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Decay-Angular-Distribution correlated CP violation in
heavy baryon decays

Summary and Outlook

email: zher Summary and Outlook
Based
In collaboration with

University of

_ @ CPV hasn't observed in the baryon sector,
BT S5HEK

04/05/202 o interfer. of intermediate resonances plays important role for CP

violation in three-body decays of bottom meson,

o decay-angular-distribution correlated CPV is also worth searching in
bottom or charmed baryon decays,

o Outlook: More CPV observables in four-body decays.
Thank you for your attentions!

Z_H._7Zhang (U.South China Decav-Angular-Distribution CPV/ 3rd TEHHP 2024 22/22
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Acp(pK™n ™)
Acp(R(prn™)K™)
Acp(R(pK™)R(n 7))

Z.-H. Zhang

LHCb detector

= (2.45+0.46 +0.10)%
= (54+09+0.1)%
= (53+13+0.2)%

Full analysis of 4-body CPA
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S = 2
CPV history

@ pure mesonic processes: CPV has been observed in K, B, and D meson sectors
@ baryonic decays: CPV observed in A, — pK~7tn—.

@ baryon-anti-baryon production processes: No CPV was confirmed.

1956 1964 2001 2025

Parity violation Strange mesons: Beauty mesons: Beauty baryons:

T.D. Lee, CPviolation in K°® CP violation in B CP violation in A)

C.N. decays decays decays

C.8.Wuetal 1. W. Cronin, BaBar and Belle LHCb collaboration
V. L. Fitch et al. collaborations

1263 1973 2019
Cabibbo Mixing The CKM matrix Charm mesons:
N. Cabibbo . K E CP violation in D®
decays
LHCb collaboration

Cronin and Fitch SN 2501

pengu'" dlagram Belle and BaBar




CPV history

@ pure mesonic processes: CPV has been observed in K, B, and D meson sectors

@ baryonic decays: CPV observed in A, — pK~7tn—.

@ baryon-anti-baryon production processes: No CPV was confirmed.

1956
Parity violation
T.D.Lee,
C. N. Yang,
Wu et al.

1863
Cabibbo Mixing
M. Cabibbo

Cronin and Fitch

1964
Strange mesons:
CPviolation in K°
decays
J. W. Cronin,

Fitch et al.

1873

The CKM matrix
M. Kobayashi,

T. Maskawa

PR 21

2001 2025
Beauty mesons:
CP violation in B”

Beauty baryons:
CP violation in A)
decays

LHCb collaboration
collaborations

2019

Charm mesons:
CPviolation in D°
decays

LHCb collaboration

penguin diagram
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@ |. regional CPA (localized CPA)

@ |I. CPAs corresponding in decay angular correlations

@ lll. complementary CPA observables in resonances interferences
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. regional CPA (localized CPA)

Interference of p°(770) and £,(500): non-trivial dependence of CPA on
2 2
Mr high OF Myt -
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LHCb, PRL112, 011801 (203804 747 & 1 Guo, and Y.-D. Yang, [PRD87, 076007 (2013)]
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e 0w [GEVCT] d

A = as+apc b

_ tree penguin o~
as(p) = 3s(p) T as(p) )
$s /
1 2 4105602 R N 4

Ap —AZD cos? 0 + |<aS)‘2 |<i5)‘2 gP ((3P352> <f’P352>) cos 6, o e
3 [(ap) |2 + [(ap)| [(ap}|* + [(ap)| =
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[I. CPAs corresponding in decay angular correlations

Forward-Backward Asymmetry (FBA) induced CPA (FB-CPA)

LHCb

0 1 1 1 _0.8
5 10 15
p(770) me(reTt),  [Gev/cd]

8 10 12 14
m, [GeV?/c']

ZHZ, PLB820, 136537

_ Y.-R. Wei, ZHZ, PRD 106(2022), 113002
ot Q i )
as o Npg— —Np— R((agape’®)) o -

5 N2 NET ((aR) 23+ [Gas) 2

7t~ cm. frame
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2-fold FB-CPA in 4-body decay

Applications to /\2 — p7T_7T+7T_: N(1440) — N(1520) and f,(500) — p(770)

N — N(— pr=)f/p(— mF77): cp, and cp, are correlated.

2 Dim Phase Space

) Ncos 6,
. N1440N1520) | f] S N E
Non-int (N1440 M1s20 ) Non-int 1 -
. (N1aa0 N1520) | | ! ! X
(T~ (fp)|N1aaol 2 !
’ NiasoNis20fp fp)IN !
(F ) Nysao | ( Jar | (fp)INisol ! !
Non-int (N1440N1520)|p|2 Non-int ' !
-1 0 1'cos 6,
Gl term corresponding to cos 0 cos 6, 1 :
! 1
! 1
L
—1
4
two-fold FBA (TFFBA): j=1=1 TFFBA-CPA
i (N — Ny + Ny — N) }(A;u iy
2
v
Z.-H. Zhang Full analysis of 4-body CPA LHCbP2025 10 /37



ST

B2

[I. CPAs corresponding in decay angular correlations

Partial-Wave CPAs
M2 =37 Pilegywt.
J

ZHZ, X.-H. Guo, JHEP07(2021)177
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II. complementary CPA observables in resonance-interf.

The interfering term

5 (A8 R(AB*) (s — m?) +S(AB*)m, I,
= 5 .
Sr st
v
a pair of complementary CPV observables
fm,z FAL W ‘V‘Q ds
Acp = 5 = ~ sin § sin ¢ mainly from S (A,B™)
. < MP + [M ) ds
mp2—A_
2 [
mpe Ay 7 _ |2 —
oy () ()
Acp = 5 o ~ cosdsing mainly R (A,B )
’m,Q A <\,\/t\2 ‘ V‘ >d5
Tmp2—n_
o~ 2
AZp + A2y ~sin g
v
Full analysis of 4-body CPA LHCbP2025 12/37



AL
R

II. complementary CPA observables in resonance-interf.

(2020) 012006 [1909.05212]

(Ng— = Ngt)cos 0, >0,k — (Ng— — Nt )cos 6,4 <0,k

# FB
A Acpk =
§ e (Ng— 4 Ng+)cos ¢ >0,k T (Ng— + Ng+-)cos 6y, <0,k

I

AFBYQVEZEEZB[(Ngf - NB+ )eos Ope) >0,k — (NB, - NB+ )eos Ohe|<0,k]
P T Gl(Ng— + Ngteos >0,k + (Ng— + Nt eos 6y, <0,4]
= (0.8+1.0)%

PRD 110 (2024) L111301 [2407.20586]

40

quygi(Z;lilz - Zilza) [(’VB— — Ngt)cos 04, >0,k — (Ng— — N+ )cos ehe|<o,k]
P =
Ziis [(NB— + NB+ )cos Ohel >0,k + (NB— + NB+ )eos Ghe|<0,k}

}L = (13.2+1.0)%
I

K + +H+ ﬁmﬁ% ﬁ
ﬂﬂ + JT

#
0.4 0.6 0.8 1 1.2 14 16
Tiow [GeV/c?]
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Figure: Illustration of the five angles defined in the main text for the decay
Ho — a(— 12)b(— 34).
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The decay amplitude squared (DAS) for Hg — ax(— 12)bm(— 34)

].,4‘2 x jajb QJalb
Oa0p0 41 O pt JanUa/O'b/7

O350 /O‘bo'b/ a Jb
The kinematical factors

()adb =Py (OHo) d_la 0(9 )de {6p)e Ug0+t7¢)

Oa0p0 51 Tyt O/ by
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Ja A jp PRI AT

The first one is the triangular inequality

|Sak - Sak/’ <Ja < Sa, T Sa, -

that j, must satisfied for a given pair of a, and ay.
Parity symmetry in the strong decay a — 12

(_)ja - naknakm

If let ax and ay run over all the allowed possibilities, we obtain all the
allowed values of j,.

Z.-H. Zhang Full analysis of 4-body CPA LHCbP2025 17 /37
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For unpolarized Hg

JAP o D7 [ROB)WEE - S(f)ol]

.iaajbvo-
The kinematical factors merge into
Qb = dﬁo(ﬁa)d{,fo(Hb)e“"P.

Entanglement between kinematical angles!

Z.-H. Zhang Full analysis of 4-body CPA LHCbP2025 18 /37



Denote the kinematic factors as

Gllo = 2 (8,) 2o (0b) sin oo,

Whalo — dﬁo(ea)djbo(éb) cos o,

0-7
Jb
] 0 1 2
Ja
00 — — 0T 07 —
0 vy - 1 trivial H\UO o, V2 =3(ch, — 1)
V5’ = ¢, V5™ = cp,co, vi2 = 2cea(3c9b —1)
11 12
1 \U%l = 59,50, Cp \U%Z = 59,50, C8,Cp
®1" = 59,50, 5, ®1° = 59,50, €5, 5,
20 _ 1 2 21 1 2 22 1 2 2
vt = 5(3C€a —-1) \IJO21_ 5(3c92 - 1)C9b w3 ;21(3%9 - 1)(3c9b —-1)
\Uél = Sp,C0,50,Ce \Il%2 = Sp,€o,50,C0,Ce
2 ST = 50,C0,50,55 1° = 9, C0,50,C0, Sy
2 _ 322
\IJ%2 = §50,5, 2
3" = §5,50,92¢

Table: The first few angular correlations.
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CPV observables

W= L )

2
Decay angular correlation asymmetries

Ayfjb =

(Ny{;ajb>0 - N)}?jb<0)a

__vyalb
Ayé

2|~ ==

(NT)’;;”"BO N N?ffj%o)
CPV observables

i

s 1, s oy
AV = S (W7 A7)

Decay angular correlation asymmetries

~~sJaib 1
A))if = (N . -N .
N( sgn- Vb >0 sgn'yfjb<0)’
fﬁjb 1 — —
A = ﬁ (ngn~)7]:jb>0 - ngn-?:jb<0)
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A type of decay involving baryon B® — ppKtn~

ar (lV > hep-ex > arXiv:2205.08973

High Energy Physics - Experiment

[Submitted on 18 May 2022 (v1), last revised 16 Aug 2023 (this version, v2)]
Search for C P violation using T'-odd correlations in B® — pp K 7~ decays

LHCb collaboration

Asearch for CP and P violation in charmless four-body B? — pp K+~ decays is performed using triple-product Itis based on proton-proton collision data collected by
the LHCb experiment at centre-of-mass energies of 7, 8 and 13 TeV, corresponding to a total integrated luminosity of 8.4 fb 1. The C'P- and P-violating asymmetries are measured both in the
integrated phase space and in specific regions. No evidence is seen for C'P violation. P-parity violation is observed at a significance of 5.8 standard deviations

Comments: Allfigures and tables, along with any supplementary material and additional information, are available at this https URL (LHCb public pages)
Subjects: High Energy Physics - Experiment (hep-ex)

Report number:  LHCb-PAPER-2022-003, CERN-EP-2022-083

Gite as: arXiv:2205 08973 [hep-ex]

(or arXiv:2205.08973v2 [hep-ex] for this version)
https//doi.org/10.48550/arXiv.2205 08973 @

Journal reference: Phys. Rev. D108 (2023) 032007

Related. DO hitps://doi 0rg/10.1103/PhysRevD. 108.032007 @

Submission history

From: Matteo Bartolini [view email]

[v1] Wed, 18 May 2022 14:54:32 UTC (517 KB)
[v2] Wed, 16 Aug 2023 12:23:37 UTC (739 KB)

No evidence of CPV (corresponding to T-odd correlation) in B® — ppK* 7.

CPRUAMAARE | FEHEAKIKE !
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considerable contribution from K*(892)
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Entries / (0.08 MeV/c?)

Entries / (0.08 MeV/®)

Z.-H. Zhang

1
cos® -

Entries / (0.08 MeV/c®)

interference of 0%
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& T00F T T = & TOF
= LHCb - By =0 E 2 F LHCb
E 600F g4 fp! E E 600F g4t
= B B"C =
o 500 (Co <0 = 5005
S 10f o # ﬁﬁ S 00f
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no TPA but clearly left-right asymmetry (LRA), ®{!

WOl W0 ol = i = 0,1 = 0F&IF, K*(892)&0T = j,,jp =0,1,2.
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LH Chby& ti T 5 # F5

angular correlations

Jb
. 0 1 2
Ja
0 | VP =1 trivial Ve, V=12 1)
Ve = ¢, V' = ¢y, ¢, v = 3c0,(3¢5, — 1)
1 \Ui = $p,50,Cy \Uﬁ = 50,50, C0,Cp
It = 50,50, ®1° = 59,50,0, 50
W30 =53¢, —1) | W3 =3(3c3, —1)cy, | W= ;(3c3, — 1)(3¢3, — 1)
W2l = sy cp,50,Cp W22 = 55 ¢y,50,C0,Cy
2 P2 =5, C0,50, S, P32 =5 €0, 50, €, S
\Iléz = %sgasgb 2y
3 = 550,5,%2¢

Z.-H. Zhang
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LHChb;2& f ] 5 &%

BY Scheme A Scheme B
A H 2 2 2 2
Cslgn of o Af sign o My — My <0 ] My — My >0 )
0,60, Cp Sp reg. Az yie. reg. Az yie.
—=a o | —tes5+101 [+ | & 0 | —267+17.8 [ 8§ | —51+128 |3
- 1 61492 % 1 544158 | 9 66+11.6 |2
— 2 —1247.0 r 2 | 7311 [0 10 0.740.0 e
—d= 3 25.347.2 + 2 3 1544128 [ 11 30.9+£8.7 ®
=i 4 7.8 +11.1 + 4 | —210+139 [ 30 12 | 3B4+les |
== 5 29+83 t 1B 5 | —134x139 [ 13| 16+102 |
ERR 6 —28+74 [ | 10 6 | —193x104 [ 1 | —241%105 |3
n—_— 7 ~104+68 [0 7 0.74+10.9 e 15 | -188+86 |2

Table: The TPAs in different regions from the data of LHCb, and the corresponding
event yields extracted from the TPAs data for B® — ppK+7~. In the table, Co, Coy»
¢, and s, are abbreviations for cosf,, cosp, cosp, and sin ¢, respectively.

Z.-H. Zhang
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LHChb;2 i 5 5

BO Scheme A Scheme B
C_sigcn_ oi_ reg. A_f sig_n o, mf(." = mf(* <0 i mf(," = mi* >0 i
020, "% 5@ reg. Af yie. reg. Af yie.
- —+ 0 —13.249.5 ; gg 0 —21.9 4+ 12.9 gg 8 —8.0 £13.2 gi’
— == 1 324098 s gg 1 —1.6 £20.7 g 9 4.0 +11.2 gé
—++ 2 23.9 4 10.0 = g; 2 18.9 + 17.4 ig 10 30.2 + 12.2 ‘Q‘g
-+ - 3 32478 1 gg 3 5.0 4+ 13.7 ;g 11 0.2+ 9.4 gg
+ -+ 4 24.3 +9.0 1 Z; 4 26.1 + 16.3 ?i 12 22.7 +10.7 gi
+ - - 5 14.9 4+ 8.6 = ;g 5 21.9 4+ 22.3 182 13 14.2 + 8.8 ;g
+++ 6 —4.9+8.6 s g‘l‘ 6 —15.3+11.4 ii 14 6.4 +13.2 gg
++ - 7 6.8 4 6.6 I 133 7 2.8+ 8.4 gg 15 10.2 £ 9.5 gé
Table: The same as last TABLE but for BO — ppK 7.
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Jb
. 0 1 2
Ja
0 WY =1 trivial Wilcy, W2 =2(cz —1) x
10 _ T _ 2 _ 1
V5° = ¢, V5" = ¢y, ¢o, Vgt =3 ga(3c9 —1) X
1 _ 12 _
1 Wit = 59,59, Co V1% = sp,5,C0,Cp
O = 59,5, 5, ®1% = 59,50,C0, 5
20 _ 1 2 21 _ 1 2 22 _ 1 2 2
Ve = 3(8c;, —1) X | Vgt =3(3c5, —1)cp, X | V§* = 2(3¢c5 — 1)(3c9b —-1) X
21 _ 2 _
\Uél = 59,€0,50,Cp \U%z = 59, C0,50,Co,Cp
2 Ot = sp,€0,56, 5, d>122 = 59 ce sebc@bsy,
V2 2 _ ge 250 2C2<p )
P3° = 550,50, %2
Table: The first few angular correlations.
Full analysis of 4-body CPA LHCbP2025 29 /37




LHChR i 5 8757 A i BRI C PR Kk 2 A i

— . B L
vio || a2 | 2 | e || e | 2| Ay
WO 285 | 140 || 7.3 55 | -16.2 || 10.8
WO 09 | 131 || -6.1 _— _— —
wit 0.7 | 5.0 -2.9 23 | -234 || 10.6
VIT[[7=86 | -149 || 31 ||| -121 | -129 || 04
I 10 | 70 || 40 50 | 63 | -06
iz 49 | -140 || 9.5 _— _— —
12 -1.7 | -01 -0.8 — — —
w3l 72 | 44 || -14 63 | 20 -4.2
3t 74 | 37 -5.5 24 | 19 2.1
W32 -0.1 | -1.0 0.5 — — —
w22 (Il 106 | -7.3 || -1.6 — — —
32 75 | -1.2 || -3.2 — — —
2t 284 | 301 | 207 || 284 | 3.00 || 205

Table: Angular correlation asymmetries and CPAs extracted from the data in

LHCb.
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. 0 1 2
Ja
0 U = 1 trivial VT =, VPZ=1( —1) x
\U(l)o = Cy, \Ucl)l = Cp,Co, vz = % o, (3C9b —1) X
Wit = 5.9, C, W12 = 55,59, Cp, Cy

1 _
&1 = 55,59, 5,

12
P1° = 59,50,C0,Sp

w3 =332, - 1) x

w2l = %(3c§a —1)cy, X

21 _
Wit = sp,€p,50,Cp

22
lI"0

1
:2§(3ch —~1)(3¢3, — 1) X
V1™ = $0,€0,90, €, Cp

21 _ 22 _
2 Ot = sp, 0,50, 5, ®T° = sp,€0,50,C0, S,
22 3.2 .2
v 2 _ ie 256b2C2¢ .
<1> 550,50, 520

@ Wi FB-CPA, interf. K*(892) and a scalar.

° \U(l)l: two-fold FB-CPA, interf. K*(892) and a scalar, meanwhile, 0% and 1F.
@ Wi% Left-Right Asymmetry CPA,

Z.-H. Zhang
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o7 [ 7 T = [ [ 7 [ 7 ]
P = v I o 1 | Ay )
}—éloi’og ]:cglo;i) w2 ]:(_11;'_117) ]:(_113&’_117)

\U(l)o ]_—éOOi ,07) ]_-&1%,0 ) ]_-é10¥,17) ]_-éylo;l )
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e Y s
S T

sien I T s T
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In the 1950s, if you discovered a new particle
you got a Nobel Prize; in the 1960s, they fined
you; by the 1970s, they should have put you in
jaill—M. Gell-Mann
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Thank you for your attentions!
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