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In this work we analyze the CP-averaged branching ratios and direct CP-violating asymmetries of the
four-body decays Bs — zzzz decay from the S-wave resonances, f((980) and f((500) and P-wave
resonances, p(770) by introducing the S-wave and P-wave zz distribution amplitudes within the

framework of the perturbative QCD approach. We also calculate branching ratios of the two-body decays

BY — p°p°, B} — p*p~ from the corresponding quasi-two-body decays models and compare our results
with those obtained previously using the perturbative QCD approach, the QCD factorization approach, and
the factorization-assisted topological amplitude approach. It is found that the predictions are consistent

with present data within errors. The branching ratios of our calculations for the four-body decays By —

zrnn are at the order of the 1077, For the CP-violating asymmetries, we found that CP-violating

asymmetry can be enhanced, largely by the p — w mixing resonances, when 7z pairs masses are in the

vicinity of @ resonance.

DOI: 10.1103/PhysRevD.105.096018

I. INTRODUCTION

CP-violating asymmetries which are associated with
weak phase from the Cabibbo-Kobayashi-Maskawa
(CKM) matrix and CP-averaged branching ratios have
attracted a great deal of attention [1,2], since they are regard
as offering the most important opportunity to testing the
standard model and searching for new physics beyond
standard model. Experimental data provides several CP-
violation processes in K- and B-meson decays processes
and frameworks for the two-body decays of the B meson,
with vector and scalar final states, have been developed in
recent decades [3—7]. Compared with two-body decays, the
multibody decays of B meson are more interesting due to
their more complicated processes.

Experimentally, the four-body decays of B meson with
certain two-body invariant mass regions which are shown
in Fig. 1 have been collected by LHCb [8-14], Belle
[15,16], BABAR [17,18], and other Collaborations.
Generally, it is not easy to calculate the dynamics of these
decays; however, it can be simplified by employing the
factorization theorems. Several factorization approaches,
such as QCD factorizations (QCDF) [19-27], the soft
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collinear effective theory (SCET) [28-30], factorization-
assisted topological amplitude approach (FAT) [31], and
the perturbative QCD (PQCD) factorization approach
[32-43] are used to investigate these decays. Compared
with other approaches, the PQCD factorization which is
based on the K; factorization theorem is more appropriate
to find out the four-body decays of B meson [44-46].

In the PQCD factorization framework, we usually use a
factorization scale of about 1/b to separate the perturbative
area from the nonperturbative area, where b is the conjugate
variable obtained by Fourier transformation of the trans-
verse momentum of the quark in the meson. The non-
perturbative part below the 1/b energy scale will be
included in wave functions that are universal and irrelevant
to the process; however, the part above the 1/b energy
scale depends on differential decay channels, and the
numerical calculations of Feynman diagrams is carried
out by using the perturbation theory. For the four-body
decay B(S) — nanx, the amplitude can be written as [47,48]

A=HQ O3 @ D)), ® Dy, (1)

here H is hard decay kernel that can be perturbatively
calculated, @ is the wave function of B messon, @, ,
and @), ; are wave functions of zz pairs (which can be
regarded as the nonperturbative part), and the differential
wave functions can be found in the following.

In this work, we focus on the study of the quasi-two-
body decays B§ - N|N, — zzzz in which the 7z pair is
selected in the low-invariant mass range (<1100 MeV) [9]
and can arise from § wave and P wave contributions with
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FIG. 1. Helicity angles of (z*z~)(zn"n~) decays, 0 is defined as
the polar angle of # in #7 7~ intermediate states and ¢ represents
the angle among two 7z pairs in the rest frame of B meson.

the vector resonances p°, @, and the scalar resonances
f0(980), f¢(500). The strong interactions between S-wave
contributions, P-wave contributions, and the final-state
pion pairs can not be ignored, so we discuss them by
introducing timelike form factors F,. For the resonances
p°, we adopt the Gounaris-Sakurai model; the Breit-Wigner
(BW) model is used for resonances w. f,(980) is para-
metrized by the Flatté model and f,(500) is modeled by the
Breit-Wigner function [49-51]. The vector or scalar reso-
nance models of the pion pair have been borrowed for the
study of quasi-two-body B-meson decays and the range
of invariant mass in zz pair varies from 300 MeV to
1100 MeV [9,48]. Besides, the four-body decays mainly
cover six helicity amplitudes A;, with h = VV(3), VS, SV,
and SS. The P wave amplitudes in which two pion-pair
resonances form a vector meson correspond to h = VV.
For the decays of B — V'V, the amplitude can be defined as
three invariant helicity components; A, for longitudinally-
polarized vector mesons and Ay, A; for transversely-
polarized vector mesons [52,53]. h = VS and h = SV refer
to S-wave or a P-wave amplitudes from N; or N, and h =
SS is the amplitude that arises from S-wave amplitudes in
which two pion-pair resonances form a scalar meson.

After the introduction above, we shall present theoretical
framework in the PQCD factorization approach for four-
body decays of the B meson in Sec. II, the S-wave and
P-wave function of zz pairs in Sec. III and Sec. IV. We
parametrize the decay amplitude and direct CP asymme-
tries of the considered decay modes in Sec. V. In Sec. VI,
the numerical results and analysis about the two-body and
four-body decays are collected, and finally, we give a short
summary in Sec. VII. The factorization formulas for the
decay amplitudes are organized in the Appendix.

II. THEORETICAL FRAMEWORK

For the four-body B} — nnnn decay, the weak effective
Hamiltonian is given by [54]

Gr
V2

—V%va{éicmnoxm}}- )

Har — {;wmqwmwncmmum

Here X = (d, s), G is Fermi coupling constant, V¥,V
and V7,V x are CKM factors, C; are Wilson coefficients. O;
are four-quark operators, and which can be written as

01 = bay, (1 = ys)ugiigy* (1 = y5) X,

0, = Ba}’ﬂ(l — 75)ugligy* (1 —ys)Xp,

03 = Ba}/ﬂ(l - YS)XGZYM/”“ - yS)X/ ’
X/

Oy =byy,(1 - VS)X,BZYM’”(I —75) X4
X’

Os = bgy,(1 - VS)XaZYﬁ}/”(l +75)Xj.
X/

O¢ = l_)ayﬂ(l — Ys)XﬁZ?ﬁy”(l +75)Xa
X/

3 —
07 = Eba}/ﬂ(l - VS)XaZeX’X/ﬂVM(l +75) X,
X/

3 _
O3 = Ebayﬂ(l - VS)XﬁZex’X'/}Y”(l +75) X0,
X’

3 —
09 = ib(zylt(] - YS)XazeX'X//)’yﬂ(l - yS)Xl/ﬂ’
X/

Oy =

3_ _
> baru(1 - mxﬁ;ewxww( l=7rs)Xe ()

where « and f§ are color indices, X' = u, d, s, ¢ or b quarks.
O, and O, are tree operators, O;(i = 3, ..., 10) are penguin
operators, in which O;(i = 7, ..., 10) are the operators from
electroweak penguin diagrams.

The light cone coordinate system is used in the B-meson
rest frame, and the system is expressed as

0 3 0 3
+ p+p - _ P —-p _ 1 .2
p 75 p 75 pr=(p'.p%),
(4)
through the following relational formula
p*=2ptp - p3,
P1-P2=pip; + PPy — PiT - PaT- (5)

For - the  B(pg) = N1(p)N2(q) > Q1(q1)Q1(41)x
0,(q2)05(g5) decay, we choose the B-meson mass Mp,
P8=DP+qp=q +4,q9=q,+ g5 andlet Ny and N,
be intermediate states moving along with the direction
of n=(1,0,0) and v = (0, 1,0+), respectively, and the
Feynman diagrams have been described in Fig. 2. So we
define the intermediate states and quark momentum as

[47,48,55]
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M
p = ﬁ(g+7 g_’OT)7 kp = <7§xlg+’0’kl—l—>’

(0 szf k2T> (6)

The above factors are

1
gr=5+m —nzi\/(l +1 =) = 4,
1
f* :z[l— 1+772i\/ +m=m)?=4m].  (7)
|
Mp +( (r - rﬁ))
= | —— + s
qi <\/§g 4 2,
M (r) — r’))
(2B, =L U
q; (\/59 ( & m, )
Mg . (rp=r )
e J— 1— + R
q> (\/if < §2 2’]2
M (ry = 1) ))
r . [EB - _\"2 2
a3 <\/§f <52 2 )
2 M2 . .
where the mass ratios r; Mz,r = T@ By introducing

variables {; (i = 1, 2), we can derive the meson momentum
fractions

where 7,, = @7 ,/M? are mass ratios, and the invariant

mass @7, and their momentum p, ¢ satisfy the relation

w? = p? and w3 = ¢*. x;, i = B, 1, 2 indicate momentum

fractions inside the meson and they run between 0-1. We
also study P-wave pairs by introducing corresponding
longitudinal-polarization vectors, and the vectors can be
written as

1 1
b= =) 6=

(=f7.f".07).
(8)

ﬁ
=
()

w1th€ —e =-lande, -p=¢,-q=0.
C0n31der1ng the final state meson ¢, ¢} and ¢,, ¢5, we

decompose them as
Mp _ (ry —”/1)> >
- = 1 - +7 b b
ol < ¢ g pT
My _ (ri=r1)
\/zg (Cl D) : »—PT >
MB 4 (’"2 rIZ)
\/if <Cz 2 4T |
M ry — I
7§f+<1—§2—(2222)>,—éﬁ>7 )
I
The transverse momenta are given by
2 (1242 2 (2
- +m;’")
2 _r(1— (mi —m, )_(ml 1
pT Z: ( Cl)wl 460% 2 ’
(mz _ m(/)2)2 (mz + m(/)2)
gt =&l -f)op+ = - (1)
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One can make the above formula simple by introducing

(ri=r)* (ri+r)
a; = - .
l 4n; 2n;

(12)

Then we can deduce the following relationships for ¢;
and polar angle 6, [56].

2C1' - 1 = 1/ 1 +4aiCOSQi, (13)
|- /T¥4a 1+ /T ¥4
g e [LoVitde T vItda) gy

2 ’ 2

In the PQCD approach the wave functions are treated as
nonperturbative inputs. For By (X = u, s, d), the wave
function can be expressed as [57,58].

Oy = — (P + Mp)yspp(xp, bp), (15)

V2N,

where N. = 3 is the number of colors, and the distribution
amplitude ¢pp can be chosen as [59,60]

2 2 M%XBZ 1 2

¢5(xp, bg) = Npxp”(1 —xp)*exp |- w2 _E(a}BbB) ,
B
(16)
with the normalization
! fB
d b=0)= 17
A X¢B<x’ ) 2\/m’ ( )

where Nz = 91.784 GeV is the normalization constant and
fp is the decay constant. For B meson, we use the shape
parameter wp = 0.48 + 0.048 GeV [61].

At the same time, for the two-meson distribution
amplitudes, we will discuss the S wave and P wave via
intermediate resonances f,(980), f((500), p(770), and
®(782) which are listed in Table I. The corresponding
timelike form factors of them are collected below [48].

II1. S WAVE FUNCTION

For the quasi-two-body decays BY — NN, — zzzx,
we proceed it mainly via quasi-two-body channels, which

TABLE I. The widths, masses and decay models of intermedi-
ate states in our framework.

Resonance Mass[MeV] Width[MeV] Model JP
f0(980) 990 + 20 65 +45 Flatté (0
f0(500) 471 £21 534 4+ 53 BW (I
p(770) 775.26 +0.25 149.1 £ 0.8 GS 1~
(782) 782.65 +0.12 8.49 +0.08 BW 1~

contain § wave and P wave pion-pair resonant state.
Similar to previous Ref [51], S-wave two-pion distribution
amplitudes are written as

S
(I)rm_

[P5(x.0) + 0 (x.0) + 0 (ff = 1) di(x. )],
(18)

1
V2N,

with the Gegenbauer coefficient ag, and the twist-2 and
twist-3 light cone distribution amplitudes ¢%(x, w),

Ps(x, @), P(x, w).

Px.w) = asx(1 - x)(1 = 2),

Ps(x, ) =

Ps(x, w) =

(19)

Fg(w?) is timelike form factor. For a narrow resonance,
we consider Breit-Wigner line shape to describe it, such as
f0(500) and the dd component in the S-wave amplitude

2
Fg(w?) = T fo(s00) (20)
M3 so0) — @ = imgy 5001 fy(500) (@°)
with
m |w*—4m?
r N=T¢—4|—LF2, 21
oh) =T [

For the resonance f(980), although the timelike scalar
form factor of f((980), f((1500), f((1790) are s3 com-
ponents, (different from the last two resonances) the mass
of the KK system in f((980) is around 0.98 GeV. So we
replace the Breit-Wigner formula with the Flatt¢é model,
which has been motivated by Refs. [49,62] and works well.

2 i,
C17M (980)¢

Fy(w®) = :
mjzfo(%o) — @ = imy, 930) (GznPrr + IxKPKE)

2 i0,

+ €2y, (1500

m? —w*—im r (w?)
£o(1500) £o(1500)L 7, (1500)

2 i0

+ i (22)

m]%o(mo) —@* = img,1790) L, (1790) (@°)

where ¢; and 6; (i =1, 2, 3) are tunable parameters.
c; =0.9, ¢, =0.106, c3 = 0.066. g,, = 0.167 GeV, and
gxx = 3.47¢,, are coupling constants [63—66]. p,, and
pxk are phase space that can be expressed as
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2 ' 4m72[i 1 : 4m72[0
P\ T N T
1 4m? 1 4m?

IV. P WAVE FUNCTION

The P-wave resonant states are associated with longi-
tudinal and transverse polarizations. The relevant distribu-
tion amplitudes and timelike scalar form factors can be
obtained from Ref. [67]

1
Do) = N {a)@(/)g(x, o) + ofp(x, )

BB w)] (- 1),
O = i |1 HH 3. 0) + syl

i LD g0 0) | AT 0

(24)

with
qﬁ%(x,a))—yj/z(T) (1—x){lJra?/;(S(l—Zx)z—l)],
¢§,(x,a))—32171%7\/2(%26)(1—2x)[1+a{,(10x2—10x+1)],
#y(r0) =32 (1202 1t 3150207 -1,
¢IT,(x,a)):%x(l—x)[l—l—a(,%@(l—h)z—1)},
¢g,(x,w):T’\/é_]“\)l_?u—2x)[1+a@(10x2—10x+1)},
gb};(x,a)):?P—\/é_la\)/_?[l—k(l—2x)2}—|—a€,[3(2x—1)2—1].

(25)

Here ¢%(x,w) and ¢L(x,w) are twist-2 distribution

amplitudes, ¢} (x,®), dh(x,w), P%(x,w) and Ph(x, w)
are twist-3 distribution amplitudes, which are associated

with the longitudinal and transverse polarization. a(‘),‘” and

a‘T,“ " are Gegenbauer moments, which are determined in
Ref [48]. For the timelike factors F !, and F ,%, we postulate

the approximation F3 = (f%/fy)F L‘,.

We take the p — w interference and the excited states into
account for the form factor,

1+ c¢,BW,(s,m,,T,)
1+c,

- ZciGSi(si, m;, Fi)] [1 + Zj:ci] " )

where i = p(1450), p(1700), p(2254), and s = m*(zx) is
the pion-pair invariant mass square. For the @ resonant
state, we adopt the BW model, however, for p resonant
state, the Gounaris-Sakurai model based on the Breit-
Wigner model is used. These models can be found in
Refs. [39,50,68].

prip

Fl(0?) = [GS (s,m,,T))

m3[1+d(m,)T,/m,]

GS, (s,m,. T,) = m2—s+ f(s,m,.,T,) —im,['(s,m,,T,)
(27)
where
s [ Ba(s) 3
R ) =L ()
3 mi m + 2k(m*) m
dm_;kz(mz)1 ( 2m, ) 2mk(m*)
m2m
7k (m?)’
'm* 5
5.1 = 3 s IR 4() = hr)
+ (m? = s)k>(m*)W (m?)), (28)
with
k(S) = %\/E ﬂ(s)’
L0 \/E;rmzk )
)
pals) = 1 -4 )

V. THE DECAY AMPLITUDES

The rate for the B} — NN, — zzzx decay in the BY
meson rest frame can be described as [69-71]

aB Tng(wl)k(w2)k(wl7w2)

-5 Al%, 30
dQ 16(27)°M2, | (30)
N
. /I(wz,mil ,miz)
with k(w) = ¥—— " and k(wy, ;) =
VM2 = (01 40,2 M3— (01 —0,)?]

M, in the pion-pair center-of-mass
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system. 7p is lifetime, Q stands for 0y, 0,, ¢, w,, w,, the
Killén function A(a,b,c) =a?+b*+c?—2(ab+ac+bc).

The six helicity amplitudes are involved in four body
decay of the B meson and the relation between total
amplitude and other components can be found in
Refs [47,48,55]. Then branching ratio from Eq. (30) is
replaced by the following

T 2r
Bhngch/dwldwzk(%)k(wz)k(wb%)|Ah 2,
(31)
with
(1+4a)(1 +4a,) h=0,]|,L
Ch: 3(1—‘-401’2) h:VS,SV
9 h=SS.

Here integrations over {;, {, and ¢ is defined in Cj,.

For the CP-averaged branching ratio, we adopt the same
definition as in Ref [5]. B, is branching ratio of the charge-
conjugate channel for Bg — NN, — zzzz and other
expressions can be found in Refs [72,73].

We define

By == (B, + By). (32)

N =

and fo 1 is the polarization fraction corresponding
P-wave amplitudes,

(33)

Wlth Btotal = BO + BH + BJ_.

VI. NUMERICAL RESULTS AND DISCUSSIONS

Based on the framework above, we start our calculations
by introducing input parameters which are listed in Table II,
covering the mass of the involved mesons(in GeV), the
lifetime of B, meson, the decay constants of BY, p, @
mesons and Wolfenstein parameters [3]. The Gegenbauer
moments are listed in Table III [48].

In Table IV we present the C P-averaged branching ratios
of the Bg — V1V, = zzan decays in PQCD approach
(here V stands for the vector resonance). The first main
uncertainty of these results comes from the QCD scale

TABLE II. The input parameters of the B} - N|N, — zzzx decay.

Masses of the involved mesons

Decay widths
Decay constants

Mpo = 5.367 GeV
m, = 4.8 GeV
mfo(gg()) =0.99 +£0.02 GeV
my770) = 0.775 £ 0.02 GeV
F/)O(770) = 01491 GCV
fro =024+0.02 GeV
fo = 0.187 £0.005 GeV

M. = 0.140 GeV
m, = 1.27 GeV
mg, s00) = 0.50 GeV
Me780) = 0.78265 GeV
T80 = 8.49 x 107° GeV
f‘r’ =0.216 £0.003 GeV  f7 =0.184 GeV
T —0.151 + 0.009 GeV

mo = 0.135 GeV

Lifetime of meson 7p0 = 1.512 ps
Wolfenstein parameters A =10.22650 A =0.790
p=0.141 n=0.357
TABLE IIIl. The Gegenbauer moments are collected from Ref. [48].
ag=02=+02 ag =0.08£0.13 a, =-0.23+0.24 a, = —0.354 4+ 0.062
a; = 0.50 £ 0.50 a, = 0.40 + 0.40 a, = —0.50 +0.50

TABLE IV. The CP-averaged branching ratios of the B} — V|V, — zzzz decay (in units of 1078), the errors
come from QCD scale, hard scale and the Gegenbauer moments.

Components BS = (pt =)at2%(p™ =) A0 B = (p° =)nta(p° =)zta
+0.30+0.26+0.07 +0.1240.1240.01

By 0.7625512050-0.03 0.38%510"0.12-0.01
+0.03+0.02+0.02 +0.0140.0140.01

B I 004—0.02—0‘01—0400 0-02—0.01—0.01 —-0.00
+0.40+0.10+0.03 +0.04+0.0140.00

B 0.10Z55720.02-0.00 0.0125610.00-0.00
+0.69+0.37+0.12 +0.1740.1340.02

Bl 0.90Z030-053-0.04 0.41%5 1370 15-0.01
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Agep = 0.25 £0.05 GeV, the second error from hard
scale ¢, which varies from 0.75¢ ~ 1.25¢, and the third
error from the Gegenbauer moments a®, a*, a', and the
moments a’, a%,a’ in transversely-polarized wave func-
tions. Other errors such as the decay constants of the Bg and
the Wolfenstein parameters, are small and can be neglected.
From Table IV, we can see that the prediction results for
branching ratios of pure annihilation decays B — p%p° —
zrrr and B} — p*p~ — mazm, which all cover the two
kinds of topological penguin diagrams contributions, are at
the order of 1078 with large uncertainties.

In order to compare the branching ratios with other
approaches and the experimental results of two-body
decays [3,7,31,61,74,75], we predict branching ratios of
the corresponding two-body vector resonance by the
following relation [Eq. (34)] and B(p° — zn) = 1.

As aforementioned, the relation of branching ratios
between two body vector resonance and corresponding
quasi-two-body decay in narrow-width approximation has
been obtained as

B(B — p*(— nn)p"(— 7))
~ B(BY — p°p°) x B(p® — nr) x B(p°® —» zn). (34)

The CP-averaged branching ratio which we predicted
for B} — p%° is 0.41 x 107 while for B — pp~ is
0.90 x 1078, Our branching ratios are in agreement with the
results of FAT approaches and QCDF approaches within
errors; however, they are lower than the results of previous
PQCD [74,75]. The branching ratio of B — p°p° is lower
than the upper bound in experiment—all other annihilation
decays have not been measured and are excepted to be
confirmed by future experiments.

We now discuss the predictions for the polarization
fraction of Bg meson. For pure annihilation two-body
decays, the contributions are dominated by the longitudinal
polarization fraction f and the fractions of these decays
can reach to about 100%, which have been pointed out in
previous predictions of two-body decays. It is found that
our results are in agreement well with former fractions
[74,75], so we predict the polarization fraction in four-body
decays mainly in this paper.

As shown in the following, we can find that for decay
B} = (pt =)t 7%(p~ =)z~ 7", the longitudinal polariza-
tion fraction f is about 84.44%, and f is about 92.68%
for BY — (p° =)zt2=(p® —=)n"x~ decay. The uncertain-
ties of results come from QCD scale and the hard scale. The
results show that the transverse polarization cannot be
ignored and can help to make significant contributions in
pure annihilation decays.

TABLE V. The CP-averaged branching ratios of the Bg —
NN, — nzzn decay, uncertainties of these results come from
the shape parameter, hard scale and Gegenbauer moments.

Modes B(107%)

B — (f0(980) —=)xta™(fo(980) —)atz~ 11751535 et ioey
BY — (p° —=)x* 1 (fo(500) =) 7~ 0. 112063 001000
BY — (£0(980) —=)xt 2™ (£(980) —)a'z"  5.881 751000
BY — (p° =)zt 7 (fo(500) —)"z" 0.061 001001000
B = (f0(980) —=)2"z°(f,(980) =)z°z®  2.941 08000

fom 844470343 35% By — (p* —)nt 20 (p~ —)na",
0 92687350 48% By — (p° =)ata (00 =)nt

(35)

Compared with the decays of double-vector resonant
states, the decays of scalar resonances which have less
experimental data, are more difficult to predict because of
the large decay width in scalar resonances. In Table V we
calculate the four -body decays of BY — (f((980) —)
7(fo(980) —=)zx and BY— (p° —)zx(fo(500) —)zx; we
ignore the decay of BY — (f((500) —=)zz(f((500) —)zx
because of its lower branching ratio. Comparing Table V
with Table IV, we find that the decay of BY — (f((980) —)
7t 7 (fo(980) =)z "7~ is the largest contribution in total
branching ratio, because there is only pure annihilation
contribution in decay of B} — pp — nzzn. This result
have not been reported by experiments and are expected to
be studied in future LHCb and Belle-1I experiments.

For overall direct CP asymmetry, we define

Adir — ?total - Btotal . (36)
Btota.l =+ Btotal
where
Btotal = BO + B|| + BJ_' (37)

The direct CP asymmetry in each component can be
defined as

g = Bn=Bn. (38)
By + B,
where h =0, ||, L.

The CP-violating asymmetries are listed in Table VI. For
BY = (f0(980) =)™z~ (f¢(980) —)n "z~ decay, because
it is a pure penguin process with transition b — ss5, the
result is small or even zero. For a pure annihilation-type
decay process, the CP-violating asymmetries are also
small. The results have been discussed in previous
works [74,75]. However, we found that CP-violating
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TABLE VI. The CP-violating asymmetries of the Bg — NN, — zrrr decay, the errors come from QCD scale,

the Gegenbauer moments and hard scale.

Asymmetries B = (pt =)at2%(p =)n B = (p° =)nta(p° =)zta

Al (6.715357 090543 ) % (7:222550 035152 )%

Ap (764756 o6 032 ) % (7:68 500 405514 )%

At (002 LT (005 3228 )

e (1662080882 (328 0
Asymmetries BY — (p° =)aTx(fo(500) =)zt a™ B} = (fo(500) =)zt 7= (f(500) =)t n~
A (1192852300 (02633 %
Asymmetries B} — (f0(980) =)z~ (f¢(980) =)t z~

Adir 0.00%

TABLE VII.  The CP-violating asymmetries of the B — p°()p°(w) — n*2~x" 2~ decay, the errors come from

the Gegenbauer moments, hard scale and QCD scale.

Asymmetries B} = p’(@)w(p®) - z* 2~ xt 2~ (this work) B§ = p(@)p°(w) = nta=zta ([77])
Al (27.302500" 1775 50.71) % (27.202515705167) %
At (370215 )
i 3.0143.0843.55
Aﬁ?r (0.142550 2 500-0.00 ) %
Af" (11562056 095" 1652) %

asymmetry can be enhanced largely by the p — @ mixing
resonances when zz pairs masses are in the vicinity of the
 resonance [76], so it is important for us to study CP-
violating asymmetry via p and @ resonances in three-body
and four-body decays. The result of By — p%(0)p°(w) —
atan nTx~ are listed in Table VII. We also compare our
prediction with previous result [77], as we can see, for the
unpolarized CP-violating asymmetry, our result is in
agreement with previous result; however, our result has
big errors because of the different approach we adopted.

VII. SUMMARY

In this work we study the CP-averaged branching ratios
and direct C P-violating asymmetries of the quasi-two-body
decays BY > NN, — nxzx decay from the S-wave res-
onances, f((980) and f,(500), and P-wave resonances,
p(770), by introducing the S-wave and P-wave znrz dis-
tribution amplitudes within the framework of the perturba-
tive QCD approach. We also calculate branching ratios of
the two-body decays BY — p°° BY — pTp~ from the
corresponding quasi-two-body decays models and compare
our results with those obtained in previous perturbative
QCD approach, QCD factorization approach and FAT
approach. The predictions are in agreement with present
data within errors. For the CP-violating asymmetries, it is
small in pure annihilation-type decay process; however, we
found that CP-violating asymmetry can be enhanced

largely by the p — w mixing resonances when zz pairs
masses are in the vicinity of @ resonance.
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APPENDIX: FORMULAS FOR THE
CALCULATION USED IN THE TEXT

In this section we list the decay amplitude for each
considered decay mode of four-body B meson.

Ay(BY = (p" =)r* % (p™ —=)n ")

G 1
- 7% <v;bvm Kcl +3 C2> Fi" + C2Mlal’h]

2 2 1 1
—ZV;‘ths|:<2C3 +§C4+2C5 +§C6+§C7 +8Cg

1 1 1
+5Co+ 6Cm) Flbh 4 <2C4 + §C10> o

1
+ (266 +ECS>M;§"”’} )

(A1)
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A (BY = (p° =)rn(p® —)zrn)

1
= GF <V;bVM |:<C] + §C2> Zal’h + Cleal'h:|

Here Gp = 1.16639 x 10~ GeV~2 is the Fermi coupling
constant. For the double P-wave resonance, we decompose
the decay amplitudes into three helicity components with
h=0,.L. (V-4)®(V-A), (V-A)Q®((V+A),
(S—P)® (S+ P) are defined as LL, LR, and SP. F,
and M, refer to the factorizable or nonfactorizable emission
diagrams, F, and M, refer to the factorizable or non-
factorizable annihilation diagrams.

2 2 1 1
— V;‘bV,s[<2C3 +§C4—|—2C5 +§C6 +§C7 +6C8

1 1 1

+5Co+¢ Cm) Fol+ <2C4 +3 Cm) M
1 ‘

+ <2C6 -+ E Cg) M;p’h:| > s (Az)

A(BS = (p° =)an(£o(500) —)zz)
Ay(BY = (p° —)an(w —)ar)

G 1 : :
= ( Vs Kcl += C2> Fllvs 4 Cszj“}

G 1
= 7;; (VZqus |:<C1 + §C2> Fle’h + CZMZal’hj| \/E 3
301, 3. 1

i} 3 1 3 1 i —Vt*bvrsKEQ +6C8 +§C9+§C10>F§l’

- ,ths §C7+§Cg+§C9+§C10 Fu.
3 vs 3 Sp,US

+ A Y10 a’ + P ST a ’ .

2 2

4 4 1 1 1 2 2
A(B(\) b (f0(980) —>)mr(f0(980) —’)77.'77,') = —\/EGFV;})V[S |:<§C3 +§C4 + C5 +§C6 —§C7 —6C8 —§C9 —§C10> Flal,ss

1 1 1 SD,SS SP.SS 1 1
+ C6+§C5_EC8_6C7 (F"" + F7) + C3+C4—§C9—5C10

1
x (Mil.ss + MéZ,SS) + <C5 —§C7> (Mler,ss _i_Milr,SS)

1 s oss
(b)) »

Here a S-wave resonance is described as vs, and ss stands for the double S-wave resonance component. The explicit
expressions for the factorizable contributions F, , and the nonfactorizable contributions M, , from Fig. 2 can be found in
Refs [47,48,55].
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