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Introduction to hadron physics

Two main questions to particle physics:
• What are the most elementary building blocks of matter?
• What are the forces between them?

SM is well-established theoretical description of
fundamental particles and their interactions
Building blocks:

• Quarks and leptons
• Forces mediated by exchange of gauge bosons

associated with weak, electromagnetic and strong
interactions

SM is successfully tested by numerous experiments discovered a number of:
• Non-standard hadronic states with properties indicating their complex substructure

[PhysRept873(2020)1]
• Conventional hadrons: qq̄ mesons and qqq baryons [PhysLett8(1964)214]
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Hadrons: conventional & exotic
[NatureRevPhys1(2019)480]
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Hadrons: conventional & exotic
[NatureRevPhys1(2019)480]

None of exotic hadrons is settled!
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Main contributors to exotic hadrons

e+e− collider

Hadron collider

∗ Not all experiments are covered
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Brief discussion of exotic particles: XYZ states

X: neutral non-vector states
B± → K±X→ K(π+π−J/ψ)

X(3872):
• First discovered by Belle, Nevt ∼ 36

• Later confirmed by other experiments

[PRL91(2003)262001]

Y: neutral vector states
e+e− → γISRY → γISR(π

+π−J/ψ)

Y (4260):
• First discovered by Babar, Nevt ∼ 125

• Later confirmed by other experiments

[PRL95(2005)142001]

Z: charged, clearly multi-quark states
B → KZ± → K(π±ψ′)

Z±(4430):
• First discovered by Belle, Nevt ∼ 121
• Not confirmed by Babar
• Confirmed by LHCb

[PRL100(2008)142001]
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BESIII hadron discoveries
[SciBull68(2023)2148] updates: [BESIII webpage]

States produced directly in e+e− collision with no clear interpretation
States with exotic flavour combinations decaying into heavy mesons
New light states decaying into mesons
State consistent with conventional cc̄ meson
New light baryon states
State with exotic JPC
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Experimental facility:
BEPCII and BESIII
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BESIII @ BEPCII [Nucl.Instrum.Meth.A598(2009)7]

Beijing Electron-Positron Collider (BEPCII)
• e+e− collider with 2.0 GeV< ECMS < 4.95 GeV
• Lpeak = 1033cm−2s−1

• Data taking since 2009

Beijing Spectrometer (BESIII)

• Optimized for flavour physics

• Covers 93% of 4π solid angle

• 1.0 T super-condacting solenoid

• Momentum resolution:
σ(p)/p = 0.5% at 1 GeV/c

• Time resolution:
68 (65) ps in the barrel (end cap)
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BESIII data sample

World’s largest charmonia sample:
• NJ/ψ ∼ 1010

• Nψ(2S) ∼ 3 · 109

Full baryon-antibaryon octet kinematically accessible

Resonance Pair ϵ(%) B(·10−4) Reference

J/ψ

ΛΛ̄ 42.37± 0.14 19.43± 0.03
[PRD95(2017)052003]

Σ0Σ̄0 17.83± 0.06 11.64± 0.04
Σ+Σ̄− 24.1± 0.7 10.61± 0.04 [JHEP11(2021)226]
∗Ξ−Ξ̄+ 18.40± 0.04 10.40± 0.06 [PRD93(2016)072003]
Ξ0Ξ̄0 14.05± 0.04 11.65± 0.04 [PLB770(2017)217]

ψ(2S)

ΛΛ̄ 42.83± 0.34 3.97± 0.02
[PRD95(2017)052003]

Σ0Σ̄0 14.79± 0.12 2.44± 0.03
Σ+Σ̄− 18.6± 0.5 2.52± 0.04 [JHEP11(2021)226]
∗Ξ−Ξ̄+ 18.04± 0.04 2.78± 0.05 [PRD93(2016)072003]
Ξ0Ξ̄0 14.10± 0.04 2.73± 0.03 [PLB770(2017)217]

Ω−Ω̄+ 17.1/18.9 0.59± 0.03 [PRL126(2021)092002]

numbers for 1.31 · 109J/ψ and 0.45 · 109ψ(2S)
∗numbers for 0.22 · 109J/ψ and 0.11 · 109ψ(2S)
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Introduction to CPV

More than 50 years of the knowledge about CP violation (CPV)
• Confirmed only in meson decays

SM CPV is not sufficient to explain observed
matter-antimatter asymmetry
Baryogenesis requires C and CP violation in the
processes
[PismaZh.Eksp.Teor.Fiz.5(1967)32]

created by Annika Rockström

Systematical mapping with different hadronic systems and complementary
methods are needed for understanding CPV in flavour sector

Varvara Batozskaya CPV in hyperons at BESIII 26/09/24, FAIRNESS2024 10 / 27

https://inspirehep.net/literature/51345


Ground-state strange baryons

Spin- 12 baryon octet

Weak ∆S = 1 transitions

+ Ω− spin- 32

Hyperon Mass [GeV/c2] Decay (B)

Λ(uds) 1.116
pπ−(64.1%)
nπ0(35.9%)

Σ−(dds) 1.197 nπ−(99.8%)

Σ+(uus) 1.189
pπ0(51.6%)
nπ+(48.3%)

Ξ0(uss) 1.315 Λπ0(99.5%)
Ξ−(dss) 1.322 Λπ−(99.9%)

Ω−(sss) 1.672
ΛK−(67.8%)
Ξ0π−(23.6%)
Ξ−π0(8.6%)
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Modular method to study full process:
e+e− → (cc̄)→ Y Ȳ → (BM)(B̄M̄)
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Production process [PRD99(2019)056008]

Spin 1
2
+ 1̄

2
baryon-antibaryon density matrix:

ρ
1/2,1/2

=
1

4

∑
µν̄

Cµν̄σ
Y1
µ ⊗ σȲ1

ν̄

Cµν̄ =

 1+αψ cos2θ 0 βψsin θ cos θ 0
0 sin2θ 0 γψsin θ cos θ

−βψsin θ cos θ 0 αψ sin2θ 0
0 −γψsin θ cos θ 0 −αψ−cos2θ


βψ =

√
1− αψ2 sin(∆Φ), γψ =

√
1− αψ2 cos(∆Φ)
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Production process [PRD99(2019)056008]

Spin 1
2
+ 1̄

2
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ρ
1/2,1/2

=
1

4

∑
µν̄

Cµν̄σ
Y1
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ν̄

Cµν̄ =

 1+αψ cos2θ 0 βψsin θ cos θ 0
0 sin2θ 0 γψsin θ cos θ

−βψsin θ cos θ 0 αψ sin2θ 0
0 −γψsin θ cos θ 0 −αψ−cos2θ


Y1 transverse polarization

Ȳ1 transverse polarization spin-correlation terms

βψ =
√

1− αψ2 sin(∆Φ), γψ =
√

1− αψ2 cos(∆Φ)

Unpolarised e+e− beams =⇒ transverse polarisation (if ∆Φ ̸= 0):

Py(cos θ) =

√
1− αψ2 cos θ sin θ

1 + αψ cos2 θ
sin(∆Φ)
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Decay amplitudes in hyperon decays

S- and P -wave amplitudes:
Y → BM like Λ→ pπ−

Y1 → Y2(→ BM)M like Ξ− → Λ(→ pπ−)π−

A = S + Pσ⃗ · n̂

|∆I| = 1/2

Contribution of |∆I| = 3/2 is ∼ 10%

S =|S|exp(ξS)exp(iδS)
P =|P |exp(ξP )exp(iδP )

weak CP-odd phases

strong phases

Two measurable parameters

α = 2Re(S∗P )
|S|2+|P |2 , β = 2Im(S∗P )

|S|2+|P |2 =
√
1− α2 sinϕ
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Measured hyperon decay parameters
Polarisation of hyperons is experimentally accessible in weak parity-violating decays

Example:
angular distribution of Y → BM

I(cos θB) ∝ 1 + αBPy cos θB

Angle ϕ is accessible when polarisation of daughter baryon is measured
• Example: Y1 → Y2(→ BM)M like Ξ− → Λ(→ pπ−)π−
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CP tests in hyperon decays

If CP conserved: ᾱ = −α, β̄ = −β, ϕ̄ = −ϕ
Possible CP tests:

weak P-S phase difference

ACP = α+ᾱ
α−ᾱ = − sinϕ tan(ξP − ξS)

√
1−α2

α

ΦCP = ϕ+ϕ̄
2 = cosϕ tan(ξP − ξS) α√

1−α2

SM predictions [PRD105(2022)116022]

−3 · 10−5 ≤ AΛ ≤ 3 · 10−5

0.5 · 10−5 ≤ AΞ ≤ 6 · 10−5

Decay ξP − ξS
mode [10−4rad]

Λ → pπ− −0.2± 2.2
Ξ− → Λπ− −2.1± 1.7

HyperCP: AΛ
CP +AΞ

CP = (0.0± 5.1stat ± 4.4syst) · 10−4 [PRL93(2004)262001]

HyperCP[preliminary]: AΛ
CP +AΞ

CP = (−6.0± 2.1stat ± 2.0syst) · 10−4 [BEACH2008]

signal statistics increased by factor 6-7
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Joint angular amplitude
[PRD99(2019)056008] [PRD100(2019)114005]

Production matrix:
ρ
1/2,1/2

=
1

4

∑
µν̄

Cµν̄σ
Y1
µ ⊗ σȲ1

ν̄

Decay matrix:
σY1
µ →

3∑
µ′=0

aY1
µµ′ (αY1

, ϕY1
; θY2

, φY2
)σY2
µ′

Joint angular amplitude of full decay chain takes into account polarisation, entanglement

and sequential decays

W(ξ,ω) =
3∑

µ,ν̄=0

Cµν̄

3∑
µ′,ν̄′=0

aY1µµ′a
Ȳ1
ν̄ν̄′a

Y2
µ′0a

Ȳ2
ν̄′0

e+e− → (cc̄) → Y Ȳ → (BM)(B̄M̄)

• ξ = 5 angles, ω = 4 parameters

e+e− → (cc̄) → Y1Ȳ1 → (Y2M1)(Ȳ2M̄1) → (BM2M1)(B̄M̄2M̄1)

• ξ = 9 angles, ω = 8 parameters
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Experimental results:
e+e− → Y Ȳ → (BM)(B̄M̄)
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e+e− → J/ψ → ΛΛ̄, Λ→ pπ−+c.c. (1)
Increasing data statistics have allowed for the significant result improvement (∼ 3σ):
1[Nature Phys.15(2019)631] =⇒ 2[PRL129(2022)131801]

This work2 Previous work1

NJ/ψ 1010 1.31 · 109
Nsig 3.2 · 106 421 · 103
Nbkg 3801± 63 399± 20

Angular dependence of the moment for
the acceptance-corrected data:

µ(cos θΛ) =
αΛ − ᾱΛ

2

1 + αψ cos2 θΛ

3 + αψ
Py(cos θΛ)

[PRL129(2022)131801]

Parameters This work2 Previous results1

αψ 0.4748± 0.0022± 0.0024 0.461± 0.006± 0.007
∆Φ [rad] 0.7521± 0.0042± 0.0080 0.740± 0.010± 0.009
αΛ 0.7519± 0.0036± 0.0019 0.750± 0.009± 0.004
ᾱΛ −0.7559± 0.0036± 0.0029 −0.758± 0.010± 0.007
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e+e− → J/ψ → ΛΛ̄, Λ→ pπ−+c.c. (2)
[PRL129(2022)131801]

AΛ
CP = αΛ+ᾱΛ

αΛ−ᾱΛ
= −0.0025±0.0046stat±0.0011syst

BESIII: AΛ
CP = −0.006± 0.012stat ± 0.007syst [Nature Phys.15(2019)631]

PS185: AΛ
CP = 0.013± 0.021tot [PRC54(1996)1877]

⟨αΛ⟩ = αΛ−ᾱΛ
2 = 0.7542±0.0010stat±0.0020syst

BESIII: ⟨αΛ⟩ = 0.754± 0.003stat ± 0.002syst [Nature Phys.15(2019)631]

CLAS: αΛ = 0.721± 0.006stat ± 0.005syst [PRL123(2019)182301]
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e+e− → J/ψ → Σ+Σ̄−

1[PRL125(2020)052004] 2[PRL131(2023)191802]

Parameters (pπ0)(p̄π0)1 (pπ0)(n̄π−) + c.c.2

NJ/ψ 1.31 · 109 1010

Nsig 87 · 103 with 5% bkg (3.1 + 7.5) · 105 with 2% bkg
αJ/ψ −0.508± 0.006± 0.004 −0.5156± 0.0030± 0.0061
∆ΦJ/ψ [rad] −0.270± 0.012± 0.009 −0.2772± 0.0044± 0.0041

⟨α0⟩ −0.994± 0.004± 0.002
⟨α+⟩ 0.0506± 0.0026± 0.0019

Fi
rs
t
re

su
lt

3[PRD67(2003)056001]

A0
CP −0.004± 0.037± 0.010 3.6 · 10−6 (SM3)

A+
CP 3.9 · 10−4 (SM3) −0.080± 0.052± 0.028

Fi
rs
t
re

su
lt
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Experimental results:
e+e− → Y1Ȳ1 → (Y2M1)(Ȳ2M̄1)→ (BM2M1)(B̄M̄2M̄1)
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e+e− → J/ψ → Ξ−Ξ̄+, Ξ− → Λ(→ pπ−)π−+c.c. (1)
[Nature 606(2022)64]

Data sample: 1.3 · 109J/ψ
73.2 · 103 events with
Nbkg = 199± 17
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e+e− → J/ψ → Ξ−Ξ̄+, Ξ− → Λ(→ pπ−)π−+c.c. (2)

[Nature 606(2022)64]

First measurement of
Ξ− polarisation at e+e−
collider

[1]

[2]

[2]

[3]

[3]

[4]

[3]

1[PRD93(2016)072003] 2[PTEP2020(2020)083C01] 3[PRL129(2022)131801] 4[PRL93(2004)011802]
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First measurement of
Ξ− polarisation at e+e−
collider

First direct determination of all
Ξ−Ξ̄+ decay parameters

Independent measurement of Λ
decay parameters

• Excellent agreement with
previous BESIII results
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Ξ− polarisation at e+e−
collider

First direct determination of all
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e+e− → J/ψ → Ξ−Ξ̄+, Ξ− → Λ(→ pπ−)π−+c.c. (2)

[Nature 606(2022)64]

First measurement of
Ξ− polarisation at e+e−
collider

First direct determination of all
Ξ−Ξ̄+ decay parameters

Independent measurement of Λ
decay parameters

• Excellent agreement with
previous BESIII results

Two independent CP tests

First measurement of weak
phase difference

(ξP−ξS)SM = (−2.1±1.7)·10−4 rad
[PRD105(2022)116022]

[1]

[2]

[2]

[3]

[3]

[4]
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e+e− → J/ψ → Ξ−Ξ̄+, Ξ− → Λ(→ pπ−)π−+c.c. (2)
[Nature 606(2022)64]

First measurement of
Ξ− polarisation at e+e−
collider

First direct determination of all
Ξ−Ξ̄+ decay parameters

Independent measurement of Λ
decay parameters

• Excellent agreement with
previous BESIII results

Two independent CP tests

First measurement of weak
phase difference

(ξP−ξS)SM = (−2.1±1.7)·10−4 rad
[PRD105(2022)116022]

[1]

[2]

[2]

[3]

[3]

[4]

[3]

1[PRD93(2016)072003] 2[PTEP2020(2020)083C01] 3[PRL129(2022)131801] 4[PRL93(2004)011802]

Study of e+e− → J/ψ → Ξ0Ξ̄0, Ξ0 → Λ(→ pπ−)π0+c.c. [PRD108(2023)L031106]
• Data sample: 1010J/ψ
• First measurement of Ξ0 polarization: ∆Φ = 1.168± 0.019± 0.018

• Improved result of weak phase difference: (0.0± 1.7± 0.2)× 10−2
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e+e− → J/ψ → Ξ−Ξ̄+ → (Λ(pπ−)π−)(Λ̄(n̄π0)π+)+c.c. (1)
[PRL132(2024)101801]

Data sample: 1010J/ψ

144 · 103 and 123 · 103 events for (p2π−)(n̄π0π+)
and (nπ0π−)(p̄2π+), respectively

Result is consistent with Ξ−Ξ̄+ → (p2π−)(p̄2π+)

[Nature 606(2022)64]

Parameters This work Previous result

α0/α− 0.877± 0.015+0.014
−0.010 1.01± 0.07 [1]

ᾱ0/α+ 0.863± 0.014+0.012
−0.008 0.913± 0.028± 0.012 [2]

1[PTEP2022(2022)083C01] 2[Nature Phys.15(2019)631] 3[PRL129(2022)131801]

A−
CP = α−+α+

α−−α+
= −0.007± 0.008+0.002

−0.003
∗[3]

A0
CP = α0+ᾱ0

α0−ᾱ0
= 0.001± 0.009+0.005

−0.007

AΛ
CP = (2A−

CP +A0
CP)/3 = −0.004± 0.007+0.003

−0.004
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e+e− → J/ψ, ψ(2S)→ Σ0Σ̄0 → (Λγ)(Λ̄γ)
[PRL133(2024)101902]

Data sample:
• 1010J/ψ with Nsig ∼ 1.1 · 106

• 2.7 · 109ψ(2S) with Nsig ∼ 52 · 103

Parameters This work Previous result1

αJ/ψ −0.4133± 0.0035± 0.0077 −0.449± 0.022
∆ΦJ/ψ [rad] −0.0828± 0.0068± 0.0033 −
αψ(2S) 0.814± 0.028± 0.028 0.71± 0.12
∆Φψ(2S) [rad] 0.512± 0.085± 0.034 −
αΣ0 −0.0017± 0.0021± 0.0018 −
ᾱΣ0 0.0021± 0.0020± 0.0022 −

Fi
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t
re

su
lt

Fi
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t
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lt

1[PRD95(2017)052003]
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αJ/ψ −0.4133± 0.0035± 0.0077 −0.449± 0.022
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1[PRD95(2017)052003]

J/ψ → Σ0Σ̄0

[PRL133(2024)101902]

ψ(2S) → Σ0Σ̄0

J/ψ → Σ+Σ̄−

[PRL125(2020)052004]

ψ(2S) → Σ+Σ̄−

J/ψ → Ξ+Ξ̄−

[Nature 606(2022)64]

ψ(2S) → Ξ+Ξ̄−

[PRD106(2022)L091101]

J/ψ → Ξ0Ξ̄0

[PRD108(2023)L031106]

ψ(2S) → Ξ0Ξ̄0

[PRD108(2023)L011101]
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Summary and Outlook
BESIII has performed

• Measurements of polarisation and spin
correlations

∗ ΛΛ̄,Σ0Σ̄0,Σ+Σ̄−,Ξ0Ξ̄0,Ξ+Ξ̄−

using partial and full J/ψ and ψ(2S)
statistics

• Determination of hyperon and antihyperon decay
parameters

• CP tests comparing hyperon and antihyperon
∗ Separation of strong and weak decay phases

=⇒ more sensitive CP tests
ACP ACP P S  [rad] ACP

0.04

0.02

0.00

0.02

0.04

0.06
BESIII (p + )(p )
BESIII + (p2 + )(p2 )
BESIII + (p2 + )(n 0 )
BESIII 0 0 (p 0)(p + 0)

BESIII + (p 0)(p 0)
SM
BSM

Future prospects with BESIII
• More interesting results are coming using full collected statistics:

1010 J/ψ and 3 · 109 ψ(2S)
• BEPCII upgrade in 2024-25 with increasing Eee ∈ (4...5) GeV

Longer time scale prospects with STCF [FrontPhys(Beijing)19(2024)14701] [PRD105(2022)116022]

∗ Planning produce more than 1012 J/ψ events
∗ Polarized electron beam
∗ Statistical precision will be comparable to the SM predictions

Stay tuned!
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Backups
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Complementarity of hyperon and kaon decays

(ξP − ξS)BSM =
C′
B

BG

(
ϵ′

ϵ

)
BSM

+ CB
κ ϵBSM

[PRD69(2004)076008]

BSM predictions [PRD105(2022)116022]

|AΛ +AΞ| ≤ 11 · 10−4

Decay |ξP − ξS | CB C′
B

mode [rad]

Λ → pπ− ≤ 5.3 · 10−3 0.9± 1.8 0.4± 0.9
Ξ− → Λπ− ≤ 3.7 · 10−3 −0.5± 1.0 0.4± 0.7

with 0.5 < BG < 2 and 0.2 < |κ| < 1 [PRD61(2000)071701]
|ϵ′/ϵ|BSM ≤ 1 · 10−3 and |ϵ|BSM ≤ 2 · 10−4 [JHEP12(2020)097]
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e+e− → J/ψ → Σ+Σ̄− → (pγ)(p̄π0)+c.c.
[PRL130(2023)211901]

←− Σ̄− → p̄γ

Σ+ → pγ −→

Data sample: 1010 J/ψ
1189± 38 and 1306± 39 events for (pγ)(p̄π0) and (pπ0)(p̄γ), respectively

B = (0.996± 0.021± 0.018) · 10−3

⟨αγ⟩ = −0.651± 0.056± 0.020

∆CP = B−B̄
B+B̄ = 0.006± 0.011± 0.004

ACP =
ᾱγ+αγ

ᾱγ−αγ
= 0.095± 0.087± 0.018
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e+e− → J/ψ → Ξ0Ξ̄0, Ξ0 → Λ(→ pπ−)π0+c.c.
[PRD108(2023)L031106]

Data sample: 1010J/ψ

3.3 · 105 events with 2% bkg

First measurement of
Ξ0 polarisation

Improved measurement:
• All Ξ0Ξ̄0 decay

parameters
• Weak phase difference
• Two independent CP tests

[1]

[2]
[2]

[2]

[2]

[3]

[3]

[2]

[2]

[3]

[3]

1[PLB770(2017)217] 3[PRL129(2022)131801]

2[PRD108(2023)L011101] ψ(2S) → Ξ0Ξ̄0, 0.45 · 109ψ(2S), Nsig ∼ 2 · 103 with 1.2% bkg
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e+e− → J/ψ → Ξ−Ξ̄+ → (Λ(pπ−)π−)(Λ̄(n̄π0)π+)+c.c. (2)

[PRL132(2024)101801]

If CP is conserved,
α−αΞ = α+ᾱΞ and

R(cos θi, cos θī) =
1+α−αΞ cos θi
1+α+αΞ̄ cos θī

with

i = {p, n} are flat and equal to unity

If no ∆I = 3/2 transition in Λ decay,
α− = α0 and

R(cos θn
( ) , cos θp

( )) =
1+α

( )

0α
( )

Ξcos θ
n
( )

1+α
( )

−α
( )

Ξcos θ
p
( )

are flat and equal to unity
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e+e− → J/ψ → Ξ−Ξ̄+ → (Λ(pπ−)π−)(Λ̄(n̄π0)π+)+c.c. (2)

[PRL132(2024)101801]

If CP is conserved,
α−αΞ = α+ᾱΞ and

R(cos θi, cos θī) =
1+α−αΞ cos θi
1+α+αΞ̄ cos θī

with

i = {p, n} are flat and equal to unity

Consistent with CP symmetry test

R1 = 1+αΛαΞ cos θ
1+ᾱΛᾱΞ cos θ

with αΛ = (2α− + α0)/3

If no ∆I = 3/2 transition in Λ decay,
α− = α0 and

R(cos θn
( ) , cos θp

( )) =
1+α

( )

0α
( )

Ξcos θ
n
( )

1+α
( )

−α
( )

Ξcos θ
p
( )

are flat and equal to unity

Indication of ∆I = 3/2 contribution
in Λ decay

R2 =
1+⟨α0⟩⟨αΞ⟩ cos θ
1+⟨α−⟩⟨αΞ⟩ cos θ
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e+e− → J/ψ → Ξ−Ξ̄+ → (Λ(pπ−)π−)(Λ̄(n̄π0)π+)+c.c. (2)
[PRL132(2024)101801]

If CP is conserved,
α−αΞ = α+ᾱΞ and

R(cos θi, cos θī) =
1+α−αΞ cos θi
1+α+αΞ̄ cos θī

with

i = {p, n} are flat and equal to unity

Consistent with CP symmetry test

R1 = 1+αΛαΞ cos θ
1+ᾱΛᾱΞ cos θ

with αΛ = (2α− + α0)/3

If no ∆I = 3/2 transition in Λ decay,
α− = α0 and

R(cos θn
( ) , cos θp

( )) =
1+α

( )

0α
( )

Ξcos θ
n
( )

1+α
( )

−α
( )

Ξcos θ
p
( )

are flat and equal to unity

Indication of ∆I = 3/2 contribution
in Λ decay

R2 =
1+⟨α0⟩⟨αΞ⟩ cos θ
1+⟨α−⟩⟨αΞ⟩ cos θ

(∆I = 3/2)/(∆I = 1/2)

in S wave: 0.0349 ± 0.0017+0.0012
−0.0013 ± 0.0047

in P wave: −0.0752 ± 0.0078+0.0067
−0.0062 ± 0.0044

constraint for lQCD [PRD102(2020)054509] and dual QCD [EPJC74(2014)2871] approach
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