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Abstract:

By employing the perturbative QCD (PQCD) factorization approach, we study the quasi-two-body

B?s) —1c(29)mt ™ decays, where the pion pair comes from the S-wave resonance fo(X). The Breit—Wigner formula
for the fo(500) and fo(1500) resonances and the Flatté model for the fo(980) resonance are adopted to parameterize
the time-like scalar form factors in the two-pion distribution amplitudes. As a comparison, Bugg’s model is also
used for the wide fo(500) in this work. For decay rates, we found the following PQCD predictions: (a) B(B —
Ne(28) fo(X) [t ]s)=(2.6711:(5)x10~° when the contributions from fo(980) and fo(1500) are all taken into account;
(b) B(B® —1e(25) fo(500) [t 7)) = (1.4075:25) x107° in the Breit-Wigner model and (1.53%0:9]) x10™¢ in Bugg’s

model.
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1 Introduction

The study of three-body hadronic B meson decays
can help us understand the standard model and search
for the possible effects of new physics. Experimentally,
quite a number of channels have been measured by col-
laborations like BaBar [1-6], Belle [7-10] and LHCb [11-
21]. Theoretically, there are several approaches used in
this field, for instance, QCD factorization [22-38], the
perturbative QCD (PQCD) approach [39-47], and some
methods based on symmetry principles [48-60]. The aim
of those studies is to understand the resonant and non-
resonant contributions, as well as the final state interac-
tions (FSIs) [37, 58] in three-body B decays. Studying
these decays is still at an early stage, however, for both
theoretical studies and experimental measurements.

The PQCD factorization approach is one of the major
theoretical frameworks to deal with two-body hadronic
B meson decays [61, 62]. Very recently, some three-body
hadronic B meson decays have been studied by employ-
ing the PQCD factorization approach, for example in
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Refs. [39-47]. For the cases of three-body decays, how-
ever, the previous PQCD approach [61, 62] should be
modified by introducing the two-meson distribution am-
plitudes [63-66] to describe the selected pair of final state
mesons. This is due to the reason discussed in [61, 62]:
the contribution from the direct evaluation of hard b-
quark decay kernels containing two virtual gluons is gen-
erally power suppressed, and the dominant contribution
comes most possibly from the region where the two ener-
getic light mesons are almost collimated with each other
with an invariant mass below O(Amg) (A=mg—m,,, the
B meson and b quark mass difference). Then, the typical
PQCD factorization formula with the crucial nonpertur-
bative input of two-hadron distribution amplitudes for a
B—h;h,h; decay amplitude can be written symbolically
in the form

A= QHRpy, h, D¢, - (1)

Here the hard kernel H(z;,b;,t) contains the contribu-
tions from one hard gluon exchange diagrams only, the
nonperturbative inputs ¢p(z,b), Puin,(2,w), Pn,(xs,b3)
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are the distribution amplitudes for the B meson, the h;-
h, pair and the h; meson respectively, while the symbols
® mean the convolution integration over the variables
of the momentum fractions (z,z,x3) and the conjugate
space coordinates b; of k. With the help of the two-
pion distribution amplitudes, many studies have been
done for quasi-two-body decays, and the parameters in
the S-wave and P-wave two-pion distribution amplitudes
have been fixed in Refs. [42, 43]. Based on these works,
we have studied the S-wave resonance contributions to
the decays B{,) —mn.rtt i [44], B —1(2s)mtn [45], and
the P-wave resonance (p(770)) contributions to B{, —
(D/P)p— (D/P)mm decays [46, 47], where D represents
the charmed D mesons and P stands for the light pseu-
doscalar mesons 7, K,n or n'.

Up to now, several decay modes of the B and B,
mesons to the charmonium state plus pion pair, like
B — J/ymtn [1, 16-18], B — J/pmtn—  [14, 15],
Bl =¥ (25)mtn[20] and B —m.mtt [21], have been
measured by the BaBar and LHCb Collaborations. With
the ongoing running of the LHCb experiment, more data
of such B/B, decays with the inclusion of various excited
charmonium states (n.(2S5) etc.) will be collected. It is
therefore interesting to study such decay modes theoret-
ically. In this work, we will study the S-wave resonance
contributions to Bf,) —nc(25)fo(X) —ne(25)t 7 de-
cays and give our predictions for the branching fractions
of the considered decay modes.

This paper is organized as follows. In Section 2, we
give a brief introduction to the theoretical framework.
The numerical values, some discussions and the conclu-
sions will be given in the last two sections.

2 Theoretical framework

In B{,) —n.(25)" 7~ decays, by using the light-cone
coordinates and in the rest frame of the B, meson, the
momentum of BY,), the pion pair and n.(25) can be cho-
sen as

mg

pB:ﬁ(l,l,OT), p:p1+p2—7(1 r 77770T)

pBZE(TZal_nvoT)v (2)

where n=w?/[(1-r?)m3], r =my, s /mp and w? = p?
means the squared invariant mass of the pion pair. The
momenta for the spectators in the B(S) meson, the pion
pair, and the 1n.(25) meson read as

m
kg = <Oa\/§xB;kBT)

meg 2
k= (—=2z(1-r%),0,kr |,
(x/i (1=r) T)
ks = (%r2w3,m—;(1—n)$37kn>, (3)

where the momentum fractions zg, 2z, and z3 run from
zero to unity.

The S-wave two-pion distribution amplitudes can be
written as [42, 67]

D = \/—W/ oo (2,6,w*)+wd 70 (2,¢,w?)
+w(ﬁ+ﬁ*_1)¢{u O+(Z=<aw2)]7 (4)
with ny=(1,0,01), n_=(0,1,0r) and the 7t meson mo-

mentum fraction (=p7 / pT. Their asymptotic forms are
parameterized as [42]

F 2
Q=0 = ) sé(;)aézoz(l—z)(l—Zz),
PI=0 — Fs(wz)
s 22N’
Fy(w?
oz, — B 1y, 5)

24/2N,
with the time-like scalar form factor F(w
Gegenbauer coefficient a1=°=0.24+0.2.

The expressions of the time-like scalar form factor
F,(w?) associated with the s§ component of both f,(980)
and f,(1500), and dd component of f,(500) can be found
in Ref. [42]. Following the LHCb Collaboration [14—
17], the Breit—Wigner (BW) formula for the f;,(500)
and f,(1500) resonances will be used to parameterize the
time-like scalar form factors in the two-pion distribution
amplitudes, which include both the resonant and non-
resonant contributions of the 77t pair. For f,(980), how-
ever, the Flatté model [68] will be used, since f,(980) is
close to the K K threshold and the BW formula does not
work well for this meson [68, 69]. We know that there
is some dispute about the nature of the f,(500) meson
due to its wide shape. Following the same treatment of
10(500) as LHCD Collaboration [19], here we also param-
eterize its contribution to the scalar form factor in the
Bugg resonant line-shape [69]

?) and the

S—S
Ryy00)(8) = m,.I1(s) [m —5—g; =

m?2 —SaA

T

—imréﬂ(s)} 71, (6)

with the following relevant parameters

5 STSa
m,I1(s) = g mz—sApl(S)’

g3 (s) = m,(by+bas)exp(—(s—

o))

m,I5(s) = 0.697(s)(s/m?)exp(—als—4mi|)pa(s),
m,Is(s) = 0.297(s)(s/m?)exp(—

m;)/A),

(o) = % [2+oim

| s—4m2)ps (s),
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M, Ii(s) = My Gganpar(s)/pan(m}),
pan(8) = 1/[1+exp(7.082—2.8455)]. (7)

In the numerical calculation, we set m, = 0.953 GeV,
sa = 0.41 m2, b, = 1.302 GeV, b, = 0.340 GeV~!,
A=2.426 GeV? and g4, =0.011 GeV [69]. The phase-
space factors of the decay channels rt, K K and nn are
defined as p;(s)=+/1—4m?/s with i=1,2,3 for 7, K and
7 respectively. It is worth mentioning that another de-
scription of the pion-pion form factors was introduced in
Refs. [70, 71].

For the B{,) mesons, we use the same distribution

amplitudes ¢ (z,b) in the b space as used for example in
Ref. [44],

%:ﬁ(pﬁm)m(kl). (8)

The distribution amplitude is chosen as

MZ 2?1
——(wb)*|. (9

¢p(z,b) = Npz®(1—z)%exp |—

In the numerical calculation, we also use the shape pa-
rameter wg =0.404:0.04 GeV with fg=0.19 GeV for B°
decays, and wp, =0.501+0.05 GeV with fz,=0.236 GeV
for B? decays [44].

As the first radial excitation of the 1. charmonium
ground state, 1.(2S5) was first observed by the Belle Col-
laboration in B decays [72, 73]. The harmonic-oscillator
wave function with the principal quantum number n=2 |

and the orbital angular momentum /=0 is defined as [74]
(ne(25)[e(2)ac(0)5]0) =

_\/21—Nc/0 dze™3 % [(53) apth” (2,0)+m(Vs) apt® (z,b)] .
(10)

The asymptotic models for the twist-2 distribution am-
plitudes ?, and the twist-3 distribution amplitudes °
for the radially excited 1.(2S5) is parameterized as [75]

WV(:Z?,b) — MNVI:ET(JC)G:*IE%[w2b2+(%)2]7

2v/2N,

fnc(2S) s —zz e [w?b? +(LL)?]
5 \/WN T(z)e 2
with the function 7 (z)=1-4b*m . wri+m.(z—)*/(wxT)
and the same normalization conditions as the BY,
mesons: fol Vi(z,b=0)dz= f,(25)/(2V/6). We also choose
freesy = 02437007 GeV and w = 0.24+0.1 GeV as in
Ref. [75].

In the PQCD factorization approach, there are four
kinds of emission Feynman diagram for the B((’s) —
N.(28)mtm~, as illustrated in Fig. 1, where (a) and
(b) are factorizable diagrams, while (c¢) and (d) are the
non-factorizable ones. We will use FFE FLE FSP and
MEE MEE MSP to describe the contributions of the fac-
torizable (Fig. 1(a) and 1(b)) and non-factorizable (Fig.
1(c) and 1(d)) emission diagrams with the (V—A)(V —
A),(V=A)(V+A), and (S—P)(S+P) currents, respectively.
The total decay amplitudes for the considered decays can
therefore be written as

WS (2,b) = . (1)

3

C. C C
A(B(()s) _’Tlc(2S)7T+7T7) = V3 Vea(es) [ <Cl+?2> FLL—FCzMLL] Vi Viages) [ (03+?4+09+i) FHE

Cs

C
+ <05+?6+O7+—> FLR+(O4+010)M“+(06+08)MSP] :

3

where C;(u)(i = 1,...,10) are Wilson coefficients at the
renormalization scale p. For simplicity, we denote the
distribution amplitudes @=° (z,(,w?) [PI7°(z,(,w?),

(12)

[ p1=0

e (2,6,w?)] by ¢o (¢s,¢.) below. From Fig. 1(a) and
1(b), we find

1 oo
FLL = 87TCFméfnc(zs)/ d.’I]BdZ/ debBbdb(bB((EB,bB)
0 0

o VAT (=290 (117221 (600 1201120 -17)2)0

+[<1+z><1—n>—r2<1—2n+2z<1—n>>1¢0]Ec<ta>ha<x3,z,b3,b>+[2 =)

X [1=n—=r*(1+zp—2n)] dpo+(1—12) [r* (xg—n) — (1—n)n] ¢o] E.(ty)h (78, 2,b8,b) }a

FLR — —FLL,
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with a color factor Cr =4/3. The explicit expressions
of the hard functions h, and hy,, the evolution factors
E.(t;), including the Sudakov exponents and the hard
scales (t,,t), can be found for example in Ref. [42]. Fol- |

_1e(2s)
c c

b « «

<

<
< <

s B 4. %

d

lowing the same procedure, one can obtain the explicit
expressions for decay amplitude MLL, ML and M5T
from the evaluation of Fig. 1(c) and 1(d).

Ry

AE

e

3>
>

() ")

Fig. 1.
3 Numerical results
In the numerical calculations, the following input pa-

rameters are used implicitly. The QCD scale, masses and
decay constants are in units of GeV [76]:

AUZY=0.25, mpo=5.367, mpo=5.280,
M, ., =3639; m*=0.140, m%=0.135,
m.=1.27, 750=1.520 ps, To=1.510ps. (15)

The Wolfenstein parameters for the CKM matrix ele-
ments read as [76]:

A=0.22506£0.00050, A=0.811+0.026

p=0.1247501% 7=0.356+0.011. (16)

The differential branching ratio for the Bf, —
Nc(28)mtt = decay can be written as [42]:

dB__ wpil|psl | 42
= %IAI :

P a@n)emg (7

T T T T T T T
0 + - ——f (980)
0
wl B.—n (2s)n n - 1(1500) -
.3 ‘
S 10'F E
©Q
e
3 10° E
3
Q
°
10" E E
Il Il Il o Il Il Il
0.2 0.4 0.6 0.8 1.0 12 14 16 1.8
® (GeV)
Fig. 2.

(c) (d)

Typical Feynman diagrams contributing to the three-body decays B —n.(25)nm~.

[ with the B{,) meson mean lifetime 75. The kinematic
variables |p;| and |ps| denote the magnitudes of the 7+
and n.(25) momenta in the center-of-mass frame of the
pion pair,

1
2\ Jw2—4m?

1

2w

pil =

Vmh— (@m0 2] [ — (@0 =110, 05))2]
(1)

P3| =

From our numerical calculations, we find the follow-
ing results:

1) In Fig. 2(a), we show the differential branching ra-
tios dB/dw for the B? —n.(25)mnt 7~ decay, where the
solid curve and the dotted curve show the contributions
from f,(980) and f,(1500), respectively. In Fig. 2(b),
we show the w-dependence of the differential decay rate
dB/dw when the BW model (solid curve) and Bugg’s
model (dotted curve) are employed. The allowed region
of w is 4m2 <w*<(Mp—my, 2s))>.

20 ;

B > (28)n'n

0.5 |- o

dBide (109GevT)

0.0 St
0.2 0.4 06 0.8 1.0 1.2 14 1.6 1.8

® (GeV)

The w-dependence of dB/dw for (a) the contribution from the resonances fo(980) and fo(1500) for the

B?—n(28)n" ™ decay; and (b) the contribution from fo(500) for the B® —n.(28)ntn~ decay.
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2) For the decays B? —1n.(25) fo(X) —n.(2S)mt ™,
when the contributions from f,(980) and f,(1500) are

included respectively, the PQCD predictions for thel

branching ratios B(B? — n.(25)fo(X) — Nn.(29)mr77)
are of the form

B(B]—nc(25) fo(980)[fo(980) —7tm]) = (2.197085 (wno) 02 (a2) L0155 (w) 156 (fre2s))) X 1077,

B(BI—n.(28) £o(1500)[fo(1500) »7tr]) = (1315515 (wno) 5731 (a2) “58 (w) £0.30 (e 2s)) ) X 107°,

where the first two errors come from the uncertainty
wg, =0.5040.05 GeV and a5=°=0.240.2, and the last two
errors are from w=0.2+0.1 GeV and fnc(zs):0.243f81?ﬁ
GeV (the parameters in the wave function of 1.(25)).
The errors from the uncertainties of other input param-
eters, for instance the CKM matrix elements, are very
small and have been neglected.

By taking into account the S-wave contributions from
£0(980) and f,(1500) simultaneously, we find the PQCD
prediction for the total branching ratio:

B(BS —Mc(25) (7‘[+7'[7)S)

= (26778 (wng) 0% (02) 3 (0) 4 (v a)) 1077,
(20)

It is easy to see that the dominant contribution comes
from the resonance f,(980) (82.0%), while the construc-
tive interference between f,(980) and f,(1500) provides
~ 13% enhancement to the total decay rate. This can
be approximately seen from Fig. 2(a). When compared
with the previous study for B —n.(7t77), in Ref. [44],
we find that B(B—n.(2S)[ntn]s):B(B—n.[ntn7].)~
1:2.

3) For the B —mn.(25) f0(500) —=n.(25)m" 7t~ decay,
the PQCD predictions based on the BW model or Bugg’s
model for the parametrization of the wide f,(500) are the
following:

BB —n.(25)5(500)[fo(500) =" o)
=1.4015:32x107°
BB =1 (25)fo(500)[fo(500) =7 ]) s

=1.53"097x107°,

(21)

(22)

where the major errors have been added in quadrature.
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