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@ background

© CPV in the angular correlations in four-body decays of heavy hadrons

© How LHCb missed the discovery of CPV in baryon-production process
in 2022

@ summary and outlook
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background

@ background
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CPV in hadron decay

story incomplete, but more interesting

@ pure mesonic processes: CPV has been observed in K, B, and D meson sectors
@ baryonic decays: small CPV observed in A, — pK~ 7"~ (Acp = (2.45+0.46 £0.10)%).
@ baryon-anti-baryon (BB’) production processes: No CPV was confirmed.
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background

Motivations

In this talk we will show that

extremely strong evidence of CPV exists in baryon-anti-baryon (BB’) pair
production of bottom meson multi-body decay process: B — ppK 7.

Why BB’ pair production of bottom meson multi-body decay processes
@ uniqure config., make the story of CPV in hardon decay more
complete
o BB-pair threshold enhancement in multi-body decays
(BR(BB'X) > BR(BB"))

o four-body decays
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Theor. and Exp.

Theoretical study
@ N. Paver, Riazuddin, PLB 201(1988) 279
M. Gronau, J,L, Rosner, Phys.Rev.D 37 (1988) 688
W.S. Hou, A. Soni, PRL86 (2001) 4247
H.Y. Cheng, K.C. Yang, Phys.Rev.D 66 (2002) 014020
J.L. Rosner, PRD68 (2003) 014004
B.S. Zou, H.C. Chiang, PRD 69 (2004) 034004
M, Suzuki, J.Phys.G 34 (2007) 283
C.Q. Geng, H.K. Hsiao, PRD 74 (2006) 094023

Exp. study

@ Belle or Bell Il, PRL 88(2002) 181803; PRL 91(2003) 022001; PRL 92(2004) 131801
@ LHCb, PRL 113 (2014), 141801; PRD 108 (2023), 032007
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angular-correlation CPV in 4-body decay

© CPV in the angular correlations in four-body decays of heavy hadrons
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angular-correlation CPV in 4-body decay

Kinematics
cascade decay Ho — ax(— 12)bm(— 34)
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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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angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics
cascade decay Ho — ax(— 12)bm(— 34)

Decay amplitude squared for Hg — ax(— 12)bm(— 34)
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The kinematical factors

()Jadb =P, oy 9HQ dJa 0(9 )djb 0(9 m,o—l-ad?)’

Oa0p0 10— Oplps
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angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics
cascade decay Ho — ax(— 12)bm(— 34)

Quantum number entanglement for unpolarized Hg

Entanglement between kinematical-angle correlated quantum numbers!

O3 — Oy = O0p — Oy
The kinematical factors merge into
Qo = Whio + 1Dl = o (0) o (0) €.

AP oc 37 [ROE0 )W - S(f)ol]

jaajb:o
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angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics
cascade decay Ho — ax(— 12)bm(— 34)

Dlzie = db20(0,) 2 (05) sin oo,
Wil = d)20(6)d(0b) cos o,
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angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics
cascade decay Ho — ax(— 12)bm(— 34)

Constraints to j, and jp,
@ Triangular inequality

’Sak - Sa,(/‘ < Ja < Say, + Sak, .

@ Parity symmetry in the strong decay a — 12

(_)ja - rlaknakm

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

Inversely, if possible j, (and jp) is seen from the data, we can infer what
kind of resonances enters.

Kinematics <> Dynamics (interference pattern)
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angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics

CPA inducde by Interference between intermediate resonances

Resonance-Interference
o |. CPAs in angular distributions

@ Il. complementary CPA observables
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angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics

Resonance-Interference: |. CPAs in angular distributions

Forward-Backward Asymmetry induced CPA (FB-CPA)
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Kinematics <+ Dynamics

Resonance-Interference: |. CPAs in angular distributions

CPV in baryon-four-body decays: /\2 — PT T N(1440) — N(1520) and

f(s00) — p(770), ZHZ, PRD107(2023),L011301

N — N(— pr=)f/p(— mt77): cp, and cp, are correlated.

2 Dim Phase Space
Ncos 6,
. (N1aaoNis20) | F12, T N
Non-int Non-int
e , (V1440 N1520) | | o : ! X
i)~ fp)|N;
(5 ((f’;))‘llvll‘?;“ | (NiaaoNisaofp)ar | (Fp)|Nisaol? X !
Non-int (N1440N1520)|p|2 Non-int : !
-1 0 1'cos 6,
Gl term corresponding to cos 6, cos 6, 1 :
1
1
SR B
—1
v
two-fold FBA (TFFBA): j=1=1 TFFBA-CPA

A (N; — Ny + Ny — Ny)

Z.-H. Zhang :

CPA in B® — ppKTm—

1y
11 11
Agp = S (A" — A1)

6th Workshop on Frountiers of PP14 /32



angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics

Resonance-Interference: |. CPAs in angular distributions

Partial-Wave CPAs

M2 = Z Pj(Cg{)WU).
! ZHZ, X.-H. Guo, JHEP07(2021)177
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angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics

Resonance-Interference: Il. complementary CPA observables

The interfering term

0 (A,B*) _ R(AB) (s - m?) + S(AB) m T

2
Sr |Sr|
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, ) y
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angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics

Resonance-Interference: Il. complementary CPA observables

LHCb, PRD 101 (2020) 012006 [1909.05212]

o
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o 15
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angular-correlation CPV in 4-body decay

Angular correlation CPV observables in four-body cascade
decays

Decay angular correlation Decay angular correlation
asymmetries asymmetries
1 v _ L o N
A= N(Nyffb>0_Ny’£fb<o)’ A = N(ngn<y’é”">0 ngn'y':“’<0)’
oyl 1 _ =y - —
A = 5 (Ngisip oo = Nysioiy ) A = (Vo gimis s = Nogogwis o)r St
CPV observables CPV observables
yiis 1, gy b ST PP Vel
Ach =547 =47 ), Al =5 (R KT,

CPV observables <« Kinematics <+ Dynamics (interference pattern)
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discussion on LHCb results of the decay BY — ppK T

© How LHCb missed the discovery of CPV in baryon-production process
in 2022
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discussion on LHCb results of the decay B — ppKt 7

A type of decay involving baryon B® — ppKtn~

ar <1V > 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 CP violation using T'-odd correlations in B — pp K "7~ decays
LHCb collaboration

Asearch for CP and P violation in charmless four-body BY — pp K *m~ decays is performed using triple-product asymmetry observables. It is 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 fo 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 hitps URL (LHCb public pages)
Subjects: High Energy Physics - Experiment (hep-ex)

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

Gite as: arXiv2205.08973 [hep-ex]

(or arXiv:2205.08973v2 [hep-ex] for this version)
hitps;//doi 0rg/10.48550/arXiv.2205.08973 @

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

hitps:/doi.org/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~.
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discussion on LHCb results of the decay BY — ppK T
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considerable contribution from K*(892)
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discussion on LHCb results of the decay BY — ppK T
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discussion on LHCb results of the decay BY — ppK T

T TOF LHCb I I E ) OF LHCb ‘ I i
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discussion on LHCb results of the decay BY — pBK™T

angular correlations

Jb
. 0 1 2
Ja
00 — — 0T 02 —
0 vy - 1 trivial H\UO o, V2 =3(ch, — 1)
V5’ = ¢, V5™ = cp,co, vi2 = §C03(3C9b —1)
11 _ 12
1 \U%l = 59,50, Cp \U%Z = 59,50, C,Cp
®1" = 59,59, 5, ®1° = 59,50, €5, 5,
20 _ 1 2 21 _ 1 2 22 _ 1 2 2
vt = 5(3c0‘3 -1) \IJO21_ 5(3c92 - 1)C9b w3 ;21(3(:% - 1)(3c9b —-1)
\Uél = S9,Co,50,Cp \Il%2 = Sp,€0,50,C0,Ce
2 Ot = sp, 0,50, 5, ®1° = sy, C9 56, C0, Sy
22 22
\IJ22 3sg Sp, C2p
d3 550,50, 2¢
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Extracting the event yields from LHCb's paper

BY Scheme A Scheme B

sign of reg. As sign vie. m%(ﬂ_ — mi* <0 ) m%(ﬂ. — mf(* >0 )

020, S r S reg. + yie. reg. + yie
-+ o | —16s5x100 [ 4 0 | —267+17.8 [ 22 8 | -s1+128 [ 2
- 1 61492 1o 1 544158 | 9 6.6+11.6 | a0
-4+ 2 —t2k70 £ L0 2 | —7r3xua o2l 10 07490 |2
—¥ - 3 253472 + 1 3 | 1sax128 [0 U 11 | 300487 o0
NR— 4 784111 R 4 | —2100+130 20U 12 | 384+168 |20
- 5 20483 t | B 5 | —1az1zo 213 | me+102 [
ot 6 | —28x74 [ F L 10 6 | —193+x104 214 14 | —241+105 |32
- 7 | -104+68 L 2T 7 074109 (2 1 15 | 188486 o

Table: The TPAs in different regions from the data of LHCb, and the
corresponding event yields extracted from the TPAs data for B® — ppKt7n~. In
the table, cy,, cs,, ¢, and s, are abbreviations for cos,, cosf}, cosp, and sin ¢,

respectively.
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discussion on LHCb results of the decay BY — p,EKJrn*

Extracting the event yields from LHCb's paper

BO Scheme A Scheme B

cgjgc;boz¢ reg. ’Z‘f Ssig; vie. reg. m%(ﬂ - ".f(* <0 yie. reg. mf(ﬂ- _A”j<* >0 yie.
- 0 | —132+95 - 0 | —219+120 |2 8 | —80+132 |2
- = 1 3.2+09.8 1 gg 1 —1.6 +20.7 E 9 4.0 +11.2 ;13
—++ 2 23.9 + 10.0 I gé 2 18.9 + 17.4 fg 10 30.2 + 12.2 ‘2“;
-+ - 3 32+7.8 ; gg 3 5.0 + 13.7 gg 11 0.2+9.4 %
+ -+ 4 24.3 £9.0 1 Z; 4 26.1 +16.3 ﬁ 12 22.7 £ 10.7 gz
+— = 5 14.9+ 8.6 1 ;g 5 21.9 +22.3 182 13 14.2 + 8.8 gg
4+ 6 —4.9486 — o 6 | —153+£114 [ 4 | 6axn2 |2
+4 — 7 6.8+ 6.6 ; 153 7 2.8+8.4 ES 15 10.2 + 9.5 2(1)

Table: The same as last TABLE but for BO — ppK 7.
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discussion on LHCb results of the decay BY — ppK T

Accessible angular correlations based on the data in LHCb's paper
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- 1 2 1 2 1 2 2
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<D22 32ss
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discussion on LHCb results of the decay BY — ppK T~

Accessible angular correlations based on the data in LHCb's paper

b 0 1 2
01
0 \UO Co,
0 _ T
Vg = a, Vo' = c, ¢,
11 _ 12 _
1 Wit = s9,50,Cp Wi“ = sg,50,C,Co
1 _ 2 _
Ot = 59,50, 5, P1° = 59,50,C0,Sp
21 _ 2 _
Wit = s9,¢0,50,Cp V1 = $5,¢0,50,0,C
21 _ 2 _
2 Ot = sp,€0,50, 5, ®7° = sp,¢0,50, 0,50
2 _
o3 59 59 S2
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discussion on LHCb results of the decay BY — pﬁKJrn*

.. jad) —_yalb jal ~ad T.yf“’ ~n yal)
| s i - [ I (7S
Wit M 285 [ 14.0 7.3 55 | -16.2 || 10.8
WO 09 | 131 || -6.1 _— _— —
wit 0.7 | 5.0 -2.9 23 | -234 || 10.6

w786 | -149 || 31 || -121 | -129 || 04
ST {[[-10 | 70 || 40 50 | 63 | -06

w12 49 | -140 |[ 95 — — —
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 — — —
stat.

2.84 3.01 2.07 2.84 3.00 2.05

err.

Table: Angular correlation asymmetries and CPAs extracted from the data in
LHCb.
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discussion on LHCb results of the decay BY — ppK T

Jb
. 0 1 2
Ja
0 W0 =1 trivial Wil = ¢, V2 =3(c, — 1)
10 11
— — 12 _ 1
V5® = ¢, “;? = Cy,Co, vy 1—2 5 ga(3C9 1) X
1 \l!%1 = 5,59, Cp ‘~|1%2 = 5,5, €0, Cy
®1" = 59,50, 5, &1 = sp,50, 0,5,
1 1 1
Wil =3(3¢5, —1) x | v 2:1 3(3c5, —1)cg, X | WE? :2§(3c(9 1)(3c0 —1) X
\U%l = 5p,€0,56,Cy \Il22 = Sp,Cy,56,C0,Cp
2 ®1" = s59,C9,50, 50 d1° = sp, ca 50, C0, S
by _ 3.2 2
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interf. dynamics

e Wil FB-CPA, interf. K*(892) and a scalar.

° lll(lll: two-fold FB-CPA, interf. K*(892) and a scalar, meanwhile, 0* and 17F.
@ W12 Left-Right Asymmetry CPA,

Z.-H. Zhang
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o extremely strong evidence of CPV in B® — ppK*7~, CPA~ 10%
@ LHCb could have observed CPV in baryon-production process in 2022;

@ Full analysis of CPV corresponding to angular-correlations is a
powerful tool, able to extract dynamics behind;

@ opportunities for CPV investigation in charmed sectors and more.

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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