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Abstract: The physical state of p—w—¢ mesons can be mixed using the unitary matrix. The decay processes

w— ntn” and ¢ - 7t~ originate from isospin symmetry breaking. The p—w, p—¢, and w— ¢ interferences lead

to a resonance contribution to produce strong phases. CP violation is considered from isospin symmetry breaking

due to the new strong phase of the first order. CP violation can be enhanced greatly for the decay process

— ’ . . — . .
B® — 77~ 1") when the invariant masses of 77~ pairs are in the area around the w resonance range and ¢ reson-

ance range in perturbative QCD. We also discuss the possibility of searching for the predicted CP violation at the

LHC.
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I. INTRODUCTION

CP violation reflects the asymmetry between matter
and antimatter. Since the discovery of CP violation in the
decay process of K mesons, theories and experiments
have been constructed to explore and search for the
source of CP violation. In the standard model (SM), the
weak complex phase of the Cabibbo-Kobayashi Maskawa
(CKM) matrix is the main source of CP violation in the
process of weak particle decay [1]. The strong phase does
not change under CP conjugate transformation. Because
of the large mass of B-mesons containing b-quarks, the
approximate result of perturbation calculation is good,
which becomes important in the search for CP violation.
In particular, in the two-body decay process of B-mesons,
the ratio of the penguin amplitude to the tree amplitude
contributes the weak phase angle required for CP viola-
tion. Combined with the results of factorization, a relat-
ively reliable prediction is given theoretically and meas-
ured experimentally. For example, CP violation in the de-
cay processes B — K*n~ and B’ — n*n~ were recently
demonstrated [2—4]. Compared with two-body decay pro-
cesses, three-body or multi-body decay contains more dy-
namic effects and the phase space distribution. Since the

measurement of the LHCb Collaboration for CP viola-
tion [5, 6], multi-body decay processes have become a re-
search hotspot [7-14].

Experimentally, through model-independent analysis,
a large CP violation in the localized phase space region
has been observed in the B-meson three-body non-
charmed decay process [5— 8], and there is no precise
model to give the effect of resonance. In recent literature
[12], CP wviolations observed in the decay process
B* —» K"K n* are given by the contributions of reson-
ance, non-resonance, and the 7r — KK re-scattering of fi-
nal state particles. It is suggested that the re-scattering of
final-state particles should play an equally important role
in the other three-body non-charm-decay processes of B-
mesons. Because the isospin is conserved in the decay
process p° — ntn~ and the decay rate is 100%, a large
contribution of the S-wave amplitude has been observed
[15, 16]. Moreover, CP violation was found in the low
invariant mass region of the S wave, which indicates that
CP violation is related to the interference of S wave and
P wave amplitudes [13]. Some progress has also been
made in the measurement of the CP violating phase angle
and the analysis of amplitudes in the B-meson four-body
decay process. In the invariant mass regions of K*n*, the
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LHCb Collaboration analyzed the time-dependent amp-
litudes and phase angles of CP violation using the reson-
ance of K;(800)° and K;(1430)°, K;(892)° and K;(1430)°
[17]. Considering the resonance of p, w, fp(500), and
f0(980) in the invariant mass regions of n*n~, and the
main contribution of the K*(892)° decay in the invariant
mass regions of K*n~, the decay amplitude of
B® — (7" )(K*7~) has been analyzed [18].

Theoretically, three-body or multi-body decay is a re-
latively complex calculation process, and a growing num-
ber of studies have been conducted recently [9, 19—28].
Under the perturbative QCD framework, the final state
interaction is described by the two-particle distribution
amplitude in the resonance region. The three-body decay
process is treated as a quasi-two-body decay process in
the form of intermediate resonant states [24, 25]. Re-
cently, the narrow width approximation was applied to
extract the branching fraction of quasi-two-body decay
processes using an intermediate resonant state. The cor-
rection will be considered when the resonance has a suffi-
ciently large width. Because the widths w(782) and
#(1020) are relatively small, one can neglect the effects
safely as quasi-two-body decay processes. It has been
shown that the correction is generally less than 10% for
vector resonances. It is known that the decay width of
p(770) is large, and the correction factor is at the 7%
level for the decay process B~ —p(770)n~ = x*n 2~ in
the frame of QCD factorization. Under different factoriz-
ation frameworks, the numerical results may vary greatly
within the error range. Particularly, we notice that the
parameter ng is introduced to identify the degree of ap-
proximation for I'(B— RP3)B(R— PP;)=ngl'(B—
RP3; — P P,P3) in the narrow width approximation [29,
30]. We find that g can be divided out for the calcula-
tion of CP violation. Based on the above considerations,
we focus on vector meson resonance and ignore the ef-
fect of this correction in this study.

Considering the influence of isospin symmetry break-
ing, CP violation for the decay processes of the three-
body or four-body decay of B-mesons has been studied
via p—w mixing [26— 28]. The mechanism of p—-w
mixing produces a strong phase to change the CP viola-
tion. Hence, p—w, p—¢, and w—¢ interferences may
lead to a resonance contribution to produce new strong
phases. CP violation is considered from the above isospin
symmetry breaking due to the new strong phase of the
first order. We focus on CP violation from p—w—¢ in-
terferences.

The paper is organized as follows: In the Section II,
we present our theoretical derivation process for the res-
onance effects in detail. Then, we give the values of CP
violation in individual decay processes under our theoret-
ical framework. A summary and discussion are presented
in Section III.

II. CP VIOLATION FROM RESONANCE
EFFECTS

A. Formalism

According to vector meson dominance (VMD) [31],
e*e” annihilate into photons, which are polarized in a va-
cuum to form the vector particles p°(770), w(782), and
#(1020) before decaying into 7"z~ pairs. The mixed amp-
litude parameters of the two or three corresponding
particles can be obtained by the electromagnetic form
factor of © mesons, and the values are given by combin-
ing them with the experimental results [32]. The interme-
diate state particle is a non-physical state, which is trans-
formed into a physical field through an isospin field and
connected by the unitary matrix R. The mixed amplitude
parameters can be expressed as Il,,, Iy, and 1,4, and
the contribution of higher-order terms are ignored. The
momentum is transmitted by the vector meson via the
VMD model. These amplitudes should be related to the
square of the momentum. The transformation amplitudes
are dependent on the s associated with the square of the
momentum. The unitary matrix R(s) relates the isopin
field p9, w;, ¢ to the physical field p°, w, ¢ through the

relation
P° oY
w |=R(s)| wr |, Q)
¢ b1
where
<pilp > <wilp > < ¢ilp >
R=| <pjlw> < wylw > < ¢rlw> |, 2)
<pilg > <wjlg > < ¢l >
1 _pr(s) - p¢(s)
=| Fpu(s) 1 —Fup(s) |, 3)
Fp(p(S) Fw¢(S) 1

where F,,(s), Fp(s), and F4(s) are of the order of O(1),
(1< 1). The transformations of the two representations
are related through the unitary matrices R. Based on the
isospin p?, wy, ¢; field, we can construct the isospin basis
vector |, 13 >. Thus, the physical particle state can be rep-
resented as a linear combination of the above basis vec-
tors. We use M and N to represent the physical state and
isospin basis vector of the particle, respectively. Accord-
ing to the orthogonal normalization relation, we can get

;|M>< M|=;|M1 S< M| =1, @)

and
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<M|N >=< M]lN] >=OmN- (5)

We can write |[M >= ZlN, >< N;|M > owing to the the-

N, .
transformationof the two representations. W can

bedefined as the mass squared operator, and the propagat-
or can be defined as D(s) =1/(s—W(s)) in the physical

representation, which can be  expressed as
1 .
D(s) = Z M >< M| - W(S)xlN >< N|. Based on the di-

MN
agonalization of the physical states, we obtain < M|W|N >=
ounZy to generate D =Z (IM><M|)/(s=Zy) [32].

M
From the translation of the two representations, the phys-

ical states can be written as

P° = p) = Fpu(S)wr — Fpg(8)¢1 (6)

w= pr(s)p(,)+a)1—Fw¢(s)¢1, N

¢ = Fpo()P) + Fug($)ws + ¢y (8)

We define

<pilWlp; > <pilWlwr > <pilWip; >
W] =| < w[|W|p1 > < w1|W|w1 > < a)1|W|¢1 >
< ¢i\Wloy > < ¢1|\Wlw; > < ¢i|Wig; >

©)

Ignoring the contribution of higher-order terms, we can
diagonalize the equation W; by the matrix R in the phys-
ical representation.

Z, 0 0
W=RW,R'=| 0 Z, 0 |. (10)
0 0 Zy

From Eqgs. (9) and (10), we can neglect the higher-or-
der terms of F2, F <p;|W|w; >, and F < p;|W|¢; > for
simplification. We can obtain the symmetry relationship
of F<p/W|lw;>=F<wi|Wlp;> and F <pW|¢;>=
F <¢/|Wloy > :

<piWlw; >
Fop= L2200~ 11
pw Zw—Zp > ( )
<pil\Wlg; >
fw="2,2, (12
¢ P
_ <wilWigr > (13)
N Zy—Zs

The square of the complex mass can be written as [32, 33]

- : 2 2 :
Zpwwd) = Mpw.p) = 1Lp(w.g)[2)" = M, o) = 1Mp0.6)Upw.g)s
(14)

where I, 'y, and Ty are the decay widths of the mesons
p°, w, and ¢, respectively.

Hence,
P <p/lWl|w; > (15)
P m2, — mg —i(mel'y, —mply) ’
Fo- <pilW|p; > (16)
PO w2 =~ i(mgTy —my L)
o <wi|Wlg; > (17
Y 2 = ml = i(mgly—mu L)

In the physical representation, the propagator of the
intermediate state particle from the vector meson can be
expressed as

D‘\I,IVVZ(CIZ) =i [d*xel® < 0T (V' (x)(V3(0)I0 > . (18)
Dyy, and D{,‘ y, refer to the propagator Dy,y, =
<0|TV;V,|0> and D(,l y, =<0IT V{V;|0 > in the represent-

ations of physics and isospin, respectively. We can obtain

Dpw =< 0|Tp0.)|0 >=< O|T(p[ - prwl - Fp¢,¢])
X (Fpwpr +wy = Fuedp)|0 >,

P O S I ey
e Sp Sp s @0 Sp P S¢
P, oF,lm i+0(82) (19)
po’s p¢s ¢ws >
Sw ] w

Dyy = < 0ITpgl0 >=< 0T (o1 — Fpuwi = Fppr)
X (Fpgpr + Fogwr +¢p)|0 >,

1 1 1 1 1
=Fpp—+FupTpo—+ —Tlpy—
Sp Sp Sw  Sp S¢

1 1 1
—Fp S—HM, - Fop ; +0(%), (20)
w

Dy =< OIT wp|0 >=< 0T (wy + Fowor— Fupdr)
X (Fpppr + Fogwr +¢p|0 >,
1 1 1 1
=F,,—I,,—+ Fys—11,,—
P 5 pws o S, 0 5
1 1 1 1
+ Fop— + —Tlp— — Fup— +O(&). (21)
S S¢ S¢

w SU)
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Similarly, D, = Dpw, Dpy = Dgp, and D,y = Dy, .
In the state of physics, there is nop —w — ¢ mixing so
that D,,,, D,¢, and D, are equal to zero. One can get

1 1 1 1 1 1 1 1
e —Fw(ps—)np% —Fp¢£1'l¢w; = pr(— - —)»

o Sw f Sw  Sp
(22)

1 1 1 1 1 1 1 1
Fw¢s_npws_ + S_HM)S_ —Fpo—Tlup— = p¢(_ - _)’

p w Sp ¢ Sw S¢ S¢ Sp
(23)

1 1 1 I 1 1 I 1
Foo—Tpy—+Fpp—Ilp—+ —Ilyg— = FM,)(— - —)

Sp S¢ Sew Sp Sw S¢ S Sw
(24)

The parametersIl,,, Iug, s, Fow, Fpp, and F,4 are
of the order of O(1) (1< 1). Any two or three terms mul-
tiplied together are of higher-order and can be ignored.
Hence, we can obtain

Iy,
Fpo =~ - — (25)
0 w
g
Fop=—2, 26
po Sp— 54 ( )
and
I1
Fop= —2—, 27)
Sw = S¢
where we define
— s,I1
o = M’ (28)
Sp—Su
— s,I1
M = 2t (29)
Sp - S¢

sy, my, and Ty (V= p, w, or ¢) refer to the inverse
propagator, mass, and decay rate of the vector meson V,
respectively. We can write

sy = s—m%,+imva, (30)

where +/s denotes the invariant mass of the 7t~ pairs
[34].

The p-—w mixing parameters were recently determ-
ined precisely by Wolfe and Maltman as [35, 36]

Rellp, (M) = = 4470 £ 250model + 160gaia MeV?,
ImIpe,(m?) == 5800 £ 2000modet + 110043 MeV2. (31)

The p — ¢ mixing parameters have been given near the
¢ meson as [37]

Fos=(0.72+0.18)x 107> -i(0.87£0.32)x 1073, (32)

The mixing parameter depends on the momentum, in-
cluding both the resonant and non-resonant contribution,
which absorbs the direct decay processes w — n*n~ and
¢ - ntx~ from isospin symmetry breaking effects. The
mixing parameters ﬁpw(s) and ﬁp¢(s) are the momentum
dependence for p—w mixing and p —¢ mixing, respect-
ively. We expect to search for the contribution of this
mixing mechanism in the resonance region of the w and
¢ mass, where two pions are also produced by isospin
symmetry breaking. One can express ﬁpw(s) =R eﬁpw (m2)+
Il (m2) and Tlu(s) = meﬁw(mg) +Smﬁp¢(m§) and
update the values to

Rell,, (m2) = — 4760 + 440 MeV?,
I, (m2) = — 6180 + 3300 MeV?2, (33)

and

Rell 4 (m3) =796 312 MeV?,
ImITpg(m3) =— 101+ 67 MeV2., (34)

B. CP violation in B° — p%(w,¢)n") — a*n "

Experiments on e*e” — hadrons are performed for
the cross section to determine the parameters of vector
mesons in the energy range of p°, w, and ¢ from the reac-
tions. The processes w—n*n~ and ¢ — x*n~ from
isospin symmetry breaking can provide dynamics inform-
ation on the interference of p°, w, and ¢ mesons. CP vi-
olation depends on the CKM matrix elements associated
with the weak and strong phases. The effect of isospin
symmetry breaking can provide the strong phase to
change CP violation from intermediate vector meson
mixing. We take the B® — p%(w,¢)n) = ntn ") decay
channel as an example to study CP violation.

The decay amplitude A(A) for the process B’ —
n*tn ") can be expressed as

A = (" nO|HT|B®) + (x*n 1O |H?|B®), (3%5)

where (7*n nO|HT|B®) and (x*7~n|H?|B°) refer to the
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contribution from the tree level and penguin level due to
the Hamiltonian operators, respectively. The ratio of the
penguin diagram contribution to the tree diagram contri-
bution produces the phase angle, which affects CP viola-
tion in the decay process. The formalism of amplitude
can be expressed as follows:

A = (" nOHT|BOY[1 + rel+9)]. (36)

The weak phase ¢ is from the CKM matrix. The strong
phase ¢ and parameter r are dependent on the interfer-
ence of the two level contribution and other mechanisms.
We can define

<7r+7r’7](l'|H”|BO>
<7T*7T’ﬂ(,‘\HT\B”>

. (37)

We provide the decay amplitude from the isospin field.
Then, the physical decay amplitude is obtained by the
translation of the two representations from B — V; and
Vi — n*n~ by the unitary matrix R. One can find that the
propagators of intermediate vector mesons become phys-
ical states from the diagonal matrix. To the leading order
approximation of isospin violation, one can provide the
following results:

<7T+7T_T](/)|HT|BO> = g_§~pa)tw + sg%ﬁp(bt(ﬁ + i—ptp, (38)

SpSw 0S¢ o

_ ¢ 8 = 8p = 8
(w* I H|BYY = =Ty po + ——TLpps + -2 pp, (39)

SpSw SpSe Sp

where t,(p,), ts(py), and t,(p,) are the tree (penguin)
amplitudes of B® — p’7", B — ¢n, and B® — wn®’, re-
spectively. The coupling constant g, originates from the
decay process p® — n* ™. Then, we can obtain

6 i¢ _ UpwPwSs +ppPgSw + 5uSePp

re-¢ — (40)
prta)S(p + Hp¢t¢Sw + SwSplp
Defining

Po _ . eiGre) PO _ o ci6+0),
Iy Iy
1, . t, .
2= ael‘s", d = Te"sf,
t 0
& = ﬁei(sﬁ’ (41)
Po

where 6,, dg and 6, are strong phases. The following is
and

found using Egs. (40) and (41):

i I, 71€° 54 + [y r2€% 5, + 4,548 11 €19 @
e sy + T,pTeld% sy, + 54,54

We require sing and cos¢ to obtain the CP violation.
The weak phase ¢ originates from CKM matrix elements.
In the Wolfenstein parametrization [38],

sing = 7 )
Vi1 —p) - PP +1
p(l-p)—1?

(43)

Nie(=p PP +r

C. Details of calculation

In the perturbative QCD method, in a rest frame of
heavy B-mesons, B mesons decay into two light mesons
with large momenta, which move rapidly. The perturbat-
ive interaction plays a significant role in the decay pro-
cess over a short distance. There is insufficient time to
exchange soft gluons among final state mesons. Because
final state mesons move very rapidly, the hard gluon
gives a significant amount of energy to the spectator
quark of the B meson, which produces a fast moving fi-
nal meson. Non-perturbative contributions are included in
meson wave functions and form factors. One can use per-
turbation theory to calculate the decay amplitudes by in-
troducing the Sudakov factor to eliminate endpoint diver-
gence.

For simplification, we take the decay process B® —
p%(w,¢)n — 7t~y as an example to illustrate the mechan-
ism in detail. We must obtain the formalisms of #,, 1, 1,
and p,, pw, ps to calculate CP violation, which are from
the tree level and penguin level contributions, respect-
ively. C; are the Wilson coefficients. The formalisms of
the functions F' and M are provided in the appendix.

Based on the CKM matrix elements of V,,V’, and
Vi V7, the decay amplitude of B — p%n in the perturbat-
ive QCD approach can be written as

V2M(B® - %) = VipVE o = Vs Vi Py (44)

where 1, and p, refer to the tree and penguin contribu-
tions, respectively. The formalisms can be obtained us-
ing the perturbative QCD method.

We can get
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1 3 1 5 1 1 1 1 1
Py =Fe [— (—§C3 —C4 + §C7 + ECS + §C9 +C10)} Fl(gp)_Fep [—(§C3 +C4 - §C7 — 6C8 + §C9 - §C10)} fndFl(ap)
- F

1 1 1 1 1 1 1
ep(§C7 + ECS + §C9 + gclo)f,;Fz(gp) + F;(§C5 +Co— 8C7 - ECB) . Fl(gp)

1 1 1
- Mep [— (C3 +2C4+2C¢ + §C8 - ECQ + zclo)} . Fl(ep)

1 1 3 1 3
+ Mep (C4 +Ce¢— ECg - ECm)Fz(@p) + (Map + Ma) [— (—C3 + ECg + ECQ + Eclo)} Fl(gp)

1
_ (Mf. +MP +MZ;)(C5 - 5Q)Fl(e,,) +M,

3 1 3
—(—C3 - §C8 + §C9 + ECIO)]FI(GP)’

(46)
where Fy (6,) = —sin6), +cos6,/ V2, and F; (6,) = —sin6,- V2M(B® > wn) = VipVE to = Vi VP (47)
V2cos6,. =20° <6, < —10° can be obtained, as given in 0
Ref. [39]. The decay amplitudes of B® — p%’ can be ob- where
tained from Eq. (44) using the following replacements: 1
siné lw =FeFl(¢)fw (Cl + §C2) +MeF1(¢)C2
£ = £efs, Fi(6y) - Fy(6,) = cosb, + 7; and
1 d
F> (Gp) - F} (Hp) =cosf,— V2sind,. Here, the possible +Few (Cl + gCZ)fq + Moo F1($)Cr
gluonic component of the 7 meson is neglected. + (Mg + M) F1()Co, (48)
t, and p, can be extracted by the amplitudes of
B — wn. The decay amplitudes can be written as and
|
7 5 2 1 1 1 1
—pow=—F.F =C3+-C4+2Cs+ -Cs+ =C7+ -Cg+ =Cog—-C
Po el(¢)fw(3334 536276839310)
1 1 1
+M,F(¢) [— (C3 +2C4—2C¢— ECS - ECQ + Eclo)
[ (7 5 2 1 1 1 1
+Fo|—(5C3+5C4—2C5—=Cs— =C7—=Cg+=Co— =Cyo| f¢
(3334 536276839310)f7]
1 1 1 1 1 1
—[C3+=C4=C5—=Co+=C7+ =Cs— =Co— =Cyo | £
(334 536276829610)fn]
n| (1 S 1, 1., 1
+Few - §C5 +C6_8C7_§C8 f,7 +MewF1(¢) - C3+2C4+2C6+§C8—§C9+§C10
1 1 1 1
+MewF2(¢) - C4 +C6 - ECS - ECIO +(Ma +Maa)) F1(¢) - C3 +2C4 - 5C9 + Eclo
1 1
—(MJ + M+ ML) Fi(9) (65—5c7)—(M52 + ML, ) Fi(e) (2cé+§cg). (49)
By replacing f,, — f; and ¢"" — ¢2’P’T, the amplitude 5,4
of B® — ¢n can be written as
=F,(C ! Cs+C ! C ! C
M(B® = ¢1) = Vi Vgt = Vi Vi, (50) Po=Fe(Cs+3Ca+Cs+2Co=5C
1
where —3C8—§C9—8C10)F1(¢)

1 1
+M, |C4—Ce+=Cg—=Cio| F
=0, 51) ( 4=Cot5Cs—5 10) 1(#)
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+ (Ma + Ma¢) (C4 - %CIO) Fa(¢)

1
+ (ML + M%) (C(, - ECg)Fz(qs). (52)

where F(¢) =cos¢/ V2, and Fy(¢) =—sing. We get
¢ =39.3°+1.0° from Refs. [40, 41]. The complete decay
amplitudes of B® — wy’ and B® — ¢ can be obtained
from Eqs. (47) and (50) using the following replace-

ments: £2, £3 — f4£3, Fy () > F| (¢) = “2

«/Z ,and F3 (¢) —
F’ (¢) = cos¢.

D. Input parameters and wave functions

The CKM matrix, the elements of which are determ-
ined from experiments, can be expressed in terms of the
Wolfenstein parameters A, p, A, and n [38].

1- 512 Pl A (p—in)
-2 2l a2 Y
2
AP -p-in) -A2? 1

where O(1*) corrections are neglected. The latest values
for the parameters in the CKM matrix are [42]

A=0.22650+0.00048, A =0.790*0917

5=0.14170015,  7=0.357+0.011, (54)
where
_ 2\ 2
p=p(1—7), n=n(1—3). (55)

From Egs. (54) and (55), we have

0.127 <p<0.161, 0.355<n<0.377. (56)

The other parameters, including the physical decay
constants, are given as follows [38, 42]:

mp =52792GeV, my =80.385GeV,
m, =0.77526 GeV, my = 1.02 GeV,
m,, = 0.78265 GeV, Cr =4/3,
f,=0216GeV, fI =0.17GeV,
f,=0.195GeV, fI'=0.14GeV,
fp=0237GeV, f] =0.22GeV,
fr=0.13GeV, TI,=0.15GeV,

[, =849%x107 GeV, T[,=4.23x107GeV,
Gr =1.1663787 x 107> GeV 2. (57)

For the B meson wave function, we adopt the model

2)62

$(x,b) = Npx>(1 — x)*exp|— - (wbb)2 (58)

2w,
where w, is a free parameter, and we take w;=
0.4+0.04 GeV. Ny =91.7456 is the normalization factor
for wp =0.4GeV [43, 44]. This is the best fit for most
measured hadronic B decays.

For the vector meson V, the longitudinal polarized
component of the wave function is defined as [45]

Dy =

«/2ch{ tlmvdy 0+ g, 0] +mugy ). (59)
where € and p refer to the polarized vector and the mo-
mentum of the vector meson, respectively. The first term
in the above equation is the leading twist wave function
(twist-2), whereas the second and third terms are sublead-
ing twist (twist-3) wave functions. The twist-2 DAs for
longitudinally polarized vector meson can be parameter-
ized as

oy (x) = 6x(1—-x)|1 +a2VC 2x-1)], (60)

2\/2 c

where V =p,w,¢. fv is the decay constant: f, =216 MeV,
fo=187MeV, f;,=215MeV. For the light meson wave
function, we neglect the b dependent part, which is not
important in numerical analyses.

For the distribution amplitude, ¢,7” ¢,m and ¢,‘;’q‘b\),
which refer to the axial vector, tensor components, and
pseudoscalar of the wave function, respectively. We util-
ize the results for the 7 meson obtained from the light
cone sum rule, including twist-3 contributions [46]:

3 q(s)
¢, ()= Tchqu(l x)x{1+a' [5(1-202-1]
15
ra = [2101-2x)* ~14(1 - 2x)2+1]}
(61)
3 1 1
T —
P, O) =~ (122 6+(5n3—§n3w3
7, 3
= 5P = 5P (102 = 10x+1) | (62)
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1 1 5
P () =—— frnd 1+ = 30m3 — 2p2
¢’7q(.u (.X) 2 lchq(&){ + 2 ( 3 2'0fz/<.\)

1
x|3(1=2x)%=1|+=
31-2%) 3
27 81
(_3]73(1)3 - %piqn) - mp%m‘)ag"“’)
><[35“—2X>“—3<)<1—2)c>2+3]}- (63)

We choose the wave function of the p(w,¢) meson
similar to the pion case for ¢,w.¢), ¢; () anc} ¢;(w, 9)
[47— 49]. The relevant Gegenbauer polynomials are

defined by Cg/z(t)=%(5t2—1) and Ci/z(t)=%(35t4—

30¢ +3) [47]. The two input parameters f, and f; in the
quark-flavor basis are extracted from various related ex-
periments [40, 41]. The other parameters can be found in
[46, 50-53].

E. Numerical results

In the framework of perturbative QCD, we find that
CP violation changes sharply for the decay processes
B’ > ntnnp and B = ntn ' from the p—w—¢ reson-
ance in the vicinity of the w and ¢ masses. The results are
shown in Figs. 1, 2, and 3. A plot of CP violation as a
function of +/s is presented in Fig. 1. The CP violation
varies sharply when the invariant masses of the n*m~
pairs are in the area around the w resonance range and
changes slightly around the ¢ resonance range. For the
decay channel B® — 7"~ 5, we find that the CP violation
varies from 99.6% to —14.2% and from —18.8% to —6.3%
in the p— w resonance range and p—¢ resonance range,
respectively. For the decay channel B — n*n~ 1/, the CP
violation varies from 95.9% to —18.8% and from 47.1%
to 59.5% in the p—w resonance range and p—¢ reson-
ance range, respectively.

We find that CP violation is affected by the weak
phase difference, strong phase difference, and r. The
weak phase depends on the CKM matrix elements, which
have little effect on our results. Hence, we present the
results corresponding to the central parameter values of
the CKM matrix elements. In Fig. 2, we present a plot of
sind as a function of +/s from the central parameter val-
ues p, 17, 4, and A of the CKM matrix elements. We find
that sind oscillates considerably in the area of w reson-
ance and changes slightly in the area of ¢ resonance. A
plot of r as a function of +/s is presented in Fig. 3. r
changes sharply for the w resonance range and slightly
for the ¢ resonance range.

1. SUMMARY AND DISCUSSION

In this paper, we introduce the formalism for p—w—¢

07 08 09 10 %
Vs (Gev)

Fig. 1.

central parameter values of the CKM matrix elements. The

solid (dashed) line corresponds to the decay channel

Plot of Acp as a function of +/s corresponding to the

B = ntn7n (B — nta o).

sind

0.7 0.8 0.9 10 11
Vs (Gev)

Fig. 2. Plot of sins as a function of +/s corresponding to the
central parameter values of the CKM matrix elements. The
solid (dashed) line corresponds to the decay channel

B — nta7n (B — ntayy).

07 08 09 Lo L

Vs (GeV)
Fig. 3. Plot of r as a function of +/s corresponding to the
central parameter values of the CKM matrix elements. The
solid (dashed) line corresponds to the decay channel

B — n*a7n (B = ntayy).

meson interferences from isospin symmetry breaking. A
new strong phase can be produced by the resonance con-
tributions of p—w, p—¢, and w—¢. The mechanism is
applied to the decay process B” — n*n n®. It is found
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that CP asymmetry oscillates greatly in the resonance
range. The maximum CP asymmetry can reach 99.6%
and —18.2% in the vicinity of the w resonance range and
the ¢ resonance range of the decay process B® — n*n7n,
respectively. For the decay process BY — ntnny/, the
maximum CP asymmetry is 95.9% and 59.5% in the area
of w resonance and ¢ resonance, respectively. Our form-
alism can be used to calculate other decay process.

Detection of the CP violation signal is important in
the B-meson decay process. For three body final states,
CP violation is often dominated by quasi-two-body de-
cay channels and depends on the relative phase between
two quasi-two-body amplitudes. The numbers required to
observe large CP violation depend on both the mag-
nitudes of CP violation and the branching ratios of heavy
B-meson decays. We find that the contribution of three
meson mixing has little effect on the branching ratio and
can be ignored safely because the mechanism can only
provide the strong phase. For a one (three) standard devi-
ation signature, the number of required BB pairs is
[54-56]

9
Ngp ~ (1 —A%p)(m(l ‘A%P))’ 64)

BRA%P CP

where BR is the branching ratio for B — p’n"). We
present the number of BB pairs used to observe large CP
violation at the LHC. For the channel B° — p°(w,¢)n —
n* 7~ n, the number of BB pairs is 10* (10°) and 108 (10%)
in the resonance ranges of w and ¢ for a 1o (307) signa-
ture. We need 10° (10°) and 107 (10%) BB pairs to ob-
serve CP violation from the two resonance ranges in the
decay process B’ — p%(w,¢)y — ntnn fora 1o (307) sig-
nature, respectively.

In the heavy-quark limit, strong-interaction correc-
tions can be calculated at the leading power of Agcp/my,
in QCD factorization [57]. The decay amplitudes can be
expressed in terms of form factors and meson light-cone
distribution amplitudes, including the nonfactorizable and
chirally enhanced hard-scattering spectator and annihila-
tion contributions at next-to-leading order in ;. In the
leading order of the expansion of 1/m;, hadronic matrix
elements can be presented using the factorization ap-
proach. However, power counting is significantly differ-
ent from the hard kernels due to transverse momenta
between QCD factorization and perturbative QCD. The
strong phases associated with hadronic matrix elements
may be different for different factorization approaches.
Hence, the result of CP violation can be affected by the
different factorization approaches for our mixing mech-
anism.

In 2010, the Large Hadron Collider (LHC) operated
successfully for proton-proton collisions with a 7 TeV
center-of-mass energy at CERN. With the designed cen-

ter-of-mass energy of 14 TeV and luminosity L= 10%*
ecm~2s7!, the LHC provides new possibilities of search-
ing for CP violation and new physics. The bb production
cross section is of the order of 0.5 mb, providing as many
as 0.5x10'? bottom events per year at the LHC [58, 59].
The LHC can provide approximately 10'3 BB pairs. In
particular, the LHCb detector is designed to study CP vi-
olation and rare decays in b-hadron systems precisely us-
ing a large number of b-hadrons produced at the LHC.
Direct CP violation can be observed in the decay pro-
cesses of B and B to obtain differences from that of the
LHCb detector. Furthermore, the ATLAS and CMS ex-
periments are expected to discover new physics and fo-
cus on their B physics programs within the first few years
[58, 59]. To extend its discovery potential, the LHC re-
cently made a significant upgrade and increased its lu-
minosity by a factor of five beyond its design value. As a
result, it is possible to observe large CP violation in small
energy ranges of the p° ~ w and p° ~ ¢ resonances at the
peak values of CP violation from LHC experiment at the
high luminosity LHC (HL-LHC), even though the
branching fractions in these regions may be small. For the
experiments, it is possible to reconstruct 7+, n~, and "’
mesons when the invariant masses of n*n~ pairs are in
the vicinity of the w or ¢ resonances. Therefore, it is pos-
sible to observe large CP  violation in
B® = p%(w,¢)n") — ntn~n®) at the LHC.

APPENDIX A: RELATED FUNCTIONS DEFINED
IN THE TEXT
Functions related to the tree and penguin contribu-
tions are presented using the PQCD approach [43, 44,
60].
The hard scales ¢ are chosen as

1, = max{ xsmg, 1/b1,1/bs}, (AD)
12 = max{ \/x;mp, 1/b1,1/b3}, (A2)

tr = max{ \x1x3mp, V(x| — x2)x3mp,1/b1,1/bs}, (A3)

f} = max{ \xyx3mp,1/b1,1/b,}, (A4)
l% = max{ \xox3mp, \x2 + X3 — x2x3mp,1/b1,1/b},
(AS)
t} =max{ Vx| + X3 + X3 — X1 X3 — XoX3mp,
Vx2x3mp,1/b1,1/bs}, (A6)
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The function % originates from the Fourier transform-
4 _ NS Y V(x —
ty = max{ P xsmp, Vix = x2)xsmp, 1/b1,1/ba). (A7) ations of the function H©® [61]. They are defined by

he (x1,x3,b1,b3) =Ko (VX1 X3mpby [0 (b1 — bs) Ko (Vxsmaby ) Io ( Vxsmisbs)

+0(bs —by) Ko (Vxsmbs) Io( Vasmpbi )| S ¢ (x3), (A8)
hl (x1,x2,b1,b7) =Ko( Vxi1xompby [9(b1 - bz)Ko( \/)_szBbl)Io ( V}zmsbz)
+6(by — bl)Ko( ‘/)_CZmeZ)IO ( ‘/xszbl)] , (A9)

hy(x1,x2,x3,b1,b2) = [9(172 -b)ly (MB Vx1x3b1)Ko (MB Vx1x3bz)

K() (MBF(I)bz) . for F(zl) >0
+(br > by)]-q im ¢ , (A10)
iH(())(MB |F(1)z bz),fOI‘ F(Zl) <0
h} (x1,x2,x3,b1,b2) =Ko (—i Vxax3mpby [9(171 —b2) Ko (—i Xax3mpgbi ) Jo ( \/J_szsmez)
+0(by—b1) Ko (—i x2x3m3b2) Jo(\/l_fzxsmgbs)], (A1)
W (x1, %2, %3,b1,b7) =Ko (i VX2 + X3 = x2x3mpby [9(51 —-by) Ko (—i szsmel) Jo ( \/}2X3m3b2)
+6(b2—b1) Ko (—i \/xzxsmez)Jo(\/)_szsmel)], (A12)
h; (x1,x2,x3,b1,b2) = [9(171 - b)) Ko (i Vxax3b1 MB) I (i Vx2x3b2M3>
+(by > by)]- Ko (V1 +x2 + x5 — X163 — x23b1 M), (A13)
h‘} (x1,%2,x3,b1,b2) = [9(191 - b)) Ko (i Vx2x3b1 MB) I (i \/Xz)CszMB)
Ky (MBF(Q)bz) , for F(Zz) >0
+(by «— b))l i , (A14)
EH(() )(MB |F(2)z bz),fOI‘F(zz) <0
[
where Jj is the Bessel function, Kpandl, are the modi- as
fied Bessel functions Ky(—ix) = —7—2ryo(x) +1i 7—2rJ0(x), and
21+251—* 2
F(]) are defll’led by S,(x) = (3/ +C) [x(l _x)]c7 (A16)
(1 +c¢)
Fly=(xi—x)xs, Fp=(x—x)xs. (A15)
with ¢=0.3. In the nonfactorizable contributions, S,(x)
The S, re-sums the threshold logarithms In? x appear- has a small numerical effect on the amplitude [62].
ing in the hard kernels to all orders and is parameterized The Sudakov exponents are defined as

B mp mp o ms _ i In(t/A) In(t/A)
Sab(t)—S(xlE,b1)+s(X3%,b3)+s((l X3) \/§’b3) B [ln—ln(blA)+ln—ln(b3A) s (A17)
) =s(x1m—‘/%,bl)+s(xzm—\/§,bz)+s((l —xz)m—\/;,bz)+s(x3m—\/§,b1)+s((l —xg)%,bl)

1 In(z/A) In(z/A)
_ﬁ_l[ln_ln(bll\) e | (A18)
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Ser(®) s(xl\/ib1)+s(x2ﬁb2)+s((l—x2)\/§ )+s(x3\/%b)+s((l—x3)m—‘/%,b2)

1 In(t/A) In(t/A)
5 [m Y +2In —ln(bzA)]' (A19)
mp mg 1 In(z/A) In(z/A)
Sen(t) = S‘(XZ \5 b2)+ s(x3 \/_ b3)+ s((l X7) @,b2)+ s((l - X3) $,b3)—ﬁ—l [ln “In(aA) +2In —ln(bgA)]'
(A20)
The explicit form of the function s(k,b) is [44]
slnl-o )5 G- Jnf3)
s(k,b) = Infx—-g+b ~-1|-|—=- 2yg—1-In2)|In| = A21
(k,D) ﬁ[q(bq 25 5 g 3ﬂ()’E ) 5 (A21)
where the variables are defined by
g =In[k/(VN)], b=In[1/(bA)], (A22)
and the coefficients A?”) and §; are
67 n* 10 8 1
(@) - — —_eVE
A 9 3 27l’lf+ 3,3111’1(26 ), (A23)
_33-2n "
B T (A24)
where 7y is the number of quark flavors, and g is the Euler constant.
The decay amplitudes F,, F,,, and F,, induced by inserting the (V — A)(V — A) operators are [63]
1 0o
Fo=4V3rGrCrfymy [ dnadns [ bidbibadbagn(or,bu)- (1420064 a7y (1 =250 (0] (. b)
+¢;(x3,b3))]' ( )h (x1, x3,b1,b3)exp[ ( )]+2r,7¢,7 (x3,b3) g ( )he(x3,x1,b3,b1)€xp[—5ah(tg)]},
(A25)
1 0o
Fop =4\2GenCry [ dindss [ bidbibadbagn o) -{[(1 5206, o, ba) + (1= 25205, (8 (5. )
¢ (x3,b3)) | s (£2) e (r1, x5, b1, b3)exp | =S (88| + 208, (3, b3) ey (12) e (x5, x1, b3, br)exp [=S o ()]}
(A26)
1 00
Feo =426 mCpmy [ s [ budbubadbag (o b +10) 1, o)+ (1= 280) 7, 6 o)
¢, (x3,03)) | s (82 ) he Cx1, x3, b1, b3) exp | =S ap (82 )| + 2rl, (x3,b3) s (2) e (3, x1, b3, b1 ) exp =S s ()]
(A27)
where the color factor Cr = =, ¢p and (bA TP are the light cone distribution amplitudes (LCDAs) of the heavy B meson

and light » meson, and r;, = r; = mj/mp. The functions h,, scales #, and Sudakov factors are explicitly provided.
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We may obtain the (S + P)(S — P) operators from the (V —A)(V — A) operators. Because neither the scalar nor pseudo-
scalar density give a contribution to vector meson production, we obtain the (S + P)(S — P) operators, and we can get
FP2=0.

1 00
F? =8 V2GpnCpfim}, fo dxydxs fo bidbib3dbsp (x1,b1) - [ (x3.53) + r (3 +2) 8 (x3,b3) = x365} (x3,53) )|

g () e (x1, %3, b1, b3) exp | =S ap (1)) | + (x10p (x3,b3) + 21,5 (x3,b3)) v (£2) e (3, x1, b3, br) exp| =S (22
(A28)

1 o
FL2 =8 V2GrnCrryy [ dnadns [ b1dbibadbagin (o151 {[ 6 o) (053 #2068 s ba) = 36, .0
0 0

xars (1)) he (x1,%3,b1,b3)exp [=S ap ()| + (1 @ (3, 53) + 21055, (x5, b3)) s (12) e (x5, 31, b3, by ) exp [ =S s (£2) ]}

(A29)
The decay amplitude of the (V —A)(V —A) and (V —A)(V + A) operators can be written as follows:
p2_ 16 i [ -
M,=-M,” = —GprCpmp | dxjdxdx3 b1db1bydbydp (x1,b1) ¢, (x2,b2)
V3 0 0
X {[2)63?;7(15; (x3,b1) — X3¢ (X3,b1)] a; (lf) hy(x1,x2,%3,b1,b3)exp [_Scd (lf)]} , (A30)
P 32 s (! * A s ‘
M{ == —ZGrnCrrpmiy | dnidudss | - bidbibadbads (xi,by): ({25 (x3.52) (3 (x2.52) — &} (x2.52))
0 0
+ 1y (62 + 23) (@] (x3,b2) - 83 (x2,b2) + B, (x3,b2) 8} (32, b2)) + (x3 = x2) (@) (3. b2) ¢} (2. b2)
+¢y (x3,b2) 85 (x2, bz)))] o, (t7) by (x1, %2, x3,b1,b7) exp [—S od (ff)]} ; (A31)
P1 32 i [ - A s ‘
M, =- @GFﬂcFrme dxidxadxs | b1dbibadbagp (Xl,bl){[xz¢,7 (Xs,bl)(fﬁw (x2,02)— ¢, (Xz,bz))
0 0
1 (e + x3) (8 (3, b1) 8, (2, 52) + 8] (x3,51) 8, (x2,b2)) + (3 = x2) (8] (x3,b1) 8, (x2,D2)
+¢ (x3,01) 85, (x2,5)) )| s () ey (1, 32,63, b1, b2) exp | =S ea (1)} - (A32)

For the nonfactorizable annihilation diagrams, there are three types of decay amplitudes. For the (V —A)(V — A)oper-
ators, the decay amplitude M, is

16 1 00
Ma Z—HGFCFm;;f dxldedX3f b]dbﬂ)zdbz(ﬁg()ﬁ,b[)
V3 0 0

< {[rury (v = x2) [ @1 (x3,b2) 8, (x2,b2) + 8] (x3,b2) B, (x2,b2) | + rgry (12 + x3)

X[ @F (x3,52) 82, (x2,52) + by (x3,b52) 8L, (x2,5) | + X3, (x2,b2) ¢ (x3,b2) | evs (£3) i} G132, %3, b1, )

X exp| =S er (1)| = [rorn (2 = x2) [ 8] (3, 52) 8, (2, b2) + ¢ (x3,52) 5, (32, 2|

1ty [(2+ X2+ x3) 08 (x3,52) 8, (x2,b2) = (2= x2 = X3) $] (x3,52) ¢, (32, b2) | + X2, (x2,52) 1 (63,52

xary (63) 1 (x1, %2, x3, b1, bo) exp| =S o (13) ]} (A33)

For the (V—-A)(V —A) and (S — P)(S + P) operators, we have
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16 1 00
My! =2 GenCon [ sty [ bidbibadbagn (o bo) {[rer 6 o) (81 . + 6, (12, 52)
0 0

=37y (0 (x3,b2) + B (x3,52)) by (2, b2) | s () i Cx1, %2, %3, b1, b2 exp| =S o (1)
+ @ = x2) rud (3. 52) (65, (52, 52) + 8, (x2,52)) = (2= x3) 1y (8] (x3.52) + b (x3.52)) o (32, b2) |
xars (£3) I (x1,x2, 33, b1, ba)exp [ =S o (£3)]} (A34)

16 ! *
M{? = 221G, Cp [ andndn [ bidbibadbagn by e (a.b2) 6 s.b2)
0 0

+ 1oty (2 = x3) (0] (3, b2) 8L, (2. b2) + @] (x3,b2) 85, (32, 52) ) + (2 + x3) (% (33, 52) 8, (2. 2)
+7 (x3,b2) 8, (x2,5)) )| s () i Cx1 2, x3, 51, b2 exp | =S o (1) | = [ ¥3b (2, b2) 6 (x3.52)
+ 1oy (63 = x2) (8] (x3,b2) 8, (x2,52) + B (x3,52) B, (x2,b2)) + (2 + X2 +x3) B (3, b2) 8, (x2,b2)
-2-x- X3)¢; (x3,b2) ¢}, (x2, bz))] o (f;) hJSc (x1,X2,x3,b1,b2)exp [_Sef (t;)]} , (A35)

For the nonfactorizable diagrams, the corresponding decay amplitudes are

16 1 o
N fo dxjdradxs fo bidbibadbsgs (v1,b1) ¢ (2,52)

x{x3 @ (x3,b2) = 270, (x3,b3) | s (t) By (1, 32, 33, b1, o) exp | =S e (27) ]} (A36)

16 1 00
M, :_$GF7TCFm%f dxldxzdx3f b1dbbydbr (x1,b1) ¢ (x2.b2)
0 0

x{x3] @0 (x3,b1) = 2, (x3,b1) | evs (£ by (e, 32, x3, b1, baYexp [ =S ca (1) |} (A37)
and
MP! =0, MP2 =m,,. (A38)

For the nonfactorizable annihilation diagrams, all three wave functions are involved. The three types of decay amp-
litudes are of the form

Mo =%GFncFm;§ f dxdxydxs f bidbibadbags (x1,b1) {[ X3¢ (x3,b2) ¢ (x2,b2)
0 0

+ 1oty (O3 = x2) (85 (¥2,b2) 8, (x3,b2) + B (x2,52) 8, (43, 52)) + (x3 +x2) (8] (2, 52) 8, (3, )

+¢y (32,02) ¢, (X3,b2))] g (l;) K} (x1,%2,%3, b1, b2) exp [_Sef (t‘})] - [X2¢)w (x3,02) ) (x2,b2)

+ 1ty (O = x3) (85 (x2,b2) 8, (x3,b2) + b (x2,52) 82, (43, 52)) + oy (2 + X2+ x3) 8% (x2,b2) 8, (3, b2)
—Q2=x2=x3) ) (x2,02) 8., (x3,52))) | s (1) I} (1, 2, 33, b1, b)Y exp [ =S o (1) ]} (A39)

16 1 00
M5$=—\—F3GmcFm‘g fo dx)dxydxs fo bidb1bydbys (x1,01){[x2re (x3.52) (8) (x2.b2) + 6] (x2.2))

37 (85, (x3,b2) + 8, (x3,b2)) ¢ (x2,b2) | s (£F) i (x1, 32, 33, b1, b exp | =S o (£ )]
+[@ = x2) ryhs (x3,52) (0 (x2,52) + 1 (x2,52)) = (2 = x3) o (8, (x3,b2) + 8, (x3, b)) 8 (02, b2) |
xars (£3) I (x1,x2, 33, b1, ba)exp [ =S o (£3)]} (A40)
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P2 _ 1
0

6 1 00
MLZ =~ 2nG,Con [ nideadns [ bidbibadbag o5 [ 126 (b2 G122
0

+ 1oty (02 = x3) (8] (12.52) 8, (x3.52) + B} (x2.52) B, (x3,52)) + (x2 + x3) (8F (x2.b2) 85, (x3.2)
+7 (02.b2) 8, (x3.50)) )| s (£4) i o1 . 33, b1 b2 exp | =S o (1) | = [ ¥3bu (63, b2) 6 (x2.52)
+ 1oy (63 = 22) (0] (x2.b2) 8L, (x3.b2) + 8] (x2.b2) 85, (x3.52)) + (2 + X2 + X3) 81 (x2.52) 8, (63, D2)

-2-x- x3)¢; (x2,b2) ¢, (x3,b2))] o (t})h; (x1,x2,x3,b1,b2) exp [_Sef (t;)]}

16
V3

(A41)

If the w meson is replaced by the ¢ meson, we can obtain M, and M(f; from M,,, and M2

1 00
My = GenCpniy [ dxidades [ bidbibadbagnCer,bn)-{[xsd, (e b2) 8 12.02)
0 0

+ 1y (3 = x2) (85 (x2.b2) 8} (x3.52) + by (x2.b2) - @5 (x3,5)) + (x3 + x2) (85 (x2.52) 3 (3. b)
+ (x2,02) ¢} (x3,02)))| - s (£} i} (o1, 32, %3, 51, b2) exp [ =S o (1) | = [ v28p (43, 52) ) (2, 52)
+ 1y (02 = x3) (8] (x2,52) 8 (x3.52) + by (x2.52) 8 (x3,52)) + pry - (2 + X2 + X3) 6 (x2.b2) ¢85 (x3.b2)

~Q2=x2 = x3) ) (x2,52) 8}, (x3,5))) |- s (1) I} (1, 32, 33, by oY exp [ =S o ()]}

P _ aqP1
M, =M,,.

16
V3

(A42)

(A43)

1 00
M}, = —GprCrmi f dxidxydi f bidbibydbagp (x1,01) - {[x2rp (13, 52) (8) (x2,b2) + 6 (x2,b2))
0 0

—x37 (03 (x3,b2) + 8, (x3,52)) - ¢ (x2,b2) | s (1) i (31, 32, 33, b1, B exp [=S o (1})]
+@ = x2) 1y (x3,52) (8] (x2,52) + ] (x2,52)) = (2 = x3) 7 (85 (x3,b2) + 8, (x3,52)) 6 (32,52 |

X (l?)hi (-xl’x2,-x3’b1’b2)exp [_Sef (ti)]} :

(A44)

References

N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963)

J. P. Lees et al. (Babar Collaboration), Phys. Rev. D 87,
052009 (2013)

Y. -T. Duh et al. (Belle Collaboration), Phys. Rev. D 87,
031103 (2013)

J. Dalseno et al. (Belle Collaboration), Phys. Rev. D 88,
092003 (2013)

R.Aaij et al. (LHCb Collaboration), Phys.Rev. Lett. 111,
101801 (2013)

R.Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 112,
011801 (2014)

R.Aaij et al. (LHCb Collaboration), Phys. Rev. D 90,
112004 (2014)

C.-L.Hsu et al. (Belle Collaboration), Phys. Rev. D 96,
031101 (2017)

H-Y Cheng, C-K Chua, and Z-Q Zhang, Phys. Rev. D 94,
094015 (2016)

Rebecca Klein, Thomas Mannel et al., JHEP 1710, 117
(2017)

G Li, Y-T Wang, and Q-Q Zhi, Phys. Rev. D 98, 013004

[12]
[13]
[14]
[15]
[16]
[17]
(18]
[19]

[20]
(21]

[22]
(23]

[24]

113101-14

(2018)

R.Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 123,
231802 (2019)

R.Aaij et al. (LHCb Collaboration), Phys. Rev. Lett. 124,
031801 (2020)

R.Aaij et al. (LHCb Collaboration), Phys. Rev. D 101,
012006 (2020)

B.Aubert et al. (BABAR Collaboration), Phys. Rev. D 72,
052002 (2005)

B.Aubert et al. (BABAR Collaboration), Phys. Rev. D 79,
072006 (2009)

The LHCb collaboration, JHEP 07, 032 (2019)

The LHCDb collaboration, JHEP 05, 026 (2019)

H.-Y. Cheng, C.-K. Chua, and A.Soni, Phys. Rev. D 71,
014030 (2005)

I.Bediaga et al., Phys. Rev. D 89, 094013 (2014)

B. Bhattacharya, M. Gronau, and J. L. Rosner, Phys. Lett. B
726, 337 (2013)

D. Xu, G.-N.Li, and X.-G.He, Phys. Lett. B 728, 579 (2014)
B. Bhattacharya, M. Gronau et al., Phys. Rev. D 89, 074043
(2014)

Y. Li, A.-J. Ma, Z. Rui et al., Phys. Rev. D 98, 056019


https://doi.org/10.1103/PhysRevLett.10.531
https://doi.org/10.1103/PhysRevLett.111.101801
https://doi.org/10.1103/PhysRevLett.112.011801
https://doi.org/10.1103/PhysRevLett.123.231802
https://doi.org/10.1103/PhysRevLett.124.031801
https://doi.org/10.1103/PhysRevLett.10.531
https://doi.org/10.1103/PhysRevLett.111.101801
https://doi.org/10.1103/PhysRevLett.112.011801
https://doi.org/10.1103/PhysRevLett.123.231802
https://doi.org/10.1103/PhysRevLett.124.031801
https://doi.org/10.1103/PhysRevLett.10.531
https://doi.org/10.1103/PhysRevLett.111.101801
https://doi.org/10.1103/PhysRevLett.112.011801
https://doi.org/10.1103/PhysRevLett.123.231802
https://doi.org/10.1103/PhysRevLett.124.031801
https://doi.org/10.1103/PhysRevLett.10.531
https://doi.org/10.1103/PhysRevLett.111.101801
https://doi.org/10.1103/PhysRevLett.112.011801
https://doi.org/10.1103/PhysRevLett.123.231802
https://doi.org/10.1103/PhysRevLett.124.031801

Direct CP violation of three body decay processes from the resonance effect

Chin. Phys. C 46, 113101 (2022)

[25]
[26]
[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]

[37]
[38]

[39]
[40]

[41]

[42]

(2018)

A.-J.Ma, W.-F.Wang, Ya Li, Z.-J. Xiao, Eur. Phys. J. C 79,
539 (2019)

G Li, S.-T.Li, and Y-T Wang, Phys. Rev. D 94, 034040
(2016)

G L, Ye Lu et al., Eur. Phys. J. C 77, 518 (2017)
Sheng-tao Li and G Lii, Phys. Rev. D 99, 116009 (2019)
H.-Y. Cheng, C.-W. Chiang, and C.-K. Chua, Phys. Rev. D
103, 036017 (2021)

H.-Y. Cheng, C.-W. Chiang, and C.-K. Chua, Phys. Lett. B
813, 136058 (2021)

N. M. Kroll, T. D. Lee, and B. Zumino, Phys. Rev. 157,
1376 (1967)

H. B. O'Connell, B. C. Pearce, A. W. Thomas et al., Prog.
Part. Nucl. Phys. 39, 201 (1997)

J. Harte and R. G. Sachs, Phys. Rev. 135, B459 (1964)

A. Ali, G. Kramer, and C.-D. Lii, Phys. Rev. D 58, 094009
(1998); 59, 014005 (1998); Y. H. Chen, H. Y. Cheng, B.
Tseng et al., Phys. Rev. D 60, 094014 (1999)

C. E. Wolfe and K. Maltman, Phys. Rev. D 80, 114024
(2009)

C. E. Wolfe and K. Maltman, Phys. Rev. D 83, 077301
(2011)

M. N. Achasov et al., Nucl. Phys. B 569, 158 (2000)

L. Wolfenstein, Phys. Rev. Lett. 51, 1945 (1983); Phys.
Rev. Lett. 13, 562 (1964)

E. Kou, Phys. Rev. D 63, 054027 (2001)

T. Feldmann, P. Kroll, and B. Stech, Phys. Rev. D 58,
114006 (1998); Phys. Lett. B 449, 339 (1999); T. Feldmann,
Int. J. Mod. Phys. A 15, 159 (2000)

R. Escribano and J. M. Frere, J. High Energy Phys.
06(2005) 029; J. Schechter, A. Subbaraman, and H. Weigel,
Phys. Rev. D 48, 339 (1993).

P. A. Zyla et al. (Particle Data Group), Prog. Theor. Exp.
Phys. 2020, 083C01 (2020)

[43]
[44]
[45]
[46]
[47]

(48]

113101-15

Y.Y. Keum, H.-n. Li, and A. I. Sanda, Phys. Lett. B 504, 6
(2001); Phys. Rev. D 63, 054008 (2001)

C. D. Lu, K. Ukai, and M.-Z. Yang, Phys. Rev. D 63,
074009 (2001)

Zhi-Qing Zhang and Zhen-Jun Xiao, Commun. Theor.
Phys. 51, 885 (2009)

P. Ball and J. High Energy Phys.
01010(1999)

P. Ball, V. M. Braun, Y. Koike et al., Nucl. Phys. B 529,
323 (1998)

H. W. Huang, C. D. Lii, T. Morii et al., Phys. Rev. D 73,
014011 (2006)

Y. Liand C. D. Lii, Phys. Rev. D 73, 014024 (2006)

E. Kou and A. I. Sanda, Phys. Lett. B 525, 240 (2002)

D. Q. Guo et al., Phys. Rev. D 75, 054033 (2007)

P. Ball and R. Zwicky, Phys. Rev. D 71, 014015 (2005)

P. Ball, V. M. Braun, and A. Lenz, J. High Energy Phys.,
05004 (2006)

D.-S. Du, Phys. Rev. D 34, 3428 (1986)

L. Lyons, Statistics for nuclear and particle physicists,
Cambridge University Press, 1986

W. T. Eadie, Statistical methords in experimental physics,
Amsterdan, North-holland, 1971

Martin Beneke and Matthias Neubert, Nucl. Phys. B, 675
(2003)

N. Brambilla et al. (Quarkonium Working Group) , CERN-
2005-005 (2005), hep-ph/0412158
CERN-LHCC-2018-027  LHCB-PUB-2018-009,
ex/1808.08865

Ahmed Ali, Gustav Kramer, Ying Li et al., Phys. Rev. D
76, 074018 (2007)

Zhen-Jun Xiao, Dong-qin Guo, and Xin-fen Chen, Phys.
Rev. D 75, 014018 (2007)

H.-n. Li and K. Ukai, Phys. Lett. B 555, 197 (2003)

Xin Liu et al., Phys. Rev. D 73, 074002 (2006)

09005 (1998);

hep-


https://doi.org/10.1103/PhysRev.157.1376
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1103/PhysRev.135.B459
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1103/PhysRevD.34.3428
https://doi.org/10.1103/PhysRev.157.1376
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1103/PhysRev.135.B459
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1103/PhysRevD.34.3428
https://doi.org/10.1103/PhysRev.157.1376
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1103/PhysRev.135.B459
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1103/PhysRevD.34.3428
https://doi.org/10.1103/PhysRev.157.1376
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1103/PhysRev.135.B459
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1103/PhysRevD.34.3428
https://doi.org/10.1103/PhysRev.157.1376
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1103/PhysRev.135.B459
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1103/PhysRevD.34.3428
https://doi.org/10.1103/PhysRev.157.1376
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1016/S0146-6410(97)00044-6
https://doi.org/10.1103/PhysRev.135.B459
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1093/ptep/ptaa104
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1088/0253-6102/51/5/26
https://doi.org/10.1103/PhysRevD.34.3428

	I INTRODUCTION
	II $ \bm {CP} $ VIOLATION FROM RESONANCE EFFECTS
	A Formalism
	B $ \bm {CP} $ violation in $B^{0}\rightarrow  \bm {\rho^0(\omega,\phi)\eta^{(')}\rightarrow  \pi^+\pi^{-}\eta^{(')} }$
	C Details of calculation
	D Input parameters and wave functions
	E Numerical results

	III SUMMARY AND DISCUSSION
	APPENDIX A: RELATED FUNCTIONS DEFINED IN THE TEXT

