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Two	strategies	for	new	physics	searches	

(CP)	asymmetries	vs		rare	decays]

𝑀!"
# = 1

𝜂, 𝜂′ → 𝜋)𝜋*, 𝜋+𝜋+

𝐾, → 𝜋)𝜋*, 𝜋+𝜋+

Λ → 𝑝𝜋*

𝐵𝐹𝑆𝑀 ~10*$-



𝚫I=1/2	law	(violation)

DI=1/2 law:   K+àp+p0 (DI=3/2 transition) :    G(K+àp+p0)= |T3/2|2≈ Bf (K+àp+p0)/tK+
KSàp+p- (DI=1/2 transition) :    G(KSàp+p-)= |T1/2|2≈ Bf (KSàp+p-)/tKS

ω =
Re A2
A0

≈
Bf (K + → π +π 0 )τ KS
Bf (KS → π +π − )τ K+

= 0.21× 0.1ns
0.69×12ns
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Kaon	direct	CPV



𝝐′ in	SM	and	BSM

Re( ⁄𝜖′ 𝜖) = (21.7 ± 8.2) × 10!" Lattice	QCD

Experiment

Re( ⁄𝜖# 𝜖) = (14 ± 5) × 10!" EFT	

SM

BSM



Strategies	for	new	physics	searches	

(CP)	asymmetries	[vs			Rare	decays]

𝜎 𝐴 ≈
𝒪 1
𝑁

≡
𝝈𝑪
𝑁 𝜎 𝐴 ~10*/ requires 𝑁~100

Goal:	minimize		𝝈𝑪
eg		4 ↘ 1 reduction	implies	16×less	data	needed		



𝑛(𝑢𝑑𝑑) 𝑝(𝑢𝑢𝑑)

Λ (𝑢𝑑𝑠)

Ξ"(𝑑𝑠𝑠)

Σ!(𝑢𝑢𝑠)Σ"(𝑑𝑑𝑠) Σ'(𝑢𝑑𝑠)

Ξ'(𝑢𝑠𝑠)

Spin	½	baryon		octet:													𝜦 hyperon:

𝑐𝜏 = 7.9 cm

𝑀! = 1.115 GeV/𝑐"



∆𝐼 = ⁄1 2

weak	CP-odd	phases

strong	phases

Decay	amplitudes	in	hyperon	decays

Hyperons:

For	Λ → 𝑝𝜋! ∆𝐼 = ⁄3 2 contribution	~5%

Λ → 𝑝𝜋"
Ξ" → Λ𝜋" Measurable:	BF	and	

two	decay	parameters

𝐾 → 𝜋𝜋 interference ∆𝐼 = ⁄1 2 and ⁄3 2

P	and	S	amplitudes



𝑝 -𝑃($𝑛

𝜋!

Measuring hyperon	decay parameter	𝜶

p=100	MeV/c

𝑑Γ
𝑑Ω

=
1
4𝜋

(1 + 𝛼1 U𝑛 W𝑃1)

𝛼0=-0.392(8)	
𝛼1=	0.750(10)	

Λ rest	frame

𝜦 → 𝒑𝝅"

𝛼2'3 = −0.994(4)

𝛼2'4 = −0.068(13)



𝜙1=-0.113(61)	
𝜙0=-0.042(16)	

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

𝚵 → 𝚲𝝅,𝚲 → 𝒑𝝅

Measuring hyperon	decay	parameter	𝝓

𝐏8 = 0 ⇒ 𝐏1 = 𝛼 U𝐳

Lee,	Yang	PhysRev.108(1957)1645

Ξ rest	frame



Olsen	et	al.,	𝜶𝟎 parameter	in	𝚲 → 𝒏𝝅𝟎

p+ nà K+ L0

K+

µ

n
p

a0/a-=1.00±0.07

Phys. Rev. Lett. 24, 843 (1970) 

exit-entry time
in the H2O tank

Slide from Steve Olsen

(Steve PhD thesis) 



Measuring	𝜶, 𝜷, 𝜸 in	the	20th century

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



5
6

!
→ 5

6

!
+ 0" 𝑒. 𝑔. Λ → 𝑝 + 𝜋"

Decay matrices

Transformation	of base matrices:

4×4 decay	matrix:	𝑎),*

Density	matrix	for	a	spin	½		particle	
in	the	rest	frame:

𝜎$ = 𝟏%, 𝜎& = 𝜎', 𝜎% = 𝜎(, 𝜎) = 𝜎*

𝜌 ⁄% # =
1
2;
&'(

)

𝐼&𝜎& =
1
2 𝐼(

1 + 𝑃* 𝑃+ − 𝑖𝑃,
𝑃+ + 𝑖𝑃, 1 − 𝑃*

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

Polarization	of	daughter	baryons:



Testing	CP	violation	in	hyperon	decays

Compare	the	two	decay	parameters	for	c.c.	decay	modes:	

Φ8 =
B!)CB!

$ = D!

E*D!"
cos𝜙8𝐵FG8

?



Kaon bounds for CPV in hyperon decays
assuming chromomagnetic penguin

weak	P-S
phase	diff.

Hyperon	CPV	in	SM	and	BSM



Theory Experiment

Connection		between	theory	and	experiment	
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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)          



At high energies annihilating e+e- have opposite helicities. 

𝑒!𝑒" → 𝜇!𝜇"

𝒆"

𝒆!



timelike	s>0

sp
ac
el
ik
e	
s<
0

γ*	→	𝑩𝟏?𝑩𝟐
𝑩𝟏 →	𝑩𝟐e+e-
𝒑?𝒑→	e+e-
𝒑?𝒑→	π0e+e-

Baryon	Electromagnetic	Form	Factors

elastic:	B2=B1
(B2≠B1 transition)

𝑠 [GeV2/c4]

radius



2
4

τ –charm factory 2<√s<4.6 GeV:

n Charmonium spectroscopy/decays

n Light hadrons

n Charm

n τ physics

n R-scan

BEPCII (Beijing)

Storage ring

Linac

BESIII detector



μCounter
8- 9 layers RPC

dRF=1.4 – 1.7 cm

Time Of Flight (TOF)
σ(t) :  90 ps Barrel

110 ps endcap

Drift Chamber (MDC)
σP/P = 0.5%(1GeV)
σ(dE/dx) = 6%

EMC： σE/√E = 2.5 % (1 GeV)
(CsI)     σzφ(cm) = 0.5 - 0.7 cm/√E

Superconducting 
magnet (1.0 Tesla)  

BESIII Detector



τ+τ-

1.31x109 J/ψ

Thresholds:
ΛeΛ :				2.231	GeV						 Σ)WΣ* 2.379	GeV
Σ+WΣ+ 2.385	GeV						 Σ*WΣ) 2.395	GeV
Ξ+WΞ+ 2.630	GeV						 Ξ*WΞ) 2.643	GeV
ΛWΣ+ 2.308	GeV (ΩeΩ 3.345	GeV)

Λc ;Λ+

Hyperon-𝐡𝐲𝐩𝐞𝐫𝐨𝐧 pair	production	at	BESIII
2.0 GeV ≤ 𝑠 ≤ 4.6 GeV

QED



Baryon	FFs	(continuum):

=@
=

𝑉 = 𝛾, 𝜌, 𝜔, 𝜑, … , 𝐽/𝜓, 𝜓(2S), …

Baryons	𝐵1 and	 ?𝐵2
(spin	1/2,	...)

Time	like	spin	½		baryon	FFs:
Dubnickova,	Dubnicka,	Rekalo
Nuovo	Cim.	A109	(1996)	241
Gakh,	Tomasi-Gustafsson	Nucl.Phys.	A771	(2006)	169
Czyz,	Grzelinska,	Kuhn	PRD75	(2007)	074026
Fäldt EPJ	A51	(2015)	74;	EPJ	A52	(2016)141	

Cabibbo,	Gatto PR124	(1961)1577



Baryon	FFs	(continuum):

=@
=

𝑉 = 𝛾, 𝜌, 𝜔, 𝜑, … , 𝐽/𝜓, 𝜓(2S), …

vs	J/ψ decay:

Baryons	𝐵1 and	 ?𝐵2
(spin	1/2,	...)

Charmonia	decays:
Fäldt,	Kupsc	PLB772	(2017)	16

Time	like	spin	½		baryon	FFs:
Dubnickova,	Dubnicka,	Rekalo
Nuovo	Cim.	A109	(1996)	241
Gakh,	Tomasi-Gustafsson	Nucl.Phys.	A771	(2006)	169
Czyz,	Grzelinska,	Kuhn	PRD75	(2007)	074026
Fäldt EPJ	A51	(2015)	74;	EPJ	A52	(2016)141	

Cabibbo,	Gatto PR124	(1961)1577

ΔΦ
𝑒)

𝑒*

⁄𝐽 𝜓

𝐵5

D𝐵6



BESIII	
1010 J/ψ

PRD	93,	072003	(2016)
PLB770,217	(2017)
PRD	95,	052003	(2017)	

𝒆!𝒆" → 𝑱/𝝍,𝝍(𝟐𝑺) → 𝑩?𝑩

#events	at	BESIII	(estimate)

ℬ 𝜓(2𝑆) → Ω*eΩ) = 5.2(5)×10*S
BESIII	proposal:3.2x109	ψ(2S)

ST



𝒆!𝒆" → 𝑱/𝝍 → (𝜦 → 𝒑𝝅")(?𝜦 → ?𝒑𝝅!)
an	event	in	BESIII	detector



For	spin	½		𝑩e𝑩 production	two	complex	FFs:		GM(s),	GE(s)	

⇨	process	described	by	three	parameters	at	fixed	 𝑠 :	
q cross	section	(σ)
q FFs	ratio	R	or	angular	distribution	parameter	αψ
q relative	phase	between	FFs	(ΔΦ)

𝐺, = 𝑅𝐺-𝑒./0

𝒆!𝒆" → 𝜸∗ → 𝑩;𝑩

𝛼B =
𝜏 − 𝑅6

𝜏 + 𝑅6

Phase 𝜟𝜱 expected/predicted		for	continuum	
but	neglected/not	expected	for	the	decays		



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 → 𝛬𝛬̅

𝜓(2𝑆) → 𝛬 ̅𝛬

𝐽/𝜓 → ΣC DΣC 𝜓(2𝑆) → ΣC DΣC

Angular distribution:

−1 ≤ 𝜶𝝍 ≤ 1



Theory Experiment

Connection		between	theory	and	experiment	

Multidimensional	link,	exclusive	angular	distributions



𝜌 ⁄E $, ⁄E $ =
1
4
v
VCW

𝐶VCW 𝜎V
!#⨂𝜎CW

X!"General	two	spin	½	particle	state:

Baryon-antibaryon	spin	density	matrix
𝒆!𝒆" → 𝑩𝟏?𝑩𝟐

𝐶)1* =

(𝜎!= 𝟏", 𝜎# = 𝜎$ , 𝜎" = 𝜎% , 𝜎& = 𝜎')

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

𝑃2

𝛽( = 1 − 𝛼(" sin ΔΦ 𝛾( = 1 − 𝛼(" cos ΔΦ



Λ𝑒$

𝑒!

𝑧̂

M𝑦Baryon	polarization in	𝒆!𝒆"

𝛼( = 0.469

-𝑃

ΔΦ ≠ 0

𝜃(
5Λ

Unpolarized e+e- beams	⇨	transverse	polarization:

Ex.	𝑒,𝑒! → ⁄𝐽 𝜓 → Λ;Λ

𝑃h

ΔΦ=42.3o



𝜌 ⁄E $, ⁄E $ =
1
4
v
VCW

𝐶VCW 𝜎V1⨂𝜎CW
C1

Apply decay matrices:

𝑊 = 𝑇𝑟𝜌i,i̅ = v
V,CWk+

l

𝐶VCW𝑎V,+1 𝑎CW,+
C1

𝛽( = 1 − 𝛼(" sin ΔΦ 𝛾( = 1 − 𝛼(" cos ΔΦ

General	two	spin	½	particle	state:

DT - joint	angular	distribution (modular form)
𝒆!𝒆" → (𝜦 → 𝒑𝝅")(?𝜦 → ?𝒑𝝅!)

𝜎V1 → v
V$k+

l

𝑎V,Vm1 𝜎Vm
i

The	angular	distribution:

𝐶)1* =

(𝜎!= 𝟏", 𝜎# = 𝜎$ , 𝜎" = 𝜎% , 𝜎& = 𝜎')

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



420593	events 47009	events

𝑒,𝑒! → (Λ → 𝑝π!)(;Λ → 𝑝̅π,) 𝑒,𝑒! → (Λ → 𝑝π!)(;Λ → ?𝑛π$)

399	background 66	background
Nature	Phys.	15	(2019)	631

(1.31x109 J/ψ)

(1010 J/ψ)

arXiv:2204.11058



ΔΦ=42.3o±0.6o±0.5o
Fit	results

𝑒,𝑒! → (Λ → 𝑝π!)(;Λ → 𝑝̅π,) 𝑒,𝑒! → (Λ → 𝑝π!)(;Λ → ?𝑛π$)

𝜇 cos 𝜃) =
1
𝑁 ;

*+#

, -!

𝑛#,%
(*) − 𝑛",%

(*)moment:

(uncorrected for	acceptance)

Nature	Phys.	15	(2019)	631



arXiv:2204.11058

𝐴1=−0.0025±0.0046±0.0011

BESIII	
1010 J/ψ

AΛ=	-0.006	± 0.012± 0.007

A1 =
𝛼* + 𝛼)
𝛼* − 𝛼)

CP	test:	

AΛ=			0.013	± 0.021
PS185	PRC54(96)1877

𝐴12) = 0.12 (𝜉2) − 𝜉3))

Preliminary



𝒆!𝒆" → ⁄𝑱 𝝍 →𝚵"?𝚵! → 𝚲𝝅"?𝚲𝝅! → 𝐩𝛑"𝛑"?𝐩𝛑!𝛑!

9	kinematical	variables	9D	PhSp𝝃𝑑Γ ∝ 𝑊 𝝃;𝝎

Parameters: 2 production + 6 for decay chains

E.Perotti,	G.Faldt,	AK,	S.Leupold,JJ.Song PRD99	(2019)056008
P.Adlarson,	AK	PRD100	(2019)	114005

𝑊 =v
V,CW

𝐶VCW v
V$,CWm

𝑎V,Vm8 𝑎CW,CWm
C8 𝑎Vm,+1 𝑎CWm,+

C1

𝝎 = 𝜶𝝍, 𝚫𝚽, 𝜶𝜩, 𝝓𝜩, 𝜶𝚲, (𝜶𝜩, (𝝓𝜩, (𝜶𝚲



ΔΦ=(69.5±2.6±0.9)o

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

𝑪𝟏𝟏

𝑪𝟐𝟐 𝑪𝟑𝟑

𝑷𝒚

Nature 606	(2022) 64–69



fit	

3	CP	
tests	

First measurement for any baryon!

Nature 606	(2022) 64–69

𝐴124 =? ? (𝜉24 − 𝜉34)

Φ12
4 = 0.40 (𝜉24 − 𝜉34)
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Xiaorong Zhou 

CHAR
M2020



Monochromator

V.Telenov arXiv:2008.13668



Polarized 𝒆" beam

𝑒!𝑒" → ⁄𝐽 𝜓 → 𝛬 ̅𝛬, ΞDΞ

𝐶)1* =

-𝑃(,3

| W𝑃1|

+ 80%	longitudinal	𝑒5 polarization Bondar et	al.	JHEP	03	(2020)	076

| W𝑃8|

arXiv:2203.03035

𝕊𝜩𝟐

ℙ𝜩𝟐



Optimizing	future	measurements

maximum	likelihood	method:	



Theory Experiment

Connection		between	theory	and	experiment	

Finding	sensitive	observables



Asymptotic maximum	likelihoodmethod

?𝛼- 𝛼. 𝛥𝛷

𝛼- 0.87 −0.05 −0.07
?𝛼- 0.05 0.07
𝛼. 0.28

𝜎 𝛼/ =
7
𝑁

𝜎 𝐴) =
9
𝑁

𝒆!𝒆" → J/ψ→ 𝚲?𝚲
Validation	of	the	method

(0.011)

(0.014)

𝑉xy − covariance	matrix

• Best	possible	(ultimate)	sensitivity	and	correlations	for	
parameters

• Structure	of	complicated	angular	distribution:																																	
e.g.	𝑉xy*Esingular	– parameters	cannot	be	determined		separately

Tool	to	determine:

Consistent	with	BESIII	Nature	Phys.	15,631(2019)

Error	correlation	
matrix



Analytic approximations	for	uncertainties

Information	≡ (covariance matrix)"5

𝒆)𝒆* → J/𝝍 → 𝚲e𝚲, 𝚺)e𝚺*



𝒆)𝒆* → J/𝝍 → 𝚺)e𝚺*𝒆)𝒆* → J/𝝍 → 𝚲e𝚲

𝛼2'3 = −0.994(4)

𝛼2'4 = −0.068(13)

Analytic approximations



𝐼(𝐴4) = 𝑁
2
3𝛼4

"𝛼)"(1 + 1.05 ℙ4" + 0.38 𝕊4" )

𝐼(𝐴)) = 𝑁
2
3𝛼4

"𝛼)"(1 + 3.28 ℙ4" + 0.30 𝕊4" )

𝐼(𝐴4, 𝐴)) = 𝑁
2
3𝛼4

"𝛼)"(1 −
1
3 ℙ4" −

1
3 𝕊4" )

⁄𝐽 𝜓 → ΛCΛ ⁄𝐽 𝜓 → ΞXΞ

Polarization	terms

Spin	corr. terms
𝕊0%

ℙ0%

𝐼(Φ4) = 𝑁
2
27
(1 − 𝛼4")𝛼)"[3.08 ℙ4" + 1.30 𝕊4" ]

𝐼(𝐴)) = 𝑁
1
3
𝛼)" ℙ4"



𝑃(𝑒*)

𝜎 𝐴/ 𝑁
𝝈 𝑨𝜦 =

𝟐. 𝟎
𝑵

𝜎 𝐴# =
8.8
𝑁

Electron	beam polarization 80%
Equiv.	to	×16more ⁄𝑱 𝝍 → 𝜦e𝜦 data	for	𝐴1





Λ 5Λ
J/ψ

𝜃%

𝑒$

𝑒!

𝑝

-𝑃(𝜋!
tag-side signal-side

-𝑃1(

Double	tag:	polarization +	spin	correlations …

10� ÷ 10� BeB data	samples:	rare	decays,														
decay parameters	

Rare hyperon decays at BESIII and STCF run at ⁄𝐽 𝜓,𝜓′:

𝑝̅

𝑒$ 𝜈&



Conclusions:	

measurement	of	𝜙8
direct	measurement	of	weak	phase:

Polarization	vs	spin	correlations
⁄𝐽 𝜓 → ΞWΞ

three independent	CP	tests

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

• Polarization		observed	for		J/ψ,(𝜓m) → ΛeΛ, Σ)WΣ*, Ξ*WΞ), Ω*eΩ)

𝜉2) − 𝜉3) = (−2.0±3.8)×105"

𝜉24 − 𝜉34 = (1.2 ± 3.5)×105"

Experiments:
BESIII											super	tau-charm	factory	

PANDA	
HyperCP LHCb

BESIII		1010 J/ψ

BESIII		1.3×109 J/ψ

⁄𝐽 𝜓 → ΛCΛ

𝐴12) = 0.12 (𝜉2) − 𝜉3))



Ξ" → Λ𝜋" → 𝑝𝜋"𝜋"+c.c

Φ12
4 = (𝜙4+ X𝜙4)/2
= 0.4 𝐵124 = 0.4(𝜉24 − 𝜉34)

𝐴8 + 𝐴1 = (0.0 ± 5.1 ± 4.4)×10*/ HyperCP PRL 93 (2004) 262001

1.2×108 Ξ* 4.1×107 WΞ)

𝚵5 Polarization ( 3.7%)



Ξ" → Λ𝜋" → 𝑝𝜋"𝜋"+c.c

HyperCP → LHCb?

LHCb

JHEP05(2019)048

#particles per pp interaction
(√s = 13 TeV at  LHCb
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PS185,	PRC54	(1996)	1877

𝑒)𝑒* → γ∗ → 𝐽/ψ → ΛeΛ

PRD	95,	052003	(2017)

αψ=0.469+/-0.026 
BR(19.43+/-0.03)10-4

1.642 GeV/c 43 430 ev
1.918 GeV/c 36 977 ev

2	global	parameters
extract Λ	decay par.		α

5	parameters	at	each θΛ
Can’t determine Λ decay param.

Pmax=25%




