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

© Discussion on LHCb results of the decay B® — ppK+7~

@ summary and outlook
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@ motivation
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motivations

@ baryonic decays: small CPV observed in 4-body decay: A, — pK—ntm—
(Acp = (2.45 £ 0.46 £ 0.10)%), but detailed dynamics is unclear.

@ no experimental evidence of TPA induced CPAs

@ deficiencies for currently used methods

@ a full angular-correlation analysis of CPAs is absent for four-body decays.

T T
LHCb 9 fb |
I Dua Preliminary
—— Total fit E|

T T
14000F LHCb 9 fb d

I Daa  Preliminary!
F Total fit El
AL pK o
— S K

Candidates

Candidates

— I, KTk Ei

54 5.6 58 6 54 56 58
m(pK 77) [GeVic?] m(pK* ) [GeV/c?]

Table: Comparison of the features of different methods of CPV analysis

features
statistical signifi- inferring dynamics model-independent efficiency
methods cance
regional CPA in Dalitz X X v v
amplitude analysis v v X X
energy test v X v X
full angular-correlation v v v v
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full angular-correlation CPV in 4-body decay

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

Kinematics

n N
5 pelic® fr

Figure: Five kinematic angles for the decay Hg — a(— 12)b(— 34).
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full angular-correlation CPV in 4-body decay

Dynamics
cascade decay Ho — ax(— 12)bm(— 34)

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

‘A‘Z X Z Z Z’on'adbd X ojao'bo' 2/ Tpl

Ta0,1 ObOp  Ja
The kinematical factors
Qo 0y =Pospo (01 )2 " 0(93) o0p)e/ @2 To),

T/ 0

For unpolarized Hg: The kinematical factors merge into (kine. angles 5 — 3)

[AP o 3 [ROED )W — () 0k

JaribsO
jalb _ ydalb | idyalb _ i b ic
Qb = ylalb )2 7d;70(93)d070(9b)e ®.

Ja: quantum number of §ak + §ak/.
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full angular-correlation CPV in 4-body decay

Angular correlations

Table: The first few angular correlations

Jb
, 0 1 2
Ja
00 — 1 trivi 01 02 _1(.2
0 Ve® =1 trivial Vitco, Vo = 35(c5, — 1)
0 — T _
\UO = Gy, \li'? = Cp,Co, \Vé;: %cea (3c§b -1)
1 Vit = 55,50, Cp V1* = 55,50, Co, Cp
_ 12 _
&1 = 59,50, 5, ®1° = sp,50,C0,5,
= 5(3¢c5 — =5(3c; —1)cp = 7(3¢c5 —1)(3¢c5, —
Ve =335, —1) | V§l =3¢, —1)eo, | WG = (3¢5, —1)(3cj, — 1
21 2 _
Wit = s9,€0,59,Co Wi® = sp,€p,50,Co,Co
21 22
2 ®T = sp,¢p,50,5, ®1° = s, c@ 56, Co,Se
2 _ 2
\Il 750 sebczw
d>22 550,50, 520
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full 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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full 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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full angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics

Resonance-Interference: |. CPAs in angular distributions (cancellation type I)

Forward-Backward Asymmetry induced CPA (FB-CPA)

T ‘ 08,5 -
T BE ten (2) i (% = LHCb
3 _F 591fb =z
QO 20f 0.4 S
5 E 0.2 3
Z15F .
E 15E | o g
10k -0.2
T f I B~ —wr n rt
5: il —0.4
Eol
Eol 0.6
(o] = . . -0.8
ot 5 10 , 15 s 10 1w
p(770) me(remr), | [Gevcl] p(770) m?, [Gev?/c!]
v
ZHZ, X.-H. Guo, and Y.-D. Yang, [PRD87, 076007 (2013)]
ot Q= i g
o ML NET m(agape®)  ZHZ PLES20, 136537
BT N2T N2 [ep)P/3+1(as)PT YR Wei, ZHZ, PRD 106(2022), 113062
.
1
FB FB FB
Acp = E(AB_ — Ag+) 7t 7~ cm. frame
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full angular-correlation CPV in 4-body decay

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.

Non-int (N1440N1s20) | 12,
(N1440 N1520) | |

Non-int 2 Dim Phase Space

0s 0

Fiy~| (fp)|Niaao|?,
() ((fi’))lll\/lgzoo‘lz (N1aa0N1s20fp)cr | (Fp)|Nis2ol?

Non-int

(N1aaoN1520) | oI Non-int

Gl term corresponding to cos 0, cos 6,

two-fold FBA (TFFBA): j=1= TFFBA-CPA
Allzw Alcl,;:%(ﬁufﬁ)
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full angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics

Resonance-Interference: |. CPAs in angular distributions

Partial-Wave CPAs

M2 = Z Pj(Cg{)WU).
j

G)yp,0)
W) <'Sii’ Wiir >
= s
i’ R TR,
i — . J J
Wi(::l’) — Z(_)a 5<5Rl_ —osR, @ 5R,-5RI.,J0>]:RI-,U>\3]:R7/,U>\3’
ox3
() s—A/ ’ ’ . RissR;
Sﬁ/ = Z (=) <5R,- - A SRI./A |5Ri5R,./JO>]:>\/ AL ]:A/ A
A AL 172 172
172

w! — W

A =27
cP WJ +WJ

Rir 5R,, *

ZHZ, X.-H. Guo, JHEP07(2021)177

257N

o 12 B 3ni2 2
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Z.-H. Zhang

full angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics

Resonance-Interference: Il. complementary CPA observables

The interfering term

2
” A, B* _ R(A.B*) (S — m,) + (A B*)m, [,
s N 2 '
r |Sr|
v
a pair of complementary CPV observables
2 [
fr e <\.w2 .\/1‘2> ds
my A_
Acp = A 5 ~sindsing  mainly from & (A,B*)
I, <,\427,v{ )ds
mp2—A_
2 S
v’,::Z 2+ (\.\/1\2 Vf) Sgn(s—méz)ds
Acp = A = ~ cos§sing mainly R (A,B™)
mp2+ — 2
et <\,\/1‘2+ M| )ds
2 A2 - 2
ACP+ACPN#S|n (ZS )
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full angular-correlation CPV in 4-body decay

Kinematics <+ Dynamics

Resonance-Interference: Il. complementary CPA observables

A5, — (Ng— = Ngt)cos 04, >0,k = (Ng— — N+ )cos 6}, <0,k
’ (Ng— + Ngt)cos 04,6 >0,k + (Ng— + N+ )cos 6,4 <0,k
£8,ave k8l(Ng— = Nt eos 0 >0,k = (Ng— = N )cos 0,4 <0,4]
T
gl(Ng— + Ngt)cos >0,k + (Ng— + N+ )eos 6y, <0,4]
= (0.8+1.00%
J.-J. Qi, J.-Y. Yan
PRQG110(2024)|11nm[2407 20586] 8.5 (ZF10 = The) [(Na— = Not)eos g 50,k — (Ng— — N+ deos 0,4 <0,k

(I
e [(NB— + Ng+)cos 1 >0,k T (Ng— + Ng)cos 9h5|<0,k}

_ + ++++Hmjj = (13.2+1.0%

ﬂﬂ _— f significane: 10 — 130!
+
Hy

-40
0.4 0.6 0.8 1 1.2 1.4 1.6
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full angular-correlation CPV in 4-body decay

Kinematics «» CPV observables

Angular correlation CPV observables in four-body cascade decays
Decay angular correlation CPV observables

y“”b (Nyfjb>0 o N))!fjb <0> o (NT/;fjb >0 N?{;"j"<o)
Ack = N4+ N '

Complementary CPV observables

")ﬂajb [(N5€n34y<jfjb>0 B NSg”34y{fjb<0) B (N58”34)7;jb>0 B

ngn34)7{fjb <0)]
CP - N+ N .

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

© Discussion on LHCb results of the decay B® — ppK+7~
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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)
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Gite as: arXiv2205.08973 [hep-ex]
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Journal reference: Phys. Rev. D108 (2023) 032007
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“No evidence of CPV (corresponding to T-odd correlation) in B® — ppK*n~.
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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
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angular correlations

focusing on phase space around K*(892) and the threshold region of pp

Jb
] 0 1 2
Ja
0 w0 1:0 1 trivial ll\llglc@b V2 =3(ch, — 1)
V5" = ¢, Vo™ = cp,co, v = %C‘)a (3C§b -1
1 \Ui = $9,50,Cy \Ilﬁ = 9,50, C0,Co
1" = 5p,50,5p P1° = 59,50, 0,50
w3 =33, - 1) \ug;l 332, — ey, | WE 22%(3ch -1)@3c, - 1)
, \Uél 0,€0,50,Cy \l!%2 = Sp,€0,50,C0,Cp
b 50,€0,50, S, o8 22: 50;,3C92,3502[,Cab5<p
\IJ%2 = gsgaseb C2p
®5” = §50,%,%2
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Extracting the event yields from LHCb's paper

BO o~sqrt(N) BO_bar o~sqrt(N)

w0 s

0 s 10 5 20 25 30 35 20 4

sart(N)

Fitting the yields and the errors from all the subfigures for B® and BO. The data sets in different
rows of the subfigures in Fig. 5 of the LHCb's PRD paper, which are denoted with dots of
different colors in our fitting figure, are in fact the same data sets but projected onto different
kinematical variables. The fitting procedures should also be done separately on each projected
data set. Actually, we did the separate fitting on each data set and obtained quite the same k
consistently. Hence we concisely present the combined fitting in one figure.

The yields and their corresponding errors are all well aligned according to

N = (%)2 k ~ 1.55.
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Extracting the event yields from LHCb's paper

BY Scheme A Scheme B

. sign sign bin Ax yie. ] mf(.n_ — mf(* <0 ) ] m%(.n. - mf(* > 0 )
040, o S T bin As yie. bin Az yie.
== 0 | —165+101 |2 U o | 267178 [l 8 | —51+128 [0
- + 1 61+92 [0l 1 54158 |t o | 66+116 oo
S + 2 | —r2x70 ol 2 | 7311 ol 10 07490 |19
—+- + 3 53+£72 [0l 3 | 1ad128 [ U 11 | 309+87 200
-+ t e | zexna PR 4 | oi0+1390 2 12 | sazies [
+-— + 5 20483 (10U 5 | —13.4+139 [0 {13 [ 1164102 [
ot + 6 | —28+74 (2B 6 | —193+104 [0 U 14 | 2414105
44— + 7 | —104+68 221 7 07+£109 (12 I 15 | 188486 1=

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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Extracting the event yields from LHCb's paper

BO Scheme A Scheme B
c(;asci?: s ssiin bin Az vie | —pm s _A,j(* o vie [T Bin i _Amj(* — vie.
— - 0 | —132%95 1B o | —219+120 [ X 8 | -80+132 27
- - 1 32498 122 1| -16+207 |2 9 40+112 [0
— 4+ - 2 | 23.9+100 19419 2 189+17.4 (2 10 | 3024122 1505
— - - 3 32478 fg‘l‘ 3 5.0+ 13.7 g: 1 024094 gg
NE = 4 24.34+9.0 ifg 4 26.1 4+ 16.3 g; 12 | 27+107 18219
o = 5 14.9 + 8.6 }gg 5 21.0 + 22.3 fg 13 | 142488 g;
4+ — 6 | —49+86 1l 6 | —153+£114 [2 1 14 | 64x132
- - 7 6.8+ 6.6 gg;' 7 2.848.4 igg 15 | 1024095 ﬁg

Table: The same as TABLE 3 but for B® — 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

7 0 1 2
0 W0 =1 trivial Woley, V2 =2(c2 — 1) x
\U(l)o = ¢p, \U(l)l = Cp,Co, Wiz = lg (3CHD —1) X
1 v = 9,50, Co V2 =g, 9, €0, Cop
o1l = 59,50, 5, 12 = 59,59, €0, 50
W3t =335, —1) X | WE = 3(3¢5, —1)cg, X | W= ;(3c5, —1)(3¢j, —1) ¥
Wi = sp,¢0,%0,Cp W = 5p,Co,50, 0, Cp
2 &2 = sy, ¢0,50,5, P2 = 55,50, 0,50
\IJ22 §5575f2h) C2p X
¢22 255 55,520

Z.-H. Zhang CPV in four-body decays 2nd Symposium on Front. of HFF23 /29




discussion on LHCb results of the decay BY — ppK T

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

Ja

1

01
WO €,

\J

10

0

_CG

a

T _

Vo = co,¢,
11 _

Wit = 59,59, Co
1 _

&1 = 59,50, 5,

12 _

W1i® = sp,50,C0,Cp
12 _

®1° = sp,50,C0,5,

21 _

Wit = sp,€5,50,Cp
21

P = 59,C0,50,5p

22
v
CI>1

sea Cea 59b Ceb CLP
sea Cga S@b Cab 599

2 _ 3.2 2
®3” = §%0,%,%2¢
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discussion on LHCb results of the decay BY — p,EKJrn*

Vit w80 WSt T ylo T il Tyl [ ol stat. err. | sys. err.
A%" || 58 | 85 | 56| -2.8 | 25 | -4.0 2.07 0.21
A" || - 1107] ~ |10.0|-00]|-05 2.05 0.21
Vo W2 [ o2 [ w2l [ @21 [ w22 [ 022 [ 922 || stat. err. | sys. err.
A" 1192 | 08 |-17| 56 | 04 |20 |-34| 207 0.21
At | - | 43| 24| | ~| ~| =205 0.21

Table: Decay angular correlation CPAs in unit of % calculated with the event
yields extracted from the data of 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(ch, — 1) x
Wit =, Wil = ¢y, co, W = 1cp, (3¢5, —1) X
1 Wi = 5,59, Cp \Ilﬁ = 5,5, €0, Cy
®1" = 59,50, 5, &1 = sp,50, 0,5,
WP = 2(3¢3, —1) X | W =332 —1)eg, X | WG = ;(3¢5, —1)(3¢5, — 1) X
W2l = sy cp,5p,Cp w22 = 59 C0,50,C0,Cyp
2 O = sy, ¢0,50,5, ¢22 = S, C0,50,C0, S
\II22 359 S5, C2p X
¢22 353 55,520

interf. dynamics of the three large CPAs
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.
@ WI2: Left-Right Asymmetry CPA, interf. 0¥ and 1T in pp side

YO

= = =
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discussion on LHCb results of the decay BY — ppK T

Why LHCb missed CPA in this
baryon-production process

@ obvious: TPA-CPAs are not
large enough

Why Full angular-correlation analysis
of CPV is a powerful tool

e Full angular analysis, large CPAs

may hide in angular-correlation
@ extracting CPAs in each of the other than TPAs

small bins suffers from low

L @ collecting all bins for each
statistics Issue

observables, overcome low
statistic issue

@ The data of the bins are
combined in non-trivial ways,
overcome the cancellation

o different kind of angular
distributions are correlated in
different ways, a simple
summing up of the events in
different bins will simply missing

i problems.
most of the angular correlatlons.) /
features
statistical signifi- inferring dynamics model-independent efficiency
methods cance
regional CPA in Dalitz X X v v
amplitude analysis v v X X
energy test v X v X
v v v v

full angular-correlation
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summary and outlook

@ summary and outlook
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summary and outlook

summary and outlook

o extremely strong evidence of CPV in B® — ppK*Tn—, CPA~ 10%

e Full analysis of angular-correlated CPA is a powerful tool,

@ opportunities for CPV investigation in charmed sectors and more;

o challenges on theo. side: 1) Pres. Calc. 2)aim at right observables

features
statistical signifi- inferring dynamics model-independent efficiency
methods cance
regional CPA in Dalitz X X v v
amplitude analysis v v X X
energy test v X v X
full angular-correlation v v v v
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summary and outlook

Thank you for your attentions!
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