*z~ mode has a large
branching ratio of order 10™*. The corresponding B,
channels have relatively small branching ratios (1079)
comparing with the B® modes due to the CKM suppression
|Vcd/vcs| ~ A

From the fit fraction of the K{(1430) component in
B - y. K~n" decay analyzed in the isobar model [7]
and the three-body branching ratio B(B® — y . K= n") =
(3.83 £0.10 £ 0.39) x 10™* measured by Belle [7], we
obtain

B(B® = 1 K§(1430) (= K*77))exp
{ (8.6 +2.4)x 105 S,
(7.14£2.1)x 105 S2,

where S1 and S2 denote the two solutions from single-
and double-Z" resonance scenarios in the y.z" invari-
ant mass distribution, respectively. One can see from
Table IV that the predicted branching ratio B(B° —
2 K5(1430) (= K~z7)) = (5.1508) x 107 is compatible
with the above two solutions within errors.

The BABAR collaboration measured the three-body
branching ratio, B(B? - y. K zt) = (5.11+£0.14 +
0.28) x 10~* [119]. Meanwhile, the S-, P-, and D-wave
fractions are fitted from the analysis of the Kz mass spectra.

- £,(980) H

14 H (a) Bl»y,(APK'K
£,(1370)
12F.. —— S-wave

dB/dw (107°GeV1)

0 i L S
1.0 1.2 1.4 1.6 1.8
» (GeV)

FIG. 5.

It is found that the S-wave fraction in B® — y K~z is
larger than the corresponding J/y and w(2S) modes.
Multiplying the three-body branching ratio quoted above
by the S-wave fraction fg = (40.4 £+ 2.2)%, we obtained
the S-wave branching ratio

B(B® = ye(K"n")s) = B(B® =y K~ n") x fs

=2.1707 x 107, (35)
which is twice our prediction in Table IV. We note that
the three-body branching ratio measured by BABAR is
typically larger than the previous measurement by Belle [7]
and also larger than the updated measurement of B(B° —
21K~ 7t)=(4.9740.1240.28) x 10~*in [9]. As an aside,
the quoted uncertainty for the fitted S-wave fraction is
statistical only, thereby improving precision on both the
theoretical and experimental values would be highly
desirable.

D.B® - y,K*K-

We next turn to the BY — y,K*K~ decay which
receives two resonant contributions from fy(980) and
f0(1370) in the KK~ invariant mass spectrum. The
predicted branching ratios are depicted in Table V, while
the corresponding differential distributions over @ are
plotted in Fig. 5. The red (solid) curves denote the total
contribution, while individual terms are given by the gray
(dotted) lines for f(980) and green (dashed) lines for

14 F|(b) B>y, 2P)K'K] E

dB/dw(107° GeV™)

0 L} i} 1 c -
1.0 1.2 1.4

» (GeV)

Various resonance contributions to the differential branching ratios of the modes (a) BY — y. (1P)K*K~ and

(b) BY - y.,(2P)KTK~. The dotted gray, dashed green and solid red curves show the resonances f,(980), f,(1370), and their

combinatorial contributions, respectively.
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f0(1370). It is clear that the S-wave contributions are
dominated by f((980), while the f,(1370) component is
several times smaller. The total S-wave branching ratios
reach the order of 10>, which are comparable with those of
7z modes in Table II. Since f((980) can decay into a kaon
or a pion pair, we can estimate the relative branching ratios:

B(BY — xc1£0(980) (= K'K7))

R = .
B(BY = yc1£0(980)(— 7))

(36)

Combining Tables II and V, the ratio R is predicted to be
0.467023(0.37751%) for the 1P(2P) state mode, which is
comparable with our previous prediction for that of J/y
with R(J/y) = 0.371)3 [63]. In the narrow-width limit,
Eq. (36) simplifies to

_B(£(980) - K*K")

R~ B(1o(980) = 272)

(37)

where the common term B(B? — y.,f0(980)) in the
numerator and denominator cancel out. The weighted
average of R from BABAR [120] and BES [121] measure-
ments yields Ry = 0.35%912 [103]. Our estimates turn
out to be consistent with this average value.

From Tables II-V, one can see that the branching ratios
of the lower mass resonances between y,.; (1P) and y., (2P)
modes are comparable, whereas in the case of the higher
mass resonances, the corresponding branching ratios for
the latter are typically smaller due to the phase space
suppression. Since the y.;(2P) modes received less theo-
retical and experimental attention, we wait for future
comparison, which may help us to further clarify the
structure of X(3872).

IV. CONCLUSION

We have analyzed the three-body decays B,y — xehl
in the 2k’ invariant mass spectrum with S-wave configu-
ration in the perturbative QCD approach. The final-state
pseudoscalar meson h() is restricted to be a kaon or a
pion. The S-wave contributions are parametrized into the
timelike form factors involved in the two meson DAs,
which have been well established in the corresponding J /v
decays.

The strange scalar form factor for the zz pair is described
by the coherent sum of three scalar resonances f((980),
f0(1500), and f(1790). Except for f(980), parametrized
by a Flatté line shape, the latter two resonances are modeled
by the Breit-Wigner function. The nonstrange scalar
form factor contains only the f,(500) resonance, which
is modeled with two alternative shapes, the BW and Bugg
formulas. Although the resultant invariant mass distribu-
tions for the two models show a different behavior, the
integrated branching ratios over the entire phase space are
comparable. The Kr timelike form factor is described by

the conventional LASS parametrization, which consists
of K{(1430) resonance together with an effective range
nonresonant component. It is found that the contribu-
tions from the two pieces are of comparable size. In the
KK sector, the corresponding timelike form factor is
parametrized by a linear combination of the f(980) and
f0(1370) resonances, where the latter is also modeled by
the BW line shape.

By using the well established two-meson DAs, we
have calculated the branching ratios together with the
differential distributions of various components in the
processes under consideration. The branching ratio of B —
21 K5(1430)(— K* 77 ) is predicted to be (5.170%) x 1075,
which is in agreement with the Belle measurement, while
the obtained S-wave branching ratio is smaller than the
BABAR data by a factor of 2. The branching ratios for some
Cabibbo-favored decays are large of order 10, whereas
those of the Cabibbo-suppressed ones are at least lower by
an order of magnitude because of the smaller CKM matrix
elements. The obtained distribution for the various com-
ponents contributions to the considered decays can be
tested by future experimental measurements. Additionally,
our predictions on the y. (2P) modes could help to
understand the X(3872) properties.
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APPENDIX: DETAILS FOR DERIVING y,(2P)
CHARMONIUM DAS

We begin with the momentum-space radial wave func-
tion which can be written as a Fourier transform of the
position-space expression ¥,,;,,(7),

W(k) = /_ S, (FeFrdr, (A1)

where n, [, and m stand for main, orbital, and magnetic
quantum numbers, respectively. In the spherical coordi-

nates (r, 0, @), the two terms ¥,,;,,(7) and e F7 in Eq. (A1)
can be written as

anlm<?) = Rnl(r)Ylm(ev g”)’

e—E-? _ e—ikr cos @

Am(20 + 1) (=i)! jy (kr)Y10(0.0),

Il
[]s

(A2)
7

Il
o

where j; (kr) is the spherical Bessel function. Substituting
the results of Eq. (A2) in Eq. (A1), we obtain
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W(k) = /422l + 1)(=i)’ A ¥ ji(kr)Ryr2dr,  (A3)

where the orthogonality property  [& [37 Y, Y X
sin 0d@dg = 5;6,,0 has been employed. For the y.,(2P)
state with quantum numbers n = 3 and / = 1, employing

the spherical Bessel function j,(kr) = w and

the radial wave function for a Coulomb potential R3;(r) o

r(l— %)e%‘m with gp being the Bohr momentum. The
integral of Eq. (A3) evaluates to

k(9k* — q3)

P(k) FaTa (A4)

Following the similar strategy proposed in Refs. [50,122],
we obtain the heavy quarkonium DA which is dependent on
the charm quark momentum fraction x after integrating the
transverse momentum kz,

D(x) ~ / Pl (x, ky) o x(1 = x)

y (1 =2x)%(1 = x)x)3/?
{<1—3<v2—9><x—1>x>3}’ (43)

where v = gp/m, is the charm quark velocity. Similar to
the DAs of y.;(1P) [85], we can propose that of y., (2P) as
Y(x) o« @y (x)7 (x) with

{02020 -0 )
70 = (i Seaeat) 9

where the power 1 —2? denotes the small relativistic
corrections to the Coulomb wave functions. In the numeri-
cal calculation, we take 2 = 0.3 for charmonium [122].
The asymptotic forms of @, (x) depend on the corre-
sponding twists for y.;(2P).
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