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current exp. status of CPV

B meson: /y/---
Bs meson: 4/

D meson: / (very small CPV)
baryon decay: X (lower statistics than meson
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Beauty particles:Time- Beauty particles: Time- Beauty-strange particles:

dependent CP violation integrated CP violationin | Time-integrated CP
in B® meson decays B° meson decays violation in B meson
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collaborations collaborations LHCb collaboration
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Z.-H. Zhang (U. South China) IAngular-distribution asymmetries and CPAs ir

cases)

2020

Beauty-strange particles:
Time-dependent CP
violation in B meson
dec:

LHCb collaboration

2019

Charm particles: CP
violation in D°
meson decays
LHCb collaboration

HFCPV2022

4 /28



current status of CPV in baryon decays

@ no confirmation of CPV in baryon sector from exp. side.

2-body and multi-body decays of heavy baryons

regional and integrated CPA

Triple Product Asymmetry induced CPA in four-body decay
decay asymmetry prameters (A — Ax™, A — pr™)
energy test method
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FB-CPA in three-body decays of B mesons
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Overall CPV in 3-body decays of charged B mesons

LHCb, 2206.07622 (PRD)

Acp(mmm) = +0.080 & 0.004 + 0.003 + 0.003
Acp(Kmr) = +0.011 4 0.002 + 0.003 & 0.003
Acp(KK7) = —0.114 4 0.007 + 0.003 £ 0.003
Acp(KKK) = —0.037 + 0.002 + 0.002 + 0.003
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Regional CPV in three-body decays of B mesons

2206.07622
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Regional CPV in three-body decays of B mesons

2206.07622
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FB-CPA in three-body decays of B mesons

Corelated behaviour between reg. CPA and event distributions
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FB-CPA in three-body decays of B mesons

Origins of large reg. CPA: interfer. of S-

and P-waves: f,(500) and p(770)°

A= ag + e ap cos 0, as(p) = ats'(ef;) + age(f;g)uin

[A? o |ag|? + |ap|? cos? 6 + 2 (a;apeid) cos 6

Acp o )atree aPenguin

. . . 2 2 2

sin(6y — 61)sin(8> — 1) (s = Miigh — (Mhigh,max T Mhigh,min)/ 2
+ - 2

" (mhigh,max7mhigh,min)/2

(ZHZ, X.-H. Guo, Y.-D. Yang, PRD87, 076007)

PRL 124 (2020) 031801 [1909.05211]
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FB-CPA in three-body decays of B mesons

Origins of large reg. CPA: interfer. of S-

and P-waves: f,(500) and p(770)°

A =as + emap cos 0,

_ _tree penguin
as(p) = as(p) T A5y

[A? o |ag|? + |ap|? cos? 6 + 2 (a;apeid) cos 6

tree enguin
aPene!

Acp x )a

sin(62 — 01)sin(d2 — 61)

(ZHZ, X.-H. Guo, Y.-D. Yang, PRD87, 076007)

Forward-Backward Asymmetry (FBA)

B _
Ag =

(=12 + ) 1A

R((agape'®))

JAPR

(ZHZ, PLB820, 136537)

T @) I2/3 + [{as) 2

o
o
Z.-H. Zhang (U. South China) IAngular-distribution asymmetries and CPAs ir

2

2 > >
Mhigh ~ (Mhigh,max T ™high,min)/
V)

cos ) =
— 2
(Mfigh,max ~ Mhigh,min)/ 2

ot

PRL 124 (2020) 031801 [1909.05211]

B- »r wiwt

© 6 8 10 2
mi,, [GeV?/c']

LHCb

Bt = ntatin—

2 4 6 8 10 1

HFCPV2022 10 / 28



FB-CPA in three-body decays of B mesons

.. . + — =+
Origins of large reg. CPA: interfer. of S- B* »ntrx
and P-waves: f,(500) and p(770)° ~

A =as + emap cos 6, as(p) = atsr(eﬁ) + age(';,g)”i" - o -
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Forward-Backward Asymmetry (FBA)
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FB-CPA v.s. reg. CPA based on LHCb data

o8l Y.-R. Wei, ZHZ, 2209.02348 A
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!
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FB-CPA in three-body decays of B mesons

FB-CPA v.s. reg. CPA based on LHCb data

! E=
_ Atk
08F Y.-R. Wei, ZHZ, 2209.02348 barie A7
0.6 :
04
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0
0.2 -
-04
0.6
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0.2
v
FB AFB Q ot Q—
Acp Acp Acp Acp Acp
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FBA for general cases: H — Rijhs, Ri — hihy, i=1,2

Decay amplitude squared /

|_/\/l|2 :ZPJ(C@;)WU). i
J

Selection Rules for the two resonances

R: and Ry in wl) _ _
@ It is the Spins and the
@ Interference terms show up only when Parities of the
o (—YPrPr,=+1. intermediate resonances
o j=lr —Jrols--+ iR + s directly determines j, not

the angular momentum

@ Non-interfer. terms show up only for
between hq hs.

e even j.
° J = 07 a2jR1/R2'

4
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FBA: interference of resonances with opposite parities

Well separated for opposite
PR and PR2

@ Inter. terms in P; odd j

1

@ Non-inter. terms in P;
even j.
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FBA: interference of resonances with opposite parities

FBA and Generalized FBA

Well separated for opposite [MP =3 Pi(egy )t
J
PRl and PR2 . (*_f91+.[0+1) |MJ}2‘1€0£
o Inter. terms in P; odd j A= [ TPy

@ Non-inter. terms in P; ( OB I N\—
] _f—ll +f2- _f3_ .“+‘/‘+_ |MJ} deys
even j. ) o NORENG 0 1
J 2
st |MJ‘2"59{
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FB-CPA in three-body decays of B mesons

FBA: interference of resonances with opposite parities

FBA and Generalized FBA

Well separated for opposite [MP =3 Pi(egy )t
J
PR1 and PR2

| R
@ Inter. terms in P; odd j

JE1 M Pdey,
. - 1
@ Non-inter. terms in P; RN ) _
) J B A L S
even j. e IR NORREND) ) o]
-

J

st |MJ‘2dC9{

Examples
@ =, — pK~K™: E(1775) — £(1925) ((g)+ _ (%)—)

@ 1) — pk*(892)%x: N(1440) — N(1520) ((%)+ - (%)7)

A — prOn = (A) — ppPm™): N(1440) — N(1520)
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FB-CPA in three-body decays of B mesons

FB-CPA of A — pmO7™: interference of N(1440)* and N(1520)"

N(1440)" and N(1520)": spin-parities are %+ and 3~

According to SRs:

B is
M= ./\IlN1 + Mpy,e e N(1440) in Py
My, = P

Ni' pol. N; e interf. in Py.

) D Mp,nr- My pro o N(1520) in Py and P,

° °

*

’5N1 ’5N2 SNy S,
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Angular-correlation related CPA in four-body decays

© Angular-correlation related CPA in four-body decays
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Kinematics

“branching” four-body decay Reasons for four-body decays

H = al)(= 12)b0) (= 34) o large statistics (such as Ap)

« @ more room for CPV

kinematics .- .
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Kinematics

“branching” four-body decay Reasons for four-body decays

H = al)(= 12)b0) (= 34) o large statistics (such as Ap)

« @ more room for CPV

kinematics .- .

........................... : ::P =21 — (¢a + ¢b)

! ' ) Ya ’,
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Dynamics

interferences
o H— a(— 12)b(— 34) and H — a'(— 12)b(— 34)
o H— a(— 12)b(— 34) and H — a(— 12)b/'(— 34)

@ Genuine Interference (Gl) to four-body decay:
H — a(— 12)b(— 34) and H — a'(— 12)b/(— 34)
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Integrate out ¢

Decay amplitudes squared

2 Dim Phase Space

2
/|A| dp x E rj/(slg,S34)Pj(C93)P/(C9b) Ncos 6
jl ! 1 1
1
p(ab:a'6) g(a3) o (bb') : !
M = Z Jl J ! ' '
J T T T T* ? -1 0 1'cos6,
b |
a,a’,b,b’ azal ' ! |
| 1
[
1
v
W) = STy T (s, — s, 1j0) (s — psy pl10) Fy P EE
ap
’ ! *
g;aa V= 3T ()M (s — Aasy Al FI e Fa v
ISRV

(bb') _ sp—A b—s34 b —34%
6= AZ;, (=273 (sp — Azasy Azl IOV FR N FR N,
374
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Selection Rules

gj(aa) = (=)= (s, — Arasw A2 jO) FE IR FL 1,
A1\

bb") - b—34 b’ —34
G = 37 ()% (55— Asas AsalI0) FL33 FL 3,
)\3)\4

Interf.

PPy (=) =1, PoPy(-) =1 If a and a’ as well as b
Isa — S| <j<sat5Sa,  |sp—sp| <1 <sp+sp and b’ have opposite
“ parities, interfer. and
non-interfer. terms will
be well separated.

Non-interf.

jeven, [ even

0 SJ S 253(/), 0 S / S 25b(’)
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Angular-correlation related CPA in four-body decays

Applications to AY — pr~m

7T . N(1440) — N(1520) and f5(500) — p(770)

N) — N(— pr=)f/p(— piTn): cy, and cy, are correlated.

Non-int (N1aaoNis2o) | FI2,

(N1240N1s20) | p|?
I~ (fp)|N 2, . ‘ ,
(") ((f,l/))))||l\;1142(;||2 (N1aaoNisoof p)er | (Fp)|Nisol? \ |

Non-int (N14aoNis20)|p]? Non-int /

T
Non-int :

Gl term corresponding to cos 6, cos )

two-fold FBA (TFFBA): j=1=1 TFFBA-CPA

~ _ _ 1 -~ -—
A (Ny — Ny +N/V/// Ny) AL — §(A11 _ AL

&
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Without integrating out ¢

Gl terms

] dll’O(Ga)dllyo(Qb) cos ¢ ~ sin O, sin O}, sin

] d},g(Ga)cﬁl,o(%) sin ¢ ~ sin 0, sin 6}, cos @

sinp: TPA induced CPA (Up-Down cos ¢: Left-Right Asymmetry induced
Asymmetry induced CPA) CPA
Ar = N(Cr >0) = N(Cr <0) _ Ny —Np AR _ N(Cq > 0) — N(Cg <0)  N_— Ng
T7 NCr >0+ N(Cr <0 Ny+Np’ T ON(Cg > 0)+ N(Cg <0) N+ Ng’
Nysp = N(sing >0),  Cr = (p1 X p2) - p3 Nyjr = N(cosp 2 0), Cq = (p1 X P2) - (P3 X Pa)
Al = }(AT+ZT)7 ALR — }(ALR ALRY
2 =3
) v
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Summary and Outlook

@ Summary and Outlook
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Summary and Outlook

@ interfer. of resonances with opposite parities generate FBA and
FB-CPA in three-body decays of heavy hadrons

@ Genuine Interfer. of resonances with opposite parities generate
2-dim-FBA and 2-dim-FB-CPA in four-body decays of heavy hadrons,
(Gls also contribute to UD-CPA(TPA-CPA), LR-CPA).

@ Look forward to the experimental measurements.

Thank you for your attentions!
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Summary and Outlook

Backup
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Summary and Outlook

Fit reg. CPA with only f(500) and p°(770)

id
cpe'or

cre

iss

Apg_ .+ =cosOR1 -
B——n—ntm slowfmf;‘i”’mprp

= i
cpe'’r

2 B s
Slow — m? + imgl ¢

Cre

i8¢

Apgi o ptnt = cOsORy
Bt—a—ntnm slowfm%‘i”’mprp

2 - .
Slow — m% + imel ¢

05 - Para.

Value Para Value
1 <p 1.05 £ 0.02
0 Sp 0
0.49 £+ 0.07 < 0.50 + 0.06
—0.64 1 0.06 Sf —1.36 £ 0.31
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Summary and Outlook

Footnote for CPV in cascade 3-body decays H — R;j(— hi1h2)hs

@ interference within the same intermediate resonance
H— R(—) h1h2)h3
e For most cases, the strong process R — hyh; is governed by ONE
decay amplitude, hence the strong phase difference can only be
generated from the weak process H — Rh3, between the tree and the
penguin parts.
@ interference between different resonances H — Ry(— hihz)h3 and
H— Rz(—) h1h2)h3
e strong phase can rise up in the weak process H — R;h3, or from the
phase diff between Ry — hihy and Ry, — hihs

|A]? o |as|? + |ap|* cos® § + 2R (asape’) cos

2 2 an ot el
|M]? o | + o, | (14 3cos? ) + 12 (NlNi> cos0]

[sml?  [sw,|? SNi S
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Summary and Outlook

Applications to AY — pr~m

N — N(— pr=)f/p(— piT7~): cy, and cy, are correlated.

Non-int

(N1aaoNis20)|f |2,
(N12a0N1s20) | p|?

T

Non-int

(Ti)~| (Fp)[Niaaol?,

(’CP)|N1520|2

(N1aaoNis20f p) i

(fp)| Nis2ol?

Non-int

(N1240N1s20) | p]?

Gl term corresponding to cos 6, cos ),

Non-int

/

N(1440) — N(1520) and f5(500) — p(770)

dir-CPV-subtracted TFFBA-CPA
(N = Ny + Nig — Ni) — (N — Ny + Ny — Ny)

ALl
Acp =

N+ N
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Without integrating out ¢

Without integrating out ¢, without the assumption of unpolarized H:

5 ,
XD oy, 0(02)ds,, o(Bp)e! 5 el P,

(ab a b')g aa’ g(bb
'I _
04l as0plp IQIQIIbI ) ’ P(o) = % (1 N ( cos —sin6 ) Pz) 7

—sin®  —cos@

(ab &’ b!)ji

C =(53 — 025,101 1jo 1 ,)(Sb — OpSpr Ty |log )

For unpolorized H, P, = 0:

Oaa0 = Oppr, and
X Po 0., (0), o, baai i
ab>74 €024l Pag T b — e 10

ca—satop—sp H—ab ~H—a' b«
x (=) D e Fo a
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