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\ Research background

Research

background

/CP violation 1s an important area for testing the Standard Model and searching\
for new physics signals. In recent years, it has attracted extensive attention.
The B meson system, which contains rich physical information, is a good way
to explore CP violation. Therefore, the study of B mesons occupies an

\extremely important position in the field of particle physics. )

/At present, theoretically, with the gradual in-depth study of B mesons, the\

research on CP violation in the two-body decay process has gradually matured,
and the research on CP violation of B mesons is gradually moving towards in-

\depth study of multi-body decays. )

"Meanwhile, there is also a large amount of experimental data on CP violation )
in the multi-body decay processes of B mesons. This not only provides a basis
for us to explore the CP violation mechanism in the decay processes of B
mesons, but also enables us to detect and search for the CP violation
\unechanism from the vast amount of data. Y,




The LHCDb experiment, the experimental results of the three-body decay of B mesons:
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FIG. 2. Dalitz plot distributions of (a) B* — K*K*K~, (b) B* - K*z*n~,(c) B* -«
The visible gaps correspond to the exclusion of the J /i (in the B* — K*ztz~ decay) and D° (all plots, except for the B* — 7K+ K~
decay) mesons from the samples.
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3 | Research background

Large CP violation in a local phase space region has been observed 1n the three-

body non-charm decays of B mesons. The result of the integrated CP violation 1s:
ACP(Bi K7 77)=40.025£0.004£0.004 £ 0.007
ACP(Bi - K*K'K)=-0.036+0.004+0.002+0.007

A,(Bf - 77" 77) =+0.05840.008+ 0.009+ 0.007

A,(B* > 7KK =-0.123£0.01740.01240.007



\ Research background

The experimental CP violation results in the three-body non-charm decay process of B

mesons:
0.150+0.019 + 0.011(LHC)
0.30:£0.11 =+ 0.02(

S (%@70) - ) ~

0.004+0.014 =+ 0.007(LHC)
0.128+0.004 + 0.013(

S ( (1020) -~ * ) -

-0.004+0.017 =+ 0.009(LHC)
0.007+0.011 + 0.016(

S (%@70) - ) -

= - ( (1020) - —0.648 = 0.070 = 0.013 = 0.070(LHC)

+—)—

Phys. Rev.D 108, 012013 (2023)
Phys. Rev.Lett. 96, 251803 (2006)

Phys. Rev. D 108, 012013 (2023)
Phys. Rev. D 85,112010 (2012)

Phys. Rev. D 108, 012013 (2023)
Phys.Rev. Lett. 124, 031801 (2020)

Phys.Rev. Lett.112, 011801 (2014)
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\ Introduction to the mixing mechanism

ONINYY3

01
=]
m
>

@ According to the vector meson dominance (VMD) model, positrons and electrons can annihilate into photons. In a

vacuum, photons can be polarized to form vector particles p , w , and ¢ . These vector mesons can then decay into pairs

ofmt +m —orK + K — mesons.

® Under this mixing mechanism, through the electromagnetic form factor of the © meson, we can obtain the

mixing amplitude parameters of the corresponding two or three particles, and determine their specific values

by combining with experimental results.
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mgmg% Introduction to the mixing mechanism

(3) From the above transformation, we can obtain the expression form of vector mesons in the description

of the physical field.

— 0 — 0
== () - ), = O+ - (),
< || = <11 = <11 =
=< || =< |11 =< 1| =
(.)=(
< || =< 11 = < |1 =
Neglecting the higher-order terms, we can use the matrix R in the
physical representation to diagonalize the equation W 1.
0 0
= — 0 0
0 0
The contribution of the higher-order term F 2 can be neglected to obtain the following
relationship:
< || = < || = < |1 =

() +

= o) %+

Define the square of the complex mass

_ 2 2 _
()~ Te.)H/2) () ¢
B _ W
2_ 2_( r - T
B _ W
2— 2—(C 1 — T
_ W
- - 22— (C T =T



mgmg% Introduction to the mixing mechanism

(4The propagator of the intermediate state particles from vector mesons can be expressed as:

(D=4 <0l (1) 20)]0>.
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=<0| |O><O + — +
1 1 1 1 1 1 1
= —n —+ —n —+ —_+-n =

-

)]0 >

1 ip i_ ip 1. (L1_ 1y
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We can define the following mixing parameters:
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Study on CP Violation in the Process of
Three-Body Decay
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\ The amplitudes of the B—Vn—n+n—n decay process in PQCD
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\ The amplitude of the B—>Vn—n+n—n decay process in PQCD
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The CP violation plots of the B—Va(K)—n+n—n(K) decay process
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\ The results of CP violation for the B—Va(K)—nt+n—n(K) decay process

Decay channel

This work

Previous measurements(no mixing)

E’g -t K°

B, - atn K~

B, »atn~n

—-0.1683 + 0.0013 + 0.0000 ( p° )

—0.0847 + 0.0000 + 0.0084 ( p° — w mixing )
-0.0813 + 0.0064 + 0.0052 ( p° — ¢ mixing)
—0.0847 + 0.0056 + 0.0089 ( ¢ —p” — w mixing )
—-0.0054 + 0.0004 + 0.0011 ( p°)
0.0173+0.0109+ 0.0015 ( p° — w mixing )
—0.0055 + 0.0006 + 0.0011 ( p° = ¢ mixing )
0.0147+0.0014 + 0.0086 ( ¢ —p° — @ mixing)
0.2093+0.0206 + 0.0044 ( p° )
0.1771+0.0084 + 0.0061 ( p° - w mixing )
0.2109+ 0.0207 £ 0.0023 ( p° - ¢ mixing)
0.3470+ 0.0310+ 0.0709 ( ¢ —p° — @ mixing)
0.0065+0.0014 +0.0031 ( p°)
0.0256+0.0013+0.0016 ( p° — w mixing)
0.0076 + 0.0006 + 0.0023 ( p° - ¢ mixing)
0.0260+ 0.0034 + 0.0047 ( ¢ —p" —w mixing)

T e

- e S -

0.150 £ 0.019 £ 0.011 LHCb [8]
0.44 + 0.10 + 0.04 BaBar [42]
0.30 £ 0.11 + 0.02 Belle [43]

-0.004 + 0.017 + 0.009 LHCb [8]
030 + 0.11 + 0.02 Belle [43]

Phys.Rev. D 108, 012013 (2023);Phys. Rev. Lett. 96, 251803(2006) :Phys.Rev.D 78, 012004 (2008)
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\\ The CP violation for the Bc—K+K—(

T T)D(s)+ decay process
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\The CP violation and branching ratio for the Bc—K+K—D(s)+decay process
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z\The CP violation and branching ratio for the Bc—K+K—D(s)+decay process

Table 1. Peak local integral (0.65 GeV < /s <1.06 GeV for the n*z~ final states and 0.98 GeV < /s <1.06 GeV for the K*K~ final

states) of AZ, from different resonance ranges for B} — Din*n~ and B} — D K"K~ decay processes.

Decay channel Bl - D 'nn” B - Dintn™ B - D'KK~ Bf - D{K"K~

¢ —p— w mixing 0.0706*5:005 0,091 —0.01342 00002700006 0.1636 0060067 —~0.0278*3.0%1 70 001>
- mising TSRS ooigrom 00063 0026701308
F— 0017623088 —0.0156:390e 000 0029010885005 0.0258:3gB 0000
¢ — w mixing - = —0.0381* 0 0008 0 0096 ~0.0264* 4000030 001
o mxin 001762313 00155 ooTasgRA%) 002522010808
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\z\The branching ratio for the Bc—K+K—D(s)+decay process
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Table 2. PQCD predictions of the branching ratios for quasi-two-body decays B} - D*V - D*K*K~ and B - D}V - D;K"K™.

Decay channel Branching ratio Direct three-body decay/Mixed three-body decay
BY —» D*p’ —» D*K*K~ 1661 g 35.37%
Bf > D*w— D*K*K"- 2361 ) 107 50.21%
Bf > D*¢ — D*K*K~ 43750 s 92.98%
Bf - D*¢(p°,w) > D*K*K~ 408 w0~ 1
B! - Dip’ - DIK*K- R 0.0083%
B} > Dfw— DIK*K~ 3.96 05 %1071 0.0028%
Bf - D{¢ — DfK*K~ 1.44*952 x 1077 109.09%
B} — Di¢(p°,w) > DIKYK™ 132400 % 1077 1
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\\ The branching ratio for the Bc—K+K—D(s)+decay process

Table 3. Branching ratio results of B} — D'V — D*n*x~ and B} — D}V — Dix*n~.We also present the outcomes of quasi-two-body
decay for comparison.

Decay channel The three-particle admixture in this paper

Quasi-two-body
90377 -9 sc 107

e 6.61+1'64 % 10—7

-0.99
455580 xl0~® 2680 xIF

Bf - D*p® - D*ntn

B s DY —s Prora




Study on CP Violation in Four-Body Decay Processes



The expression X = [(m% — 51 — 59)2/4 — 5159]1/% is introduced, where 8y = A/2(sy,m? m2,)/s1 and By =

f2 3

M2 (s9,m2 ,m2 ) /s2, with A(a,b,¢) = a® + b* + ¢* — 2ab — 2bc — 2ca. Here, | M* represents the squared amplitude

p1’
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\ The amplitude of the B—VV—K+K—-K+K- decay process
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\ CP violation of the Bs—VV—-K+K—-K+K- decay process

TABLE 1. The peak integrated values of A, for process B, - KTK-KTK~ in different
resonance ranges.

Vs (GeV) 0.99-1.05
B,->Viip—¢p—-—0)V(p—¢p—w) > KT KKK~ 0.0 £ 0.0%

B, - Vip—¢)Vylp—¢p) > KT K- K"K~ 0.0 £ 0.0%

B, >V (wo—¢)V,(w—¢) > K" K"K K~ 0.0+ 0.0%

B, > Vip—w)Vylp—w) > KT KKK~ 1.57 £ 0.01 £ 0.90%
B, =V \Vy(nogpp) - KT K"K K~ —21.47 £ 0.61 £ 5.70%
B, - Vi(¢p)Vilp—w—¢) > KT K- K"K~ 0.0 £ 0.0%

B, > V(¢)Valp—w) > KT K"KTK~ —76.59 +3.26 + 9.01%
B, - Vi(¢)V,(p—¢) > KTK"KTK~ 0.0 £ 0.0%

B, - Vi($)Vrlw—¢) > K"K K K~ 0.0 £ 0.0%
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\ CP violation of the Bs»VV—-K+K—( +

-)K+ - decay process

TABLE II: Direct Acp values (in units of %) of By — (KTK~)(K*7n~) and By — (777~ )(K*T7~) decay processes
in different intermediate states. The errors of these items arise from the CKM matrix elements and the uncertainties

of the input hadronic quantities.

Decay Modes

cp
A

ACP

B — p% (p° - KTK7)K*9( K** — K¥77)
B s ww—KTK)K*( K* - Ktr™)

B - ¢(¢p - KtK)K*°( K* — K+t77)

GRBTE

—~T7.3857 03

+0.73
7101 655

534407

+0.14
25.1535'34

784350

+0.57
53'24:1:15.73
+1.82
_60'31i13.12

0

B — % (p° = 7t ) K*O( K** - KTrn™)
B s w(w—=satn ) KO K - Ktn™)

B 5 ¢(p - nmtn ) K*( K*O —» Ktn™)

63.5815 15

—77.3937 03

+0.
L

sl

25.143573

784451 2=

(157
53'24:I:15.73

—60.3131575
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\ CP violation of the Bs»VV—K+K—( + -)K+ -decay process
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TABLE III: The peak regional integral of Ay from different resonance rangs for B, — (KTK~)(KTn~) decay
processes. For the K™K~ final state,the integration range is set to 0.99 - 1.20GeV. The source of the theoretical
error is the same as that shown in Table II.

Decay channel Different resonance effect V51 = 0.99 — 1.20(GeV)

Bs — (KYK) (K1) —0.291 4 0.078 + 0.198
—0.006 & 0.001 + 0.012
—0.021 = 0.009 & 0.034

0.016 = 0.029 £ 0.154

©-
I
©
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&,

_ B B
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\\ CP violation of the Bs—VV— + -K+ - decay process
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TABLE IV: The peak regional integral of AZp from different resonance rangs for Bs — (777 ) (K7~ ) decay
processes. For the 777~ final state,the integration range is set to 0.99 - 1.20GeV.

Decay channel Different resonance effect /51 = 0.70 — 1.10(GeV)

—0.537 £0.020 = 0.135
—0.532 £ 0.006 £ 0.085
—0.537 £0.021 £ 0.134
—0.302 £0.012 + 0.192

B, = (ntn ) (K*T77)

S
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3
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0 0.9
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4.0

FIG. 1: The differential branching ratio plot for the
_ quasi-two-body decay process
B, = [#(p% w) - KTK~]|[K*® - K*7~] .The numerical
range corresponding to the blue-to-pink gradient area
(0-1.50x10~?) reflects the upward trend of these values.

A/ 82(Gev)

WJE isey)
FIG. 2 : The plane mapping plot of the differential
branching ratios for the decay process
B, = [¢(p°,w) - KTK~)[K*™® - Kt7~]. That is,
the planar projection diagram shown in Fig. 1, and
the color representation method is the same as that
in Fig. 1.
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FIG. 3 : The differential branching ratio plot for the BIG. 42 Thf:_plane S plot of thed ferantisl
dEbRohotly B0k preeas branching ratios for the decay process
i et 5. 0 Fop 0 ++=1. That i
B = [P’ (w, @) = (nta)][K*® — K+7~] .The numerical By |p"(@, @ = (r ) K™ = o ] i,
: : ; the planar projection diagram shown in Fig. 3 . and
bar e coreqpeng T -t the Do to L Ladianh atve the color representation method is the same as that
(0-4.0x10~?) reflects the upward trend of these values. P '1{131 Fig 30 8 i
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\ Polarization fractions and branching ratio of the Bs»VV—K+K—-( + -)K+ -decay process

TABLE V: Polarization fractions and branching ratio (x107¢) of B, - (K*K~)(K*7n~) and B, — (77~ ) (K7 ™)

decay processes. The source of the theoretical error is the same as that shown in Table 2.

Decay Channel

Modes

fo(%)

f1(%)

f1(%)

Bl1i)

B, - (KTK™)(K*7n™)

pDK*O
wK*0
K0

16,6552
50,1222

+0.53
182231576

27 50552
25,7883

+0.32
11.545155¢

on.euTl 2
AT L

+0.18
10.23+1 56

+0.006
+0.002
0.0143%5 015

+0.10
1‘49:|:(J.56

(¢ — p°)K*

(¢ —w)K*

(p” — w) K™
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Summary



\ Summary

1. Within the PQCD framework, we investigated CP violation and

decay branching ratios in the decay processes of B - mnn(K)and Bc -
KK(1)D(s) induced by the p — w — ¢ mixing mechanism. Our results
indicate that this mixing mechanism can significantly influence both CP

violation and branching ratios.

2. Furthermore, within the same PQCD framework, we examined CP

violation 1n the Bs - KKKK and Bs—K+K—(1 + 1-)K+TT- decay process.
We observed that larger CP violation effects can be generated under

different combinations of vector mesons.



