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Abstract: Within the framework of perturbative QCD factorization, we investigate the nonfactorizable contribu-
tions to the factorization-forbidden quasi-two-body decays By — hyoo — ha*n™(K*K™) with h=n,K. We com-

pare our predicted branching ratios for the By — Ky.0 — Kntn (K*K™) decay with available experiment data as

well as predictions by other theoretical studies. The branching ratios of these decays are consistent with data and oth-

er theoretical predictions. However, in the Cabibbo-suppressed decays B(sy — hy o — hn*n™(K*K™) with h = KO,

the values of the branching ratios are of the order of 1077 and 1078, The ratio R,,, between the decays B* —
7txeco = ntntn and BY - K*x.0 — K*ntn~ and the distribution of branching ratios for different decay modes in

invariant mass are considered in this study.
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I. INTRODUCTION

The P-wave 0** charmonium state y.y cannot be cre-
ated by the colorless current ¢y*(1—1ys)c. Its production
in B meson decays is suppressed in the factorization ap-
proximation because of charge conjugation invariance,
spin-parity, and vector current conservation [1—4]. Thus,
it is not surprising that the reported branching fraction
B(B* = K*xc0) = (6.0 L(stat.) + 1.1(syst.)) x 107* [5]
from the Belle Collaboration triggered many studies on
this two-body decay mode involving y. and the relevant
decay processes. The measurement by the BaBar Collab-
oration in 2004 confirmed Belle's result for B* — Ky
and presented the value (2.7+0.7)x 10™* for its branch-
ing fraction [6]. The recent value in Review of Particle
Physics for this two-body decay process is1.51*0-13x 10~
[7], which is only approximately 1/4 of its first appear-
ance [5]; however, it is still relatively comparable to that
of the factorization-allowed decay B* — K*J/y, which
has a branching fraction of (1.020+0.019)x1073, as

shown in Ref. [7].

Since Belle's measurement [5], numerous theoretical
studies have been conducted to investigate large nonfac-
torizable contributions, the decay characteristic in
B* — K"y, and other relevant decay modes. Using the
light-cone QCD sum rules approach, the nonfactorizable
soft contributions in B — Kn.,Ky. decays were ana-
lyzed in Ref. [8]. Within the perturbative QCD (PQCD)
approach, the nonfactorizable contributions to B meson
decays into charmonia, including B®* — K™%y, were
calculated in Refs. [9, 10]. In the framework of QCD fac-
torization (QCDF), exclusive decays, including
B — y.K, were studied in Refs. [11-16]. From these
studies, it was observed that infrared divergences result-
ing from nonfactorizable vertex corrections could not be
eliminated [11, 12]. Non-zero gluon mass was then em-
ployed to regularize the infrared divergences in the ver-
tex corrections [13]. Conversely, the authors of [16]
found that these infrared divergences can be subtracted
consistently into the matrix elements of colour-octet oper-
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ators in exclusive B to P-wave charmonia decays. In Ref.
[15], B— Ky.02 decays were investigated in QCDF by
introducing a non-zero binding energy to regularize the
infrared divergence of the vertex part and adopting mod-
el dependent parameterization to remove the logarithmic
and linear infrared divergences in the spectator diagrams.
The rescattering effects mediated by intermediate
charmed mesons were studied in Refs. [17, 18], and the
authors concluded that such effects could produce a large
branching ratio for the decay B* — K*y.

Unlike the 2P state x/,, which mainly decays into
DD in an S-wave [19-21], the state y.o, with its mass be-
low the threshold of DD [7], can decay into light hadron-
ic states via gluon-rich processes [22—24]. Although the
branching fractions for y.o — 7#*n~ and y. — K*K~ are
small, in the order of 1073 [7], the resonance contribu-
tions from y. are not negligible in the three-body de-
cays B — hntn~(K*K™) because of the enhancements ori-
ginating from the Cabibbo-Kobayashi-Maskawa (CKM)
matrix elements when compared with the resonant states
p(770) or ¢(1020) [25, 26], where 4 is a light pseudoscal-
ar r and K, the B meson is B*? and BY, and the inclusion
of charge-conjugate processes are implied throughout this
study. Taking B* - K*K~ K~ as an example, the branch-
ing fraction is (1.12+0.15+£0.06)x 10™® for the quasi-
two-body decay process BY — Ky, 0 — K*K*K™ in [27],
which is approximately 1/4 of the value for the process
Bt —> K'¢(1020) » K*K*K~ and is approximately
3.24% of the total branching fraction for B* - K*K*K~
[27]. The fit fraction for the quasi-two-body decay
B* = K*yeo— K*rta™ is (1.12£0.12702H% in [28] and
(3.56 £0.93)% (the model Ap) in [29]. Therefore, it is im-
portant to study the resonance contributions from y.o in
charmless three-body hadronic B meson decays, and this
research will improve our understanding of three-body
decays.

In this study, we systematically analyze the contribu-
tions from y. in the decays B — hn*n~(K*K™) using the
PQCD approach [30—-33], which has previously been ad-
opted to study three-body B meson decays [34—38]. With
the help of experimental inputs for time-like pion form
factors [39] and two-pion distribution amplitudes
[40— 42], the decays B — Kp(770), Kp’(1450) — Knn
[43], B— K;(1430)h, K;(1950)h — Knh  [44], B—
D*(2007)°h, D*(2010y*h— Dxh  [45], and B’ —
n.2s)n*x~ [46] are analyzed in the quasi-two-body

JVR RO

framework. The method used in [43] have been adopted
for other quasi-two-body B meson decays in Refs.
[47-53] over recent years. For detailed discussions on the
quasi-two-body framework based on the PQCD approach,
refer to Refs. [43, 53].

II. FRAMEWORK

Under the factorization hypothesis, the decay amp-
litude for B — hy.o — hK*K~ is given by

1
(h(K*K7)y,|Herr| B) =<K+K_I)(co>z)—<h)(col7{eff|3>
BW

_ 8xoK K-

<hXcO|7{eﬂ“|B>
BW

=Ckk(s) - Als), (1

— s —1imgI'(s), the mass-
is defined as I'(s)=

where the denominator Dgw = m?

0
dependent decay width TI'(s)
2yt

roe (4 . mo=(341471+£030) MeV and T, =

(10.\{31 g%) MeV [7] are the pole mass and full width of
the resonant state y.o, respectively, and s is the invariant
mass square for the K™K~ pair in the final decay state. Lg
denotes the spin of the resonances [27, 29]. In the rest
frame of the resonant state y .o, its daughter K* or K~ has

. 1
the magnitude of the momentum, ¢ = R [s— 4m?<, and ¢

in I'(s) is the value of ¢ at s =m?. By combining various
contributions from relevant Feynman diagrams, as shown
in Fig. 1, the amplitude A(s) = (hy ol Heg|B) for the quasi-
two-body decays considered in this study can be found,
as presented in the Appendix. The mass-dependent coef-
ficient Cxk(s) is gy.kk-/Dpw. We obtain the coupling
constant g, gk~ from the relation [54, 55]

87rm2F K+K-
0" X0 ™
Srokk- = \[————— 2
q0

where I', _x-x- is the partial width for y.o — K*K~. For
the process B — hy. — hntn~, we must apply the re-
placement K — n for Egs. (1) and (2) and the relevant
parameters. The effective Hamiltonian H.g with four-fer-
mion operators is the same as in Ref. [9].

In the rest frame of the B meson, we choose its mo-

30

Fig. 1. Feynman diagrams for the spectator figure to B — hy.o — hn*n™ and By — hyo — hK*K™.
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mentum pp and the momenta p; and p for the bachelor

states /2 and y.o as

m m
s =7§(1,1,0T), p3= 7’%(0, 1-7,07),
m m
P :7%(177% OT), kB = (O, Tng’kBT)s
ks =0, 221 n)xk) k= ( nk) 3)
3= [ — - 3,K3T |, —=Z1], KT
V2 R

where xp, x3, and z are the corresponding momentum
fractions, mp is the mass of the B meson, and the vari-
able 7 is defined as 5 = s/mé, with the invariant mass
square s = p?. For B*? and BY in this study, we employ
the same distribution amplitudes ¢/ as in Refs. [36,
56]. The wave functions for the bachelor states 7 and K in
this study are written as

1
PP, = =7 [#6"2) + mige" @) + mty = DT @)1,
“
where mg is the chiral mass, p and z are the momentum

and corresponding momentum fraction, respectively, of 7
and k. The distribution amplitudes ¢*(z), ¢”(z), and ¢” (z)
can be written as [S7-60]

Jn
22N,

+diCP (1) +dicl o),

¢'(2) = 62(1-2)[1+a"C;*(r)

fi 5
¢"(2) = 5 \/_[ + (30773 - zpﬁ)Ci/z(t)
-3 [mm + 2ph(l + 6a2)} c”2(t)]
1
() = \{_a =20 1+6(5n3 - 37300
7 3
2Opi - gphaz)(l - 10z + 10z2)] 6)

where the Gegenbauer moments are chosen as af =0,
ak =006, a¥*=0.25+0.15, and o =-0.015, and the

2
parameters follow p, = m,/mf, px = mK/mO , =0.015,

and W% =-3. We ms = (1.4i0.1)GeVand

m(')( =(1.6+0.1) GeV in the numerical calculations. The

adopt

Gegenbauer polynomials are defined as

3 1 1 3 3
C: () =3t, cg(r)=§(3t2—1), C;(t)=§(5t2—1),

1 1 E 15
Ci(n =503~ 307 +356%), C:(= <6 301 +35¢%),
(6)
where the variable ¢ =2z— 1. The mass-dependent nzw or
KK system, which comes from y., has the distribution

amplitude [9]

(Ié@/m([([() (2)+ \/E@YUT(KK) (2)), (7)

k) =

1
V2N,
with the twist-2 and twist-3 distribution amplitudes
Drrikiy(@s) and @ 4 (2, 5)

F,.(s)
22N,

Fyo(9)
Prnii) (> 9) = 22N, 73 {

¢:m(KK)(Z’ 5) =

0.7
27.46(1—2Z){Z(1_Z)[1—42(1—2)]} ’

[1-2.82(1-2)?
2(1=2)[1—4z(1-2)] }0'7
[1-2.82(1-2)]?

®)

The timelike form factor F, (z,s) is parameterized
with the RBW line shape [61] and can be expressed as
follows [62—64]:

2
My

Yo(8) = )

O —s—1m0F(y)

where my is the pole mass. The mass-dependent decay
width I is defined as

0( q )2LR+1 (10)

T Iy
= \/EQO

Ly is the spin of the resonances, and Ly =0 for the
scalar intermediate state y .

II1. RESULTS

The differential branching ratios (8) for the decay
processes B — hntn~ (KT K™)are

ds8 th T~ g
= CmrKI( A 11
ds 7B 6471 3 3 | (KK) * | ( )

where 75 is the lifetime of the B meson, and ¢, is the
magnitude momentum for the bachelor /4 in the rest frame

OfXCO)

1
qn = 2 \/[(mB _mh)2 2(’”3 +mh)s + sz] /s, (12)
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with my, as the mass of 4. The central values (in units of
GeV) of the relevant mesons and quark masses are adop-
ted as [7]

mp=5279, mp =5367, my =0.140, myp =0.135,
mg- =0.494, mgo =0.498, mp(pole) =4.8, m,=1.275.
(13)

For the decay constants (in units of GeV) and life-
times (in units of ps) of the relevant mesons, we use [7]

f5=0.19,
fx =0.156,

£z =0.227,
5 = 1.638,

fr., =0.36,
TR = 152,

fr=0.131,
5 = 1.51. (14)

The QCD scale follows A%‘” =0.25GeV. We adopt
the Wolfenstein parameters (A,4,p,77) of the CKM mix-
ing matrix, A =0.836+0.015, 1=0.22453+0.00044, p =
0.122*0018 and 77 =0.33570012 [7]. For the shape para-
meter uncertainty of the B, meson, we use
wp =0.4+0.04GeV and wp =0.5+0.05GeV, which con-
tribute the largest error for the branching fractions. The
latter is from the Gegenbauer moments a’; in the bachel-
or meson distribution amplitudes. Two other errors ori-
ginate from the decay width of the resonance y. and the
chiral mass mg of the bachelor meson, which have a
smaller impact on the uncertainties in our approach.
There are further errors that are small and can be safely
ignored, such as minor and disregarded parameters in the
bachelor meson (7/K) distribution amplitudes and
Wolfenstein parameters.

We calculate the branching ratios for the decays
B — hy. — hntn (K*K™), as shown in Table 1, using the
differential branching ratios in Eq. (4) and the decay
amplitudes in the Appendix. We then compare and ana-
lyze our numerical results with current world average val-
ues from the PDG [7] and various theoretical predictions
in PQCD, LCSR, and QCDF in Table 2.

With the assumption that the reaction between the
branching ratio of the quasi-two-body decay and the two-
body framework satisfies B(B* — hy. — hntn™) =
B(B* — hyqo) - Blyco — ntn), we find the PQCD predic-
tion of the branching ratio B(B* - K*y.)=

BBt > Ky — Ktntn)

B(XUO - 71':— _)
B(B* — K" xw0) = B?B

= (1.42%078)x 1074, and
— Ky = K*K'K™) 0.54 —4
Bl » KK - (o)X 107

where the branching ratio By, — ntn) = %B(Xco —
) = (5.67+0.22)x 1073, and Blyeo — K*K™) =
(6.05+0.31)x 1073 [7]. The above two results predicted
by PQCD agree well with the branching fractions

(1.51*313)x 107* for the two-body decays B* — Ky in

Review of Particle Physics [7]. Our prediction for 8(B° —
K%0) = (21313 x 107* agrees with data, (1.9+0.4)x
1074, for the two-body decays B — K%y.o[7].

We compare the various theoretical predictions for
the B— Ky cases of the investigated quasi-two-body
and two-body decays. The LCSR calculations mainly fo-
cus on B* - K"y, and the prediction value is (1.0 £ 0.6)x
10+ [8]. Compared with previous PQCD calculations [9,
10], we update the charmonium distribution amplitudes
and several input parameters in this study. Our predic-
tions are smaller than those of [9] and closer to those of
[10]. QCDF suffers endpoint divergences caused by spec-
tator amplitudes and infrared divergences resulting from
vertex diagrams. The different treatment of these diver-
gences, as mentioned in the Introduction, in [14—16] leads
to different numerical results. Both our results in this
study and the computations above are in excellent agree-
ment with the available data for B* - Ky, and
BY = K%.

Now, we turn our attention to B — hy. — hn'n
(K*K™) with h=mK° decay models. These decays,
which proceed via a b —dcc quark transition, are
Cabibbo-suppressed decays. The influence of SU(3)
breaking on the distribution amplitudes offers a negative
contribution to the decay, causing the branching ratio to
be small. Experimentally, only the BaBar Collaboration
reported the upper bound 0.1 x 10~ on the branching ra-
tio for B*—>nty,—natata™[65]. Our result is
3.93*1%9x 1078, which is inconsistent with the scope of
the measured data by BaBar. The data for the decay
modes B" — ntyo »atK K™, V2B — 1% — 211,
and V2B° - 7% —»a°K*K~ are approximately 108,
which can be examined in forthcoming experiments. Be-
cause these Cabibbo-suppressed decays still receive less
attention in other approaches, we await future comparis-
ons.

For the quasi-two-body processes B — ntyq. —
atntn~ and B' — K'y. — K'n*n~, which have an
identical step, y.o — n* 7, the difference of these two de-
cay modes originates from the bachelor particles pions
and kaons. Assuming factorization and flavor-SU(3)
symmetry, the ratio R, for the branching fractions of
these two processes is

_ B(B+—>7T+XCO_)7T+7T+7T7) - Vea |2f_7%

o . . Qs
X0 B(B+ N K+ 0 = K+7T+ﬂ'_) | Vc‘y sz ( )
With the result
Vcd fJT
Ves fk ( )

in Review of Particle Physics [7], R,,, ~ 0.036. This still

043112-4



Resonance contributions from y,, in charmless three-body hadronic B meson decays

Chin. Phys. C 47, 043112 (2023)

Table 1. PQCD predictions of branching ratios for the quasi-two-body decays B(y) — hyqo — hrtn~ (K*K™).
Mode Unit Branching ratios Data [7]
BY — K'ye — K*ntn™ (1079 081703} (wr)* 033 (@) 0 H Ty o) 0 0aml) -
B - K*xoo = K*K*K™ (10°%) 0847533 (@n) 5 15 (a2) ) 5 (Do) 0 52 -
B® - K% — Ko~ (1079) 1214035 (wp)* 32 (@) "3 12 (T ) *0.9L (m) -
B > K% - KKK~ (10%) 1307035 (@n)*076(a2) 55 Treo ) 75,04 ) -
BY > KO0 — RO n 1077 1.86* 048 (wp)* 033 (@) 04Ty )093 (m) -
B Koo = KKK a0 245 o) e BT ) :
B >ty o xtrtn (107%) 3.931050(@n) 054(@2) 52} (T 561 () <10
BY =ty = 7 KT K™ (10°%) 15T @) G60(a2) 35 (T ) 5o () -
B = 'y > n'n*n (107%) 1967013 (wr) ) 38(a2)" 513 (TG 05 (1) -
B o KK a0 2068 o e 3T, Gl -
Table 2. PQCD predictions of branching ratios for the two-body decays B — hyxcolyco = 77n (KT K7)].
Mode Unit This study Data [7] PQCD LCSR QCDF
B" > K'xw (107 1425078 151403 1.4+)3110] 1.0+0.6[8] 1.05[14]
.61 0.46
3.6109] 0.78*049[15]
B - K% (1074 2.13715 1.9+04 1.3+12[10] - 1.13 ~5.19[16]
5.24[9]
BY - K% (1079) 328415 - 4.344110] - -
B > 1'xeo (1079) 0.6955% - 0.36:037[10] - -
B® > %0 (1075) 034513 - - - -
In Fig. 2, we show the distribution of branching ra-
8 ' T T tios for the decays modes B* — K*y. — K*K*K~. The
B =K - K KK mass of y.o is visible as a narrow peak near 3.414GeV.
6 We find that the central portion of the branching ratios
~.; lies in the region around the pole mass of the y.o reson-
& ance, as shown by the distribution of the branching ratios
A ] in the 7z invariant mass.
3
% IV. CONCLUSION
2k i
We study the nonfactorizable contributions to the fac-
torization-forbidden quasi-two-body decays
05 - = B — Ky — Knn(KK), Bs— K% — K'nn(KK), and
’ ’ ’ Bs; — nty.0 — nnn(KK) using the PQCD approach. Our
s(GeV) predictions for the branching ratios are summarized in
Fig. 2. (color online) mkx dependence of the decay rates Table 1 and compared with other theoretical results. The

dB/dmgg for B— Ky.o — KKK.

meets the expectations from our PQCD anticipated ratio

R

_ BB - xo—atntn)

X0 T

=0.049

BB+ — Kty — Ktntn)

+0.020
—0.009"

(17)

obtained branching ratios of the B — Ky, decay are es-
sentially consistent with current data. For the decay in-
volving 7 or K in the final state, which is not yet meas-
ured, the calculated branching ratios will be further tested
by experiments in the near future. By utilizing flavor-
S U(3) symmetry to examine quasi-two-body decays with
the same intermediate step, we are able to establish the
ratio R, for the processes B* — n*y. — n*n*n~ and
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B* - K*y. — K*n*n~. The ratio R, is predicted via ACKNOWLEDGEMENTS
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distribution of branching ratios for various decay modes

in invariant mass and discover that the majority of the APPENDIX A: DECAY AMPLITUDES

branching ratios are located in the vicinity of the pole The considered quasi-two-body decay amplitudes are

mass ofy.o resonance. given in the PQCD approach by
A(B" - 1 yeo >lntn7) = % (Vi VeacaMEE = Vi, Via| (o + cro)MEF + (co + co)MET |}, (A1)
A(B* = K*[xeo =ntn7) = % {Vi,VeseaMi = Vi Vi | (ca + cro)ME + (co + co)MEE |}, (A2)
A(B” = 2y ol n7) = % (Vi VeacrMEE = Vi Via | (ca + cro)MEE + (co + co)M3) |}, (A3)
A(B® > Ky -7 ) = % (Ve VeseaMb = Vi Vi | (ca + cro)ME + (co + co)MSE |} (A4)
A(B) = K[y —n'n) = % (Vi Veaca M5 = Vi Via | (ca + cro)ME + (co + co) MEE |} (AS5)

where G is the Fermi coupling constant, V's are the CKM matrix elements, and ¢; are the Wilson coefficients. The
amplitudes in the above equations are written as

2 1 00
Ml =—16 \/;ncFm‘; j; dxpdzdxs fo bgdbgb3dbs¢p(xp,bg)

([ = D(Virdsn(2) — @+ D(xp + 2= Dr(2))” (x3)

+ 13 (A rde(2) + (x3 = (33 + X + 22— 2)) P ()" (x3)

+73(( = Dx3 = 0xp) By ()" (x3))Ealta)ha(xp.2, x3; b5, b3)

+[(7— D(VIrd5e(2) + (11— Dx3 + x5 — (+ D) ()™ (x3)

+ 13(4 VP (2) + (7(x3 + xp = 22) — X3)¢3 ()" (x3)

+13(( = 1)x3 = 1xp) e (2)P" (X3)Ep(tp)hp (x5, 2, X33 b5, b3)}, (A6)

2 1 00
Mg =—16 \/;ranﬁ; f dxpdzdx; f bgdbgbsdbsdp(xs, bp)
0 0

{1 — D(VIresn @) — (= Dxs + x5+ (i + D(z = D)D) (x3)

+ 13 (4 rdle(2) + (X3 — (3 + X + 22— 2)) (D))" (x3)

= 13((7 = 1)x3 = 1xp) B ()9 (x3)1 Ealta)ha(x5,2,x3: b5, b3)

+ (1= D(VIrg}(2) + (+ 1) (xp = )Py (2))¢" (x3)

+73(4 P (2) + ((x3 + x5 — 22) — X3)hr ()" (x3)

—r3(( = 1)x3 = nxp)@y ()" (x3))Ep(tp)h(xp. 2, X3:bp.b3)}, (A7)

with r. = m./mg, and r3 = mg /mg. The evolution factors in the above formulas are given by
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Eq)(®) = ag(t)exp[—S ap(D)]. (A8)

The explicit expressions of the hard functions h,), hard scales 2,4, and factor S,,(7) are shown in the appendix of
[66].
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