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In the perturbative QCD approach, we study the direct CP violation in the decay of B — p(w)¢ —
't ¢ viaisospin symmetry breaking. An interesting mechanism involving the charge symmetry violating
between p and w is applied to enlarge the CP violating asymmetry. We find that the CP violation can be
enhanced by the p-@ mixing mechanism when the invariant masses of the z 7~ pairs are in the vicinity of
the @ resonance. For the decay process of BY — p(@)¢ — n* 7~ ¢, the maximum CP violation can reach
5.98%. The possibility of detecting the CP violation is also presented.
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I. INTRODUCTION

CP violation has obtained extensive attention even since
its first discovery in the neutral kaon systems [1]. Within
the standard model, CP violation originates from a nonzero
weak phase angle from the complex Cabibbo-Kobayashi-
Maskawa (CKM) matrix, which describes the mixing of
weak interaction and mass eigenstates of the quarks [2,3].
Although the source of CP violation has not been well
understood up to now, physicists are striving to increase
their knowledge of the mechanism for the CP violation.
Many theoretical studies [4-6] (within and beyond the
standard model) and experimental investigations have been
conducted since 1964. According to theoretical predictions,
large CP violation may be expected in B meson decay
process due to the large mass of b quarks. In recent years,
the LHCb Collaboration observed the large CP violation
in the three-body decay channels of B* — z¥z* 7z~ and
B* —» K*zt7~ [7-9]. Hence, more attention has been
focused on the nonleptonic B meson three-body decays
channels in searching for CP violation.

Direct CP violation in the B meson decay process occurs
through the interference of at least two amplitudes with a
different weak phase ¢ and strong phase o. The weak phase
difference ¢ is determined by the CKM matrix elements,
while the strong phase can be produced by the hadronic
matrix elements and interference between the intermediate
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states. However, one can know that the strong phase 6 is not
still well determined from the theoretical approach. The
nonleptonic weak decay amplitudes of the B meson involve
the hadronic matrix elements of (M,M;|0;|B), which can
be calculated from the different factorization methods.
However, the different methods may present different
strong phases so as to affect the value of the CP violation.
Currently, there are three popular theoretical approaches to
study the dynamics of the two-body hadronic decays,
which are the naive factorization approach [10-13], the
QCD factorization [14-18], perturbative QCD (pQCD)
[19-21], and soft-collinear effective theory [22-24].
Based on the power expansion in 1/m,, (m,, is the b-quark
mass), all of the theories of factorization are shown to deal
with the hadronic matrix elements in the leading power
of 1/m,. However, these methods pertain to whether one
takes into account the collinear degrees of freedom or the
transverse momenta. Meanwhile, in order to have a large
signal of CP violation, we need to appeal to some
phenomenological mechanism to obtain a large strong
phase 6. p-o mixing has been used for this purpose in
the past few years and focuses on the naive factorization
and QCD factorization approaches [25-30]. Recently,
Lii et al. attempted to generalize the pQCD approach to
the three-body nonleptonic decay via p-w mixing in B®* —
and B, - D&)ﬂﬂr‘ decays [31,32]. In this
paper, we will focus on the CP violation of the decay
process BY — p(w)¢p — nta~¢p via p-w mixing in the
pQCD approach.

Isospin symmetry breaking plays a significant role in the
p-o mixing mechanism. The mixing between the u and d
flavors leads to the breaking of isospin symmetry for the
p-o system [33,34]. In Refs. [35,36], the authors studied
the p-o mixing and the pion form factor in the timelike
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region, where p-w mixing was used to obtain the (effective)
mixing matrix element flpa,(s), which consists of two part
contributions: one from the direct coupling of @ — 2z and
the other from @ — p — 2z mixing [37-39]. The magni-
tude has been determined by the pion form factor through
the data for the cross section of e*e™ — 7"z~ in the p and
@ resonance region [36,39-42]. Recently, isospin sym-
metry breaking was discussed by incorporating the vector
meson dominance model in the weak decay process of the
meson [27,32,43-45]. However, one can find that p-w
mixing produces the large CP violation from the effect of
isospin symmetry breaking in the three- and four-body
decay processes. Hence, in this paper, we shall follow the
method of Refs. [27,32,43-45] to investigate the decay
process of BY — p(w)¢ — ntn~ ¢ via isospin symmetry
breaking.

The remainder of this paper is organized as follows.
In Sec. II we will briefly introduce the pQCD framework
and present the form of the effective Hamiltonian and wave
functions. In Sec. III we give the calculating formalism
and details of the CP violation from p-@ mixing in the
decay process BY — p(w)¢p — ztz~¢. In Sec. IV we show
the input parameters. We present the numerical results in
Sec. V. Summary and discussion are included in Sec. VL.
The related function defined in the text are given in the
Appendix.

II. THE FRAMEWORK

For the decay process of B, — M,Ms, integrated over
the longitudinal and the transverse momenta, the emitted or
annihilated particle M, can be factored out. The rest of the
amplitude can be expressed as the convolution of the wave
functions ¢ , ¢y, and the hard scattering kernel 7. The
pQCD factorization theorem has been developed for non-
leptonic heavy meson decays, based on the formalism of
Lepage, Brodsky, Botts, and Sterman [46-49]. The basic
idea of the pQCD approach is that it takes into account the
transverse momentum of the valence quarks in the hadrons
which results in the Sudakov factor in the decay amplitude.
Then, it is conceptually written as the following:

Amplitude~/d4k1d4k2d4k3Tr[C(t)¢BS(k1)¢M2(k2)

X Q3 (k3) T (ky, Ky, ks, 1)], (1)

where k; (i = 1, 2, 3) are momenta of light quarks in the
mesons. Tr denotes the trace over Dirac and color indices.
C(t) is the Wilson coefficient which comes from the
radiative corrections at short distance. ¢, (m =2, 3) is
teh wave function which describes the nonperturbative
contribution during the hadronization of mesons, which
should be universal and channel independent. The hard part
Ty is rather process dependent.

With the operator product expansion, the effective weak
Hamiltonian in bottom hadron decays is [50]

Gr
V2

YV [Z Cwe| }+ e, @)

Har = {vubvzs[cmmgﬂm+c2<u> (4]

where Gy is the Fermi constant, C;(u) (i=1,...,10) are
the Wilson coefficients, and V, ., (g, and g, represent
quarks) is the CKM matrix element. The operators O; have
the following forms:

O = 547, (1 = 75)ugiigr" (1 = v5)ba,

03 = 57,(1 = ys)uiy(1 - y5)b.

05 =57,(1=75)bY_a7"(1~75)d.
q/

04 = anu(l - yS)b/}Zq‘/ﬂyﬂ(l - yS)q:l’
q/

Os = 57,(1=y5)bY_a7"(1+75)d/"
q/

O = 5ar,(1 = 75)b5 Y _@yr"(1 + 15)ds.
ql

3_ _
07 =357,(1 =75)bY _eqd'r"(1 +715)d

2
q
3 _
Og = Esah(l - Vs)bﬂz:eq’q})’yﬂ(l +75)4
q
3 _
Oy =557, = 75)bY e q'v"(1-7s)q,

q

3. _
Oy = Escﬂ/ﬂ(l - 75)bﬂ;eq'q}fy”(l = 75)a (3)

where a and f are color indices, the sum index ¢’ runs over
the “active” flavors quarks at the scale m;, and e, is the
electric charge of the quark ¢’ (¢’ = u, d, s, ¢ or b quarks).
In Eq. (3) O and O} are tree operators, O;—0¢ are QCD
penguin operators, and O;—0q are the operators associated
with electroweak penguin diagrams.

The Wilson coefficients, C;(u), represent the power
contributions from scales higher than p (which refer to
the long-distance contributions) [51]. Since the QCD has
the property of asymptotic freedom, they can be calculated
in perturbation theory. The Wilson coefficients include the
contributions of all heavy particles, such as the top quark,
the W* bosons, and so on. Usually, the scale u is chosen to
be of order O(m;,) for B meson decays. Since we work in
the leading order of perturbative QCD (O(ay)), it is
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consistent to use the leading order Wilson coefficients. So,
we use numerical values of C;(m;,) as follows [19,21]:

C, =-02703,  C,=1.1188,
C; =00126,  C, =—0.0270,

Cs =0.0085,  Cq=—0.0326,

C; =0.0011,  Cg=0.0004,

Cy = —0.0090,  Cjo = 0.0022. (4)

The Wilson coefficients a;—a  are defined as usual [52-55]:

a=Cy,+C/3, ar, = Cy + G,/3,
a3 = C3 + Cy4/3, a, = Cy + C3/3,
as = Cs5+ Cg/3, ag = Cg + Cs/3,
a; = C; + Cg/3, ag = Cg + C;7/3,

ag = Cy + Cy/3, ayg = Cyy+ Cy/3. (5)

For the decay channel of BY — M,M;, we denote the
emitted meson as M, while the recoiling meson is Mj;.
The M, (p or w) and the final state M3 (¢p) move along the
direction of n, = (1,0,07) and n_ = (0,1,07) in the
light-cone coordinates, respectively. We denote the ratios

_ M, _M, —
r¢—M—Bx, rp—M—&, and Fop = ] M/)’
Mw — 0, one can drop the terms of proportional to 7, 7,
r2 safely. The symbols Pg, P,, and P; refer to the B,
meson momentum, the p(w) meson momentum, and the
final-state ¢» momentum, respectively. Under the above
approximation, the momenta can be written as

Mp,

V2

- %(o, 1.0y). (6)

M
= \/%(1»1,%)’ P, =

Ps

Pg 2 (1,0,07),

One can denote the light (anti-)quark momenta k;, k,, and
ks for the mesons By, p(w), and ¢, respectively. We can
write

Mpg Mg,
ky = x172%0’ku ) ky = xzﬁ,O,kzl ,
M
b= (002 ) (7)

where x|, x,,and x3 are the momentum fraction. k|, k, |,
and kj, refer to the transverse momentum of the quark,
respectively. The longitudinal polarization vectors of the
p(w) and ¢ are given as

P3 M(/)
M(/) P3‘n+

+

(8)

which satisfy the orthogonality relationship of €, (L) - P, =
€3(L) - P3 =0, and the normalization of €3(L)=¢€3(L) =
—1. The transverse polarization vectors can be adopted
directly as

e(T) e3(T) =

The wave function of the B, meson can be expressed as

L) === (L) =

= (0,0,17), (0,0,17). 9)

%(}DBx"f'MB

where the distribution amplitude ¢p
Refs. [56-58]:

¢p, = Jrsos (k). (10)

is shown in

M3 x?
- o]
b
(11)

The shape parameter w;, is a free parameter. Based on
lattice QCD and the light-cone sum rule [59], we take
o, = 0.50 GeV for the B, meson. The normalization factor
Np, depends on the values of w, and the decay constant
fB,» which is defined through the normalization rela-
tion [ dxgp (x.0) = f5 /(2V6).

The distribution amplitudes of the vector meson (V = p,
w or ¢), ¢y, ‘T, V. @Y, ¢y, and ¢, are calculated using
the light-cone QCD sum rule [60,61]:

¢p,(x.b) = Npx*(1 —x)*exp | -

b, (x) = ngx(l —X)[1+0.15C (1), (12)
dolo) = T2x(1 =01 +015C (0] (13)
hy(x) = :ifgx(l —X)[1+0.18C* (1), (14)
#0) =T - +ouc ). as)
Py (x) = j\f[ (16)
#i) =2 ), (17
B0 = (147, (18)
#0) = (), (19)
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where t =2x— 1. Here f, is the decay constant of
the vector meson with longitudinal polarization. The
Gegenbauer polynomials C%(7) can be found easily in
Refs. [62,63].

III. CP VIOLATION IN B - p(0)p — n*n~¢
DECAY PROCESS

A. Formalism

The hadronic decay rate for the process of B — p(w)¢
is written as

P
=3 A22 Z ATAO) (20)
b3

B, 6=L.T

where P, = |P,,| = |P3,| is the momentum of the vector
meson. The superscript ¢ denotes the helicity states of the
two vector mesons with the longitudinal (transverse)

components L (T). The amplitude A®) is decomposed
into [63-65]

A€ =M} AL + M} Ayes(c =T) - e5(c =T)
+ iAre€;,(0)€3,(0) Py, Py, (21)

with the convention €!23 = 1. The amplitude A; [i refer to
the three kind of polarizations, longitudinal (L), normal

(N), and transverse (7)] can be written as

* * b * *
M3 AL = acy(L)- €§(L) + 365 (L) - Paci(L) - P,
M%SAN =d,
C
Ap = ——, 22
= (22)

where a, b, and ¢ are the Lorentz-invariant amplitudes.
M5, Mj refer to the masses of the vector mesons p(®)
and ¢, respectively.

The longitudinal H,, transverse H. of helicity ampli-
tudes can be expressed

HO - M%}l\ALv
Hi = M%’XAN F M2M3 V K2 - IAT, (23)

where Hy, H ., and H_ are the tree-level and penguin-level
helicity amplitudes of the decay process BY — p(w)¢p —
ntz~¢ from the three kind of polarizations, respectively.
The helicity summation satisfy the relation,

Z ACTA@ = |H? + [H 2+ |H_>. (24
o=L.R

In the vector meson dominance model [66,67], the
vacuum polarization of the photons are assumed to be

coupled through the vector meson (p meson). Based on the
same mechanism, p-@ mixing was proposed and later
gradually applied to B meson physics. The formalism
for the CP violation in B hadronic decays can be gener-
alized to B, in a straightforward manner [25,27,43].
According to the effective Hamiltonian, the amplitude A
(A) for the decay process of BY — 7tz ¢p (BY —» 7t 7 ¢)
can be written as [43]

A= (z'n ¢p|H"|B)) + (x* 7z~ ¢|H"|BY).  (25)
A= (z'n ¢p|H"|B)) + (x* 7z~ p|H"|BY).  (26)

where HT and H” are the Hamiltonian for the tree and
penguin operators, respectively.

The relative magnitude and phases between the tree and
penguin operator contribution are defined as follows:

A= (ztn¢|HT|BY)[1 + rei(5+¢)], (27)
A= <ﬂ+7r_(Z|HT|B?>[1 + rei(5_¢>], (28)

where § and ¢ are strong and weak phases, respectively.
The weak phase difference ¢ can be expressed as a
combination of the CKM matrix elements, and it is
¢ =arg[(V, Vi) (Vi Vi) for the b — s transition.
The parameter r is the absolute value of the ratio of tree
and penguin amplitudes:

_| (=2~ ¢|H"|BY)
(x| HT|BY)

: (29)

The parameter of CP violating asymmetry, Acp, can be
written as

_ AP - AP
AP+ AP

—2(T3rgsindy + T2 ry sind, + T2r_sind_) sing
- S icorTH1 + r? + 2r;cos 5; cos )

CcP

(30)

where T;(i = 0,4, —) are the tree-level helicity ampli-
tudes of the decay process B — z*z~¢ from Hy, H_ , and
H_ of Eq. (23), respectively. r;(j = 0, +, —) refer to the
absolute value of the ratio of the tree and penguin
amplitudes for the three kind of polarizations, respec-
tively. 6;(k = 0, +, —) represent the relative strong phases
between the tree and penguin operator contributions from
three kinds of helicity amplitudes. We can see explicitly
from Eq. (30) that both weak and strong phase differences
are responsible for CP violation. In order to obtain a
large signal for direct CP violation, we need some
mechanism to change either sind or r. With this mecha-
nism, working at the first order of isospin violation, we
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have the following results when the invariant mass of
#T~ is near the w resonance mass [26,43]:

(| HTBY) = 21100+ %24 (31)
pow Sp
_ = 9 =~ : 9,
(ntz~¢|H"|BY) = p : Hpa,pi,,+s—’p}n (32)
pow P

where #,(p}) and f,(p.,) are the tree (penguin)-level
helicity amplitudes for B, — p°¢ and B, — w¢, respec-
tively. The amplitudes 7, p}, #,, and p}, can be found in
Sec. 1II B. g, is the coupling for p* — z*z~. [1,, is the
effective p-ow mixing amplitude which also effectively
includes the direct coupling @ — "z~ [39]. sy, my, and
I'y (V = p or w) is the inverse propagator, mass, and decay
rate of the vector meson V, respectively. sy can be
expressed as

sy = s —m} +imy [y, (33)
with /s being the invariant masses of the z"z~ pairs.
The numerical values for the p-w mixing parameter

1,,(s) = Rell,,(m2) + Imll,, (m2) are [68]

Rell,, (m2) = —4760 + 440 MeV?,

Imf1,, (m2) = —6180 + 3300 MeV=. (34)
From Egs. (25), (27), (31), and (32) one has
o i WPl + SuD}
reilieid = L20  OTP p' p,p. (35)
H/)(ut iu + smt;)
Defining [25,69]
@ = /el ), t_clu - P_lp = B, (36)
t/) t/) p(u

where &, 5, and &} are strong phases form the three kinds

of polarizations, respectively. One finds the following
expression from Egs. (35) and (36):

~ l&x
i3 IL,, + pers,

re® = r'e'% — = )
I, ae + s,

(37)

ae’®. pe'%, and e will be calculated later. In order to
obtain the CP violating asymmetry in Eq. (30), A, sin¢
and cos ¢ are needed, where ¢ is determined by the CKM
matrix elements. In the Wolfenstein parametrization [70],
the weak phase ¢ comes from [V,,V5,/V,,Vi]. One has

. n
singg = — )
P>+
- 14
cos¢p = — (38)

Nars

where the same result has been used for the b — s
transition from Ref. [44].

B. Calculation details

We can decompose the decay amplitude for the decay
process BY — p’(w)¢ in terms of tree-level and penguin-
level contributions depending on the CKM matrix elements
of V,, Vi and V, V5. From Egs. (30), (35), and (36), in
order to obtain the formulas of the CP violation, we need
calculate the amplitudes ¢, 7,, p,, and p,, in the perturba-
tive QCD approach. The F and M functions can be found in
the Appendix from the perturbative QCD approach.

There are four types of Feynman diagrams contributing to
the BY — p°(w)¢ emission decay mode. The leading order
diagrams in the pQCD approach are shown in Fig. 1. The
first two diagrams in Fig. 1 [(a),(b)] are called factorizable
diagrams and the last two diagrams in Fig. 1 [(c),(d)] are
called nonfactorizable diagrams [71,72]. The relevant decay
amplitudes can be easily obtained by these hard gluon
exchange diagrams and the Lorenz structures of the mesons
wave functions. Through calculating these diagrams, the
formulas of B? = pp or BY — w¢ are similar to those
of B — ¢K* and B, —» K*~K** [72,73]. We just need to
replace some corresponding wave functions, Wilson coef-
ficients, and corresponding parameters.

With the Hamiltonian equation (2), depending on the
CKM matrix elements of V,, Vi, and V,, V7, the electro-
weak penguin dominant decay amplitudes A®) for B —
¢ in pQCD can be written as

V2AO(BY = p°p) = V. Vi T -

Vi ViiP,

P’

R

(39)

BY g ¢ BY

(©) (€]

FIG. 1. Leading order Feynman diagrams for BY — p(w)¢. (a),
(b): Factorizable diagrams; (c),(d): nonfactorizable diagrams.
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where the superscript i denotes different helicity amplitudes
L, N, and T. The longitudinal tg( ) transverse ) of the

. . . . o L
helicity amplitudes satisfy the relationship of tp(w) = L)

(v ) T tT( )/ (v/2). The amplitudes from tree
and penguin diagrams can be written as 7% = 1,/ V ,, Vi
and P, = p,/V,,Vj,, respectively. The formula for the tree-
level amplitude is

+
and L) =

Ti

T, \/—{fp

where f, refers to the decay constant of the p meson. The
penguin-level amplitudes are expressed in the following

FpZglad) + M5, [Col}. (40)

i _ Gr K K
Py, _ﬁ{prBs—»(ﬁ [5(“9"’“7) +Mg .y EC]O
3
ij’;(,,{ Cg}}. (41)

The QCD penguin dominant decay amplitude for BY — w¢
can be written as

\/EA[(BQ - )
where T, =1 /V,, Vi, and P, = pi /V,, Vi, which refer

to the tree and penguin amplitude, respectively. We can
give the tree-level contribution in the following:

= VubVZsTfu - thV;‘ksPi)’ (42)

Fpoglas] + Mg [Goly. (43)

Ti, =
[0} \/_ {f{l)

where f, refers to the decay constant of the @ meson. The
penguin-level contributions are given as the following

i _ Gr LLi 1 1
P, :E{fmFB Lp |20 + 2as tar+54

. 1 . 1
+ Mz, [zc4 +5 cm] -My, [2C6 += cg} }

2
(44)
Based on the definition of Eq. (36), we can get
5t
ae'’n = =, (45)
I
pes = Lo (46)
Po
i, i ' thv;ks (47)
T;) VMbVZS

where

thV;KS _ V ,02 + ’72 (48)
VubV?;s /12(:02 + ’12) .

From the above equations, the new strong phases &, 6}),,
and 62 are obtained from tree and penguin diagram
contributions by the p-w interference. The total strong
phase §; is obtained by Eqs. (36) and (37) in the framework
of pQCD.

IV. INPUT PARAMETERS

The CKM matrix, whose elements are determined from
experiments, can be expressed in terms of the Wolfenstein
parameters A, p, 4, and 5 [70,74]:

1—44 A AP (p —1in)
~A -1z AR |, (49)
AB(L=p—in) —AR |

where O(A*) corrections are neglected. The latest values for
the parameters in the CKM matrix are [74]

A = 0.22453 £ 0.00044, A =0.836 £0.015,

p=0.122556, 7= 035510,7. (50)

where

From Eqgs. (50) and (51) we have

0.108 < p < 0.144, 0353 < <0.377. (52)
The other parameters and the corresponding references are
listed in Table L.

V. THE NUMERICAL RESULTS OF CP
VIOLATION IN B! - p'(w)¢p - n*tn~¢

We have investigated the CP violating asymmetry,
Acp, for the BY — p°(w)¢p — n"n~¢ decay process. The
numerical results of the CP violating asymmetry are shown
for the decay process in Fig. 2. It is found that the CP
violation can be enhanced via p-@w mixing for the decay
channel B? — p°(w)¢p — 2" 7~ ¢ when the invariant mass
of 7z~ is in the vicinity of the @ resonance within the
perturbative QCD scheme.

The CP violation depends on the weak phase difference
from CKM matrix elements and the strong phase differ-
ence. The CKM matrix elements, which relate to p, 7, and 4,
are given in Eq. (50). The uncertainties due to the CKM
matrix elements are mostly from p and # since 1 is well
determined. Hence we take the central value of 4 = 0.224
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TABLE I. Input parameters.
Parameters Input data References
Fermi constant (in GeV~2) Gr = 1.16638 x 1075, [74]
mpo = 5366.89, 7 = 1.509 x 107'%s,
mp(l(770) = 775.26,Fpl>(770) = 1491,
Masses and decay widths (in MeV) Mey(782) = 782.65,1,(782) = 8.49, [74]
m, = 139.57,my, = 1019.461.
fp=215.6+ 5.9,f,f =165=+9,
Decay constants (in MeV) fo=1965+48, fT =145 + 10, [75,76]

fo =231£4, f} =200+ 10.

in Eq. (52). In our numerical calculations, we let p, 7, and
A = 0.224 vary among the limiting values. The numerical
results are shown from Figs. 2-4 with the different
parameter values of CKM matrix elements. The dash line,
dot line, and solid line correspond to the maximum, middle,
and minimum CKM matrix element for the decay channel
of BY = p%(w)¢p — ntn~ ¢, respectively. We find the CP
violation is not sensitive to the CKM matrix elements for
the different values of p and #. In Fig. 2, we give the plot of
CP violating asymmetry as a function of /s. From Fig. 2,
one can see that the CP violation parameter is dependent on
/s and changes rapidly due to p-o mixing when the
invariant mass of #" 7~ is in the vicinity of the w resonance.
From the numerical results, it is found that the maximum
CP violating parameter reaches 5.98% for the decay
channel of BY — 777 ¢ in the case of (Paxs Mmax)-
From Eq. (30), one can see that the CP violating
parameter is related to sin § and r. The plots of sind,
(siné, and siné_) and ry (r, and r_) as a function of /s
are shown in Figs. 3 and 4. We can see that the p-» mixing
mechanism produces a large sin g, (sind, and sind_) at
the w resonance. As can be seen from Fig. 3, the plots vary

0.04

0.02

Acp

-0.02

S S S I S S S S S S S S S T S SO S S |

0.60 0.65 0.70 0.75 0.80 0.85 0.90

Vs Gev)

FIG. 2. The CP violating asymmetry, A.,, as a function of /s
for different CKM matrix elements. The dash line, dot line, and
solid line correspond to the maximum, middle, and minimum
CKM matrix elements for the decay channel of B — p%(w)¢ —
xtn~ ¢, respectively.

sharply in the cases of sindy, sind,, and sind_.
Meanwhile, sind, and sind_ change weakly compared
with the sind, . It can be seen from Fig. 4 that r, change
more rapidly than r, and r_ when the #7772~ pairs in the
vicinity of the @ resonance.

The Large Hadron Collider (LHC) is a proton-proton
collider which has currently started at the European
Organization for Nuclear Research (CERN). In order to
achieve the required energy and luminosity, the technology
and equipment has been upgraded many times. The LHC
run I first data-taking period lasted from 2010 to 2013 [77].
In the next few years, there were two major detector
(ATLAS and CMS) upgrades happening after run II and
run III. With a series of upgrades and modifications, the
LHC provides a TeV-level high energy frontier and an
opportunity to further improve conformance testing of the
CKM matrix. The production rates for heavy quark flavors
will be high at the LHC, and the bb production cross
section will be of the order of 0.5 mb, providing about 10'?
bottom quark events per year [77,78]. The heavy flavor
physics experiment is one of the main projects of LHC
experiments. Especially, LHCb is a specialized B-physics

05

sind

0.0 <

0.60 0.65 0.70 0.75 0.80 0.85 0.90

Vs Gew

FIG. 3. siné as a function of /s corresponding to the central
parameter values of CKM matrix elements for B — p%(w)¢p —
xtrn~¢. The dash line, dot line, and solid line correspond to
sin &y, sind,, and sinJ_, respectively.
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—r 77— [T

2000 ]
1500 » a
~ 1000 » a
500 » a

0.60 0.65 0.70 0.75 0.80 0.85 0.90

Vs Gew)

FIG. 4. Plot of r as a function of /s corresponding to the
central parameter values of CKM matrix elements for B? —
p’(w)¢p — ntn~¢p. The dash line, dot line, and solid line
correspond to ry, r,, and r_, respectively.

experiment, designed primarily to precisely measure the
parameters of new physics in CP violation and rare decays
in the interactions of beauty and charm hadrons systems.
Such studies can help to explain the matter-antimatter
asymmetry of the Universe. Recently, the LHCb
Collaboration found clear evidence for direct CP violation
in some three-body decay channels in charmless decays of
the B meson. Meanwhile, large CP violation is obtained
in B* - 772tz in the region 0.6 GeV* <m2, _ =<
0.8 GeV? and mlzﬁﬂ’high > 14 GeV? [8,79]. A zoom of the

a*z~ invariant mass from the B* — 722~ decay proc-
ess shows the region 0.6 GeV* < m?2, _, = < 0.8 GeV?

zone in Fig. 8 of Ref. [79]. In addition, the branching
fractions are probed in the z'z~ invariant mass range
400 < m(z*z~) < 1600 MeV /c? for B — ntz~¢ [80].
In the next years, we expect the LHCb Collaboration to

|

focus our prediction of CP violation from the BY —
p’(w)¢p = nt 7~ ¢ decay process when the invariant mass
of #7z~ is in the vicinity of the p resonance [80].
Theoretically, the LHC achieves the current experiments
on b-hadrons, which can only provide about 10’ BB pairs
[81]. Therefore, it is very convenient to observe the CP
violation for BY — p°(w)¢p — 7t 72~ ¢ when the invariant
masses of #7777~ pairs are in the vicinity of the @ resonance
at the LHC experiments.

VI. SUMMARY AND CONCLUSION

In this paper, we study the CP violation for the decay
process of B — p*(w)¢p — n" 7~ ¢ due to the interference
of p-w mixing in perturbative QCD. It has been found that
the CP violation can be enhanced at the area of p-w
resonance. There is the resonance effect via p-o mixing
which can produce large strong phase in this decay process.
As a result, one can find that the maximum CP violation
can reach 5.98% when the invariant mass of the #7777~ pair
is in the vicinity of the @ resonance.

In the calculation, we need the renormalization scheme
independent Wilson coefficients for the tree and penguin
operators at the scale m,. The major uncertainties is from
the input parameters. In particular, these include the CKM
matrix element parameters, the perturbative QCD
approach, and the hadronic parameters (the shape param-
eters, decay constants, the wave function, etc.). We expect
that our predictions will provide useful guidance for future
investigations in B, decays.
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APPENDIX: RELATED FUNCTIONS DEFINED IN THE TEXT

In this Appendix we present explicit expressions of the factorizable and nonfactorizable amplitudes in Perturbative QCD
[19-21,56]. The factorizable amplitudes Fi"!,(a;) (i = L, N, T) are written as

1 0
szFIéSL_’ﬁp(ai) :8”CFM%SfM2A dxldx3A bydb,bydbspp (x1,by){a;(t,)E.(t,)

X (1 + x3)p3(x3) + r3(1 = 2x3) (3 (x3) + P5(x3))]he(x1, X3, by, b3)

+ 2135 (x3)a; (1) E. (t,)ho (X3, X1, b3, by) },

(A1)

1 [
szFléf;Z\fp(ai) :S”CFM%XJCMZVzA dxldxfil bldbledb3¢Bs<xlvbl){he(xlvx3vblvbB)

X E,(1,)a;(t)[¢F (x3) 4 2r3%(x3) + r3x3(95(x3) — 5 (x3))]

+ r3[5(x3) + 5 (x3)|E.(13)a;i(ty) he (x5, X1, b3, by )},

(A2)
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1 0
szFzL;L_,T(/,( i) = 16”CFM%SfM2r2/ dxldx3/ bydb,b3dbspp (x1,by){h.(x1.x3,by,b3)

X [@F (x3) + 2735 (x3) — r3x3 (3 (x3) — 5 (x3))|E.(2,)a;(1,)
+ r3[5(x3) + 5 (x3)|E.(23)ai(ty) he(x3, X1, b3, by )}, (A3)

with the color factor C = 3/4, f,, f 5, referring to the decay constant of M, (p or @) and B, mesons and a; represents the
corresponding Wilson coefficients for emission decay channels. In the above functions, r,(r3) = my,(my,)/mp and
h2(d3) = b,/0(by), With mp and my, (my,) being the masses of the initial and final states.

The nonfactorizable amplitudes Mléf;f 4(a;), and M;ZP o sla;) (i =L, N, T) are written as

1 o0
Méf_’i/)(ai) = 327rCFM‘§‘_/\/EA dxldxzdx3/0 b1db1b2db2¢35(x1’b1)¢2(xz)

X {[(1 = x2)3(x3) — r3x3(93(x3) — @5 (x3))]a;(25) Ee (1)
X by (X1, 1 = X3, X3, by, by) + By (X1, X5, X3, by, by)

X [=(x2 +x3) 3 (o3) + 1303 (5 (03) + @5 (x3)))ai (1) e (1,) } (A4)

M (a;) = 322CpM, rz/f / dx,dx,dx, / bydb bydbygpg (x,,by)
0

X {22 (5 (x2) + @5 (x2)) 5 (x3) — 2r3(x2 + x3) (@5 (x2) 4 (x3) + 5 (x2) 5 (x3))]
X hy, (X1, %5, %3, by, by) EL(t),)a; (1))
+ (1= 22) (3 (x2) + 5 (x2)) % (x3) () @i () iy (x1, 1 = x2, X3, by, by) }, (AS)

1 ©
My (a;) = 64nCrMy ry/V6 A dx, dx,dxs A bydbybydbyp (x). by ){EL(t})ai(t})

X [x2(5(x2) + 5 (x2)) 3 (x3) = 2r3(x5 4 x3) (3 (x2) 5 (x3)
+ 5 (x2) 5 (x3)) 1, (x1, X2, X3, by, by)
+ (1= x2)[95(x2) + @5 (x2)]p3 (x3) (1) a1 )y (X1, 1 = X3, X3, by, by) }, (A6)

M3 (a) = 320Coy V6 [ ddadsy |7 bidbibadbay, (1. b))

x {[(x2 = x3 = D)ep3(x3) + r3x3(@5(x3) + ¢5(x3))]
x ai(ty)Ee(tpy)hy (X1, 1 = X2, %3, by, by) + a;(t,) EL(1),)
X [x2¢3 (X3) + r3x3(¢t3 (X3) - ¢§ (x3))]hn('xl » X2, X3, bl’ bZ)} (A7)

1 o
My (a;) = 327Ce M3, /V/6 /) dx,dx,dx; /) bidbybydbypp, (x1.b1)r

x {x (5 (x2) = ¢3(x2))¢3T(x3)E/ (tb) (tZ)hn(xlvx27x37 by, by)
+ hy (X1, 1= X0, %3, b1, by)[(1 = x3) (P (x2) — P5(x2)) b (x3)
= 2r3(1 = x + x3) (5 (x2) B3 (x3) — @5 (x2)P5 (x3)) | Ee(tp)ai(tp) } (A8)
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Mng¢( ;) = 64nrCpM} /\V6 / dx,dx,dx; / bydb,bydbygy (x1,b,)rs
0

X {xa (5 (x2) — @5 (x2)) 3 (x3) Ex (1} )ai (1)) hyy (X1, X2, X3, by, by)
+ hn(xh 1- X, X3, bl ’ 2)[(1 - x2)(¢2()€2) - ¢2('x2))¢3 ()C3)
= 2r3(1 = x5 + x3) (5 (x2) @5 (x3) — 3 (x2) @5 (x3)) | Ee () ai (1) }- (A9)

The hard scale ¢ is chosen as the maximum of the virtuality of the internal momentum transition in the hard amplitudes,
including 1/b;:

t, = max{\/x3Mp ,1/b;,1/bs}, (A10)

t, = max{\/x;Mg ,1/b;,1/b3}, (A11)

tp = max{\/x;x;Mp , mMBS, 1/by, 1/b,}, (A12)

t :max{\/)TJ%MBNWMB.Y»l/bhl/bzk (A13)

t. = max{\/1—x3Mg ,1/by, 1/b3}, (A14)

, = max{ /&M, 1/, 1/b3}, (A15)

tg = max{/x(1 = x3)Mp , /T = (1 = x; = x2)xsMp , 1/by, 1/}, (A16)
t, = max{\/xo(1 = x3)Mp . \/|x; = x,|(1 = x3)Mpp,, 1/by, 1/by}. (A17)

The function A, coming from the Fourier transform of the hard part H, are written as [82]

he(x1.,x3. by, b3) = [0(by — b3)Io(v/x3Mp b3)Ko(v/x3Mp by)
+ 0(bs — b)) Io(V/x3Mp by)Ko(v/x3Mp b3)|Ko(\/X[X3Mp by)S,(x3), (A18)

hn(xl,xz,x3, blv b2) = [6’([92 - bl)Ko(\/)C1X3MBA_b2)I()(\/XIX3MBSb1)
iz py(1)
ZzH Xy — X1 )XxaMp by), x;1—x, <0
+0(by — by)Ko(/X1X3Mp by)1o(\/x1X3Mp by)] x {12( o (V= x)xsMybs). xi=x,
0

(X1 = x2)x3Mpg b,), X;p—x, >0
(A19)

ha(xz,x3,b2,b3) =

7N

%) 25:@3)[9(172 b3)Ho (Vx3sMp by)Jo(\/X3Mp bs3)
+ 60(bs — bz)H(()l)(\/X_3MB.J73)JO(\/X_3MBXbz)]H(()l)(\/xzszBxbz), (A20)

i
hoa (X1, X2, %3, b1, by) = — [9(51 - bz>H§)1)(\/ X2 (1 = x3)Mp by)Jo(\/X2(1 = x3)Mp b,)

+9 \/Xz(l—X3 MBb2 .]0 \/.XQI—X3 MB
x Ko \/1 — (1 =x; = x2)x3sMp by), (A21)

116009-10



DIRECT CP VIOLATION FOR B! — ¢ztn~ ... PHYS. REV. D 99, 116009 (2019)

in
Mol 32,33, 1. ba) = 51061 = b2) Hy (Va1 = x5)Mp b1)Jo(v/ 521 = 33)Mp, b)
+0(by = by)HY (v/x,(1 = x3)Mp b2)Jo(v/2:(1 = x3) Mg by)]

y {%Héw(\/(xz —x1)(1 =x3)Mp by), x1—x, <0

) (A22)
Ko(\/(xl —x)(1 _XS)MBXbl)’ X —x,>0
where J, and Y are the Bessel function with Hg)l)(z) =Jp(z) +iYo(2).
The threshold resums factor S, follows the parameterized [83]
242r(3/2 + ¢
5,00 =2 O o (A23)

V(1 + ¢)

where the parameter ¢ = 0.4. In the nonfactorizable contributions, S,(x) gives a very small numerical effect to the amplitude
[84]. Therefore, we drop S,(x) in h, and h,,.

The evolution factors Eg) and EE,') entering in the expressions for the matrix elements are given by
E (1) = a (1) exp[=Sp(1) = S3(1)],  E(r) = ay(1) exp[=S5(1) = $2(1) = S3(1)][, =, (A24)

Ey(t) = ay (1) exp[=55(1) = S3(1)],  Eu(r) = as(1) exp[=Sp(1) = S2(2) = S3(1)]]p, s, (A25)

in which the Sudakov exponents are defined as

Mg 5 [t du
Sp(t) =s(x—=.,b —|——/ —v,(as(f1)), A26
0 =s(0 2 )45 [ L) (A2)
Mp, Mp, ) /’ dp _
S,(t) =sx—=,b, ) +s( (1 =—x)—=,b, | +2 —7,(a , A27
o) = s ba) +5(0=x) Zta) +2 [ B ) (A77)
where y, = —a,/x is the anomalous dimension of the quark. The explicit form for the function s(Q, b) is

LSS

A g A . AD /g A2 A e2re—1 b
b)y=—0gln|=>)-—(G-b)+—[(2-1) - |——-"—-1 In( =+
ston=g5.an(3) 550+ 35 (1-1) - [ =55, m(5) [ » )
AW n(2g) +1 In(2b)+1] AW
ﬁzA[n( g)+1 In(2b) + ]+ ﬂz[ (2

+ 7 In2(2g) — In2(2b)], (A28)
1

A

where the variables are defined by

g=m[Q/(V2N)],  b=In[1/(bA)] (A29)
and the coefficients A®) and g, are
~ 33-2nf 153 —19n;
ﬂl - 12 ) 2 — 24 )
4 67 % 10 8 1
A = _ AR = _ = _~ Z B, In| =ere A
3 o =3 Ty T3z )- (430)

where n; is the number of the quark flavors and y is the Euler constant. We will use the one-loop expression of the running
coupling constant.
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