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𝒆!𝒆" → ⁄𝑱 𝝍 →𝚵"'𝚵!

𝒆!𝒆" → ⁄𝑱 𝝍 →𝚲'𝚲
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CP	violation	due	to	quantum	corrections
CPT	restricts	on	CP	violation	

𝐾! − #𝐾! 𝑑�̅� − �̅�𝑠 mixing	𝜖: 1964
Direct	CP	violation	in	𝐾! → 𝜋𝜋 :	R𝑒 ⁄𝜖" 𝜖 > 1988

CP	symmetry	in	s-quark	sector

Measurement	of	(CP)	asymmetries	uses	quantum	interference

𝜎 Asym ≈
𝒪 1
𝑁

≡
𝝈𝑪
𝑁 𝜎 Asym ~10$% requires 𝑁~10&

Asym =
1
2
𝑀'( + ∆)'( * −

1
2
𝑀'( − ∆)'( * = 2 Re 𝑀'(∆)'(∗

minimize		𝝈𝑪
eg		4× reduction	implies	16×less	data	needed		
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𝜋𝜋 ()*,,

Direct	CP	violation	in	𝑲𝟎decays

3.7 5 ×10$, ≈ 𝜉! − 𝜉* sin 47.7°
1
22

𝜉! − 𝜉* ≈ 10$% rad
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𝐈 𝐾! → 𝜋-𝜋$ 𝐈𝐈 𝐾! → 𝜋!𝜋!

𝐾! → 𝜋-𝜋$

#𝐾! → 𝜋-𝜋$



𝝐′ in	SM	and	BSM

(21.7 ± 8.2) × 10"# Lattice	QCD																																					PRD 102	(2020)	054509

Exp.	avg PDG

(9.4 ± 3.5) × 10"# EPJC 80	(2020)1

(14 ± 5) × 10"# EFT																										RPP 81	(2018)		076201,	JHEP 02	(2020)	032

SM

BSM
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weak	CP-odd	phases

Strong	phase:
interaction	of	final	
particles	

Hyperon	decays

Measurable:	BF	and	
two	decay	parameters

Transitions:
P	(parity	even)	final	state		in	p-wave
S	(parity	odd)		final	state		in	s-wave

-
𝐴(Λ → 𝑝𝜋")
𝐴(Ξ" → Λ𝜋") = 𝑆𝜎* + 𝑃 𝝈 : ;𝐧
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Λ(𝑑𝑠𝑢)
Ξ"(𝑑𝑠𝑠)



𝑝 !𝑃!"𝑛

𝜋!

Hyperon	decay parameter	𝜶

p=100	MeV/c

𝑑Γ
𝑑Ω

=
1
4𝜋

(1 + 𝛼. W𝑛 Y𝑃.)

𝛼5 = −0.392(8)	

𝛼6 =0.750(10)	

Λ rest	frame

𝜦 → 𝒑𝝅"
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value before 2018: 𝛼! =0.642(13)	
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d
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Λ

Ξ!

#!

Accesible if	daughter	baryon	polarization	
is	measured	eg decay	sequence:
𝚵 → 𝚲𝝅, 𝚲 → 𝒑𝝅

𝚵 → 𝚲𝝅,𝚲 → 𝒑𝝅Hyperon	decay	parameter	𝝓

𝐏E = 0 ⇒ 𝐏. = 𝛼 W𝐳

Lee,	Yang	PhysRev.108(1957)1645

Ξ rest	frame

Λ rest	frame

90°
W𝐳

W𝐱
W𝐲

𝛽% 𝐏% 𝛼E

𝛾% 𝐏%
𝐏E 𝐏.

8



𝜶, 𝜷, 𝜸measurements	for	𝚲

p- p à K0 L0 L0àp-p

p-

p-

p
p Càp C

p

carbon plates

Oliver Overseth
1928-2008James Cronin

1931-2016

Pp =
α + PΛ cosθ( ) ⌢′z + βPΛ

⌢′x + γ PΛ
⌢′y

1+αPΛ cosθ

no H2 target, no magnet;
use kinematics and proton’s 
range in carbon to infer Ep

1.25 cm-thick

Slide from Steve Olsen

𝜙6=-0.113(61)	rad	
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Testing	CP	violation	in	hyperon	decays

ΦFG =
𝜙 + Y𝜙
2

𝑆 = 𝑆 exp 𝑖𝜉' + 𝑖𝛿'
𝑃 = 𝑃 exp 𝑖𝜉G + 𝑖𝛿G

̅𝑆 = 𝑆 exp −𝑖𝜉' + 𝑖𝛿'
Y𝑃 = − 𝑃 exp −𝑖𝜉G + 𝑖𝛿G

Ξ" → Λ𝜋" HΞ" → 'Λ𝜋!

CP-odd	phases
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Kaon bounds for CPV in hyperon decays
assuming chromomagnetic penguin

weak	P-S phase	difference

Hyperon	CPV	in	SM	and	BSM

𝜉: − 𝜉;
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1
2

τ –charm factory 2<√s<4.95 GeV:

n Charmonium spectroscopy/decays

n Light hadrons

n Charm

n τ physics

n R-scan

BEPCII (Beijing)

Storage ring

Linac

BESIII detector
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Γ"

F1 (Dirac)	and	F2 (Pauli)	Form	Factors

Sachs	Form	Factors (FFs)	⇔	helicity amplitudes:	

𝒆#𝒆$ → 𝜸∗ → 𝑩,𝑩 (𝐬𝐩𝐢𝐧 𝟏/𝟐)          

complex	for	𝑠 > 4𝑚<
,

𝜶𝝍 =
𝜏 𝐺' ( − 𝐺) (

𝜏 𝐺' ( + 𝐺) (
13



τ+τ-

Thresholds:
Λ#Λ :				2.231	GeV
Ξ$YΞ- 2.643	GeV
(Ω#Ω 3.345	GeV)

Λc CΛ*

Hyperon-𝐡𝐲𝐩𝐞𝐫𝐨𝐧 pair	production	at	BESIII

QED

3.2x109	ψ(2S)
1010 J/ψ

BF(𝑱/𝝍 → 𝑩M𝑩)~𝟏𝟎"𝟑
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𝛼!m
easu

reme
nts

at	BE
SIII

αψ=0.469±0.026	
BF=(19.43±0.03)∙10-4

BESIII,PRD	95,	052003	(2017)

𝑱/𝝍,𝝍(𝟐𝑺) → 𝑩,𝑩

𝐽/𝜓 → 𝛬�̅�

𝜓(2𝑆) → 𝛬 ̅𝛬

𝐽/𝜓 → Σ* HΣ* 𝜓(2𝑆) → Σ* HΣ*

Angular distribution:

𝜶𝝍 =
𝜏 𝐺% & − 𝐺' &

𝜏 𝐺% & + 𝐺' &
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𝒆!𝒆" → 𝑱/𝝍 → (𝜦 → 𝒑𝝅")('𝜦 → '𝒑𝝅!)
event	in	BESIII	detector

16

c.c. symmetric detection



Λ𝑒#

𝑒!

�̂�

;𝑦Baryon	polarization in	𝒆!𝒆"

𝛼( = 0.469

!𝑃

ΔΦ ≠ 0

𝜃!
.Λ

Unpolarized e+e- beams	⇨	transverse	polarization:

Ex.	𝑒+𝑒" → ⁄𝐽 𝜓 → ΛCΛ

𝑃[

ΔΦ=42.3o ΔΦ = Arg(𝐺&/𝐺')
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𝜌 ⁄] *, ⁄] * =
1
4p
^M_

𝐶 M_ 𝜎
)!⨂𝜎M_

)̀"

General	two	spin	½	particle	state:

Baryon-antibaryon	spin	density	matrix
𝒆!𝒆" → 𝑩'𝑩

𝐶"() =

(𝜎)= 𝟏&, 𝜎* = 𝜎+ , 𝜎& = 𝜎, , 𝜎- = 𝜎.)

PRD99	(2019)056008

ℙ𝑩𝟐

𝕊𝑩M𝑩
𝟐
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𝜌 ⁄] *, ⁄] * =
1
4p
^M_

𝐶 M_ 𝜎.⨂𝜎M_
M.

𝑊 = 𝑇𝑟𝜌c,c̅ = p
^,M_e!

f

𝐶 M_𝑎^,!. 𝑎M_,!
M.

Joint	angular	distribution	𝒆!𝒆" → (𝜦 → 𝒑𝝅")('𝜦 → '𝒑𝝅!)

𝜎. → p
^#e!

f

𝑎^,^". 𝜎 "
c

Angular distribution:

E.Perotti,	G.Faldt,	AK,	S.Leupold,JJ.Song PRD99	(2019)056008

4×4 decay matrix:	𝑎^,_

𝑑Γ ∝ 𝑊 𝝃;𝝎

Parameters: 2 production + 2 decays

𝝎 = 𝜶𝝍, 𝚫𝚽, 𝜶𝚲, '𝜶𝚲
𝚫𝚽 ≠ 𝟎

5 kinematical	variables𝝃
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421k	events

𝑒-𝑒$ → (Λ → 𝑝π$)(#Λ → �̅�π-)

399	background

Nature	Phys.	15	(2019)	631

(1.31x109 J/ψ) (1010 J/ψ)

arXiv:2204.11058

3.2M events

20

Unbinned
Max Likelihood wit:



Results of	multidimensional	fit

𝑒+𝑒" → (Λ → 𝑝π")(CΛ → �̅�π+)

𝜇 cos 𝜃! =
1
𝑁 l

/0*

1 2!

𝑛*,,
(/) − 𝑛&,,

(/)Moment	𝝁:

arXiv:2204.11058

Preliminary

Nature	Phys.	15	(2019)	631
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𝐴.=−0.0025(46)

BESIII	
1010 J/ψ

A. =
𝛼$ + 𝛼-
𝛼$ − 𝛼-

CP	test:	

𝐴. = − tan 𝛿G. − 𝛿'. (𝜉G. − 𝜉'.)

= 0.12 (𝜉G. − 𝜉'.)Known	strong	𝑝 𝜋" 𝑠 and 𝑝 − wave phases:

𝛼. =
𝛼$ − 𝛼-

2
0.7542	± 0.0010	± 0.002

arXiv:2204.11058

𝜶$
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𝒆!𝒆" → ⁄𝑱 𝝍 →𝚵"'𝚵! → 𝚲𝝅"'𝚲𝝅! → 𝐩𝛑"𝛑"'𝐩𝛑!𝛑!

9	kinematical	variables𝝃𝑑Γ ∝ 𝑊 𝝃;𝝎

Parameters: 2 production + 6 for decay chains

PRD99	(2019)056008
PRD100	(2019)	114005

𝑊 =p
^,M_

𝐶 M_ p
^#,M_"

𝑎^,^"E 𝑎M_,M_"
ME 𝑎^",!. 𝑎M_",!

M.

𝝎 = 𝜶𝝍, 𝚫𝚽, 𝜶𝜩, 𝝓𝜩, 𝜶𝚲, '𝜶𝜩, '𝝓𝜩, '𝜶𝚲
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ΔΦ=(69.5±2.6±0.9)o

Polarization and	𝑪𝒊𝒊 𝐟𝐨𝐫 𝒆!𝒆" → ⁄𝑱 𝝍 →𝚵"'𝚵!

𝑪𝒙𝒙

𝑪𝒚𝒚 𝑪𝒛𝒛

𝑷𝒚

Nature 606	(2022) 64–69
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8	Fit	
parameters

3	CP	
tests	
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Nature 606	(2022) 64–69



BESIII	projection	

BESIII

Nature 606	(2022) 64–69
arXiv:2204.11058

Hyperon	weak	phases

HyperCP PRL	93	(2004)	262001

1.2×108 Ξ" 4.1×107 \Ξ+

7.3×104 Ξ" \Ξ+ and		3.2×106 ΛCΛ

HyperCP
Λ𝜋 𝛿6 − 𝛿7
theory
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Conclusions

measurement	of	𝜙E:	 𝜙E = r$$r$
* ⟹ Λ𝜋 𝛿G − 𝛿'

Equivalence	of	polarization	and	spin	correlation	terms:		
⁄𝐽 𝜓 → ΞYΞ

Three independent	CP	tests

• J/ψ	and	ψ’ decays	into	hyperon-antihyperon	are	unique spin	
entangled system	for	CP	tests	and	for	determination	of
(anti-)hyperon	decay parameters

• Polarization		observed	for		J/ψ,(𝜓") → Λ#Λ, Σ-YΣ$, Ξ$YΞ-, Ω$#Ω-…

𝜉6! − 𝜉7! = (−2.0±3.8)×10"&

𝜉68 − 𝜉78 = (1.2 ± 3.5)×10"&

BESIII		1010 J/ψ

BESIII		1.3×109 J/ψ

⁄𝐽 𝜓 → Λ#Λ

1, ℙ𝚵𝟐 , 𝕊𝑩M𝑩
𝟐 PRD 105 (2022) 116022

27
Future	studies:	super-charm-tau	factories	with	a	polarized	electron	beam	>1012 J/ψ

BelleII,	LHCb,	PANDA	…
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𝐼(𝐴8) = 𝑁
2
3𝛼8

&𝛼!&(1 + 1.05 ℙ8& + 0.38 𝕊88& )

𝐼(𝐴!) = 𝑁
2
3𝛼8

&𝛼!&(1 + 3.28 ℙ8& + 0.30 𝕊88& )

𝐼(𝐴8, 𝐴!) = 𝑁
2
3𝛼8

&𝛼!&(1 −
1
3 ℙ8& −

1
3 𝕊88& )

⁄𝐽 𝜓 → ΛMΛ ⁄𝐽 𝜓 → ΞΞ̀

Polarization	terms

Spin	corr. terms
𝕊%(

ℙ%(

𝐼(Φ8) = 𝑁
2
27
(1 − 𝛼8&)𝛼!&[3.08 ℙ8& + 1.30 𝕊88& ]

𝐼(𝐴!) = 𝑁
1
3
𝛼!& ℙ!&

PRD 105 (2022) 116022

covariance matrix = I"_
Polarization	and	spin	correlation	terms	in	𝐴FG, ΦFG measurements	
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