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Methods (UU&NCBJ):

Precision hyperon physics 
at Τ𝑱 𝝍 and 𝝍′ factories
Andrzej Kupsc (UU&NCBJ)



𝒆+𝒆− → 𝒇ത𝒇, 𝐁𝟏ഥ𝐁𝟐 J/ψ→𝐁𝟏ഥ𝐁𝟐

𝒆+𝒆− → J/ψ→ 𝚵ഥ𝚵𝒆+𝒆− → J/ψ→ 𝚲ഥ𝚲

CP tests:
Prospects at 1013 Τ𝐽 𝜓 factory 

𝜦 → 𝒑𝝅−

𝜦 𝒑

𝝅−

J/𝝍(𝝍′) → 𝚺+ഥ𝚺−

𝝍′ → 𝛀−ഥ𝛀+



𝑛(𝑢𝑑𝑑) 𝑝(𝑢𝑢𝑑)

Λ (𝑢𝑑𝑠)

Ξ−(𝑑𝑠𝑠)

Σ+(𝑢𝑢𝑠)Σ−(𝑑𝑑𝑠) Σ0(𝑢𝑑𝑠)

Ξ0(𝑢𝑠𝑠)

Spin ½ baryon octet

Spin Τ𝟑 𝟐

Ground-state strange baryons

Ω−(𝑠𝑠𝑠)



∆𝐼 = Τ1 2

weak CP-odd phases

strong phases

Decay amplitudes in hyperon decays

P and S                 P and D in
transitions 

For Λ → 𝑝𝜋− admixture of ∆𝐼 = Τ3 2 (~1/22)

Λ → 𝑝𝜋−

Ξ− → Λ𝜋−

Σ → 𝑁𝜋

ഥΩ− → Λ𝐾−

Measurable: BF and 
two decay parameters



𝑝 ത𝑃Λො𝑛

𝜋−

Measuring hyperon decay parameters

p=100 MeV/c

𝑑Γ

𝑑Ω
=

1

4𝜋
(1 + 𝛼Λ ො𝑛 ത𝑃Λ)

𝛼Ξ=-0.392(8) 

𝜙Λ=-0.113(61) 

𝛼Λ= 0.750(10) 

𝜙Ξ=-0.042(16) 

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

Λ rest frame

𝜦 → 𝒑𝝅−

𝚵 → 𝚲𝝅, 𝚲 → 𝒑𝝅



Measuring a, b, g in the 20th century

p- p  K0 L0 L0
p-p

p-

p-

p

p Cp C

p

carbon plates

Oliver Overseth
1928-2008

James Cronin
1931-2016

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

1.25 cm-thick

T. D. Lee, C.-N. Yang, PR 108 (1957) 1645



Testing CP violation in hyperon decays

weak P-S
phase diff.

CP-test : 

−3 × 10−5 ≤ 𝐴Λ ≤ 4 × 10−5

−2 × 10−5 ≤ 𝐴Ξ ≤ 1 × 10−5

Tandean,Valencia PRD67 (2003) 056001

SM

for c.c. decay modes 
if CP conserved:

Leading order Δ𝐼 = Τ1 2 :

HyperCP:



Γ𝜇

F1 (Dirac) and F2 (Pauli) Form Factors

Sachs Form Factors (FFs) ⇔ helicity amplitudes: 

𝒆+𝒆− → 𝜸∗ → 𝑩ഥ𝑩 (𝐬𝐩𝐢𝐧 𝟏/𝟐)          

helicity non-flip helicity flip



Λ𝑒+

𝑒−

Ƹ𝑧

ො𝑦Baryon polarization in 𝒆+𝒆−

𝛼𝜓 = 0.469

ത𝑃

ΔΦ ≠ 0

𝜃Λ

ഥΛ
Unpolarized e+e- beams ⇨ transverse polarization:

Ex. 𝑒+𝑒− → Τ𝐽 𝜓 → ΛഥΛ

𝑃𝑦

ΔΦ=42.3o Angular distribution:

−1 ≤ 𝜶𝝍 ≤ 1



𝜌 Τ1 2, Τ1 2 =
1

4
෍

𝜇ഥ𝜈

𝐶𝜇ഥ𝜈 𝜎𝜇
𝐵1⨂𝜎ഥ𝜈

ത𝐵2General two spin ½ particle state:

Baryon-antibaryon spin density matrix

𝒆+𝒆− → 𝑩𝟏
ഥ𝑩𝟐

𝐶𝜇ഥ𝜈 =

(𝜎0= 𝟏2, 𝜎1 = 𝜎𝑥, 𝜎2 = 𝜎𝑦 , 𝜎3 = 𝜎𝑧)

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

𝑃𝑦

𝛽𝜓 = 1 − 𝛼𝜓
2 sin ΔΦ 𝛾𝜓 = 1 − 𝛼𝜓

2 cos ΔΦ



Baryon FFs (continuum):

=෍

𝑉

𝑉 = 𝛾, 𝜌, 𝜔, 𝜑, … , 𝐽/𝜓, 𝜓(2S), …

vs J/ψ decay:

Baryons 𝐵1 and ത𝐵2
(spin 1/2, ...)

Charmonium 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 

ΔΦ

Τ𝐽 𝜓

𝐵1

ത𝐵2

𝑐

ҧ𝑐



BESIII 
1010 J/ψ

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

PRD 95, 052003 (2017) 

𝒆+𝒆− → 𝑱/𝝍,𝝍(𝟐𝑺) → 𝑩ഥ𝑩

#events at BESIII (estimate)

ℬ 𝜓(2𝑆) → Ω−ഥΩ+ = 5.85(28) × 10−5

BESIII proposal: 3.2x109 ψ(2S)

ℬ Τ𝐽 𝜓 → 𝑝ഥ𝑝 = (21.21 ± 0.29) × 10−4

ST



Λ

ഥΛ

𝑒+

𝑒−

Ƹ𝑧

ො𝑦

𝜃Λ

𝑒+𝑒− → 𝛬 → 𝑝𝜋− ҧ𝛬 𝑝
𝑛1,𝑦

⇒Determine product: 𝛼Λ𝑃𝑦~ 𝛼Λ sin 𝜟𝜱

Λ → 𝑝π−: ෝ𝐧1 → Ω1 = (cos 𝜃1 , 𝜙1) : 𝛼Λ

Inclusive experiment (Single Tag - ST)

𝑑Γ

𝑑 cos 𝜃Λ𝑑Ω1
∝ (1 + 𝜶𝝍 cos

2 𝜃Λ) 1 + 𝜶𝚲𝑃𝑦𝑛1,𝑦



Exclusive (Double Tag - DT)

𝒆+𝒆− → (𝜦 → 𝒑𝝅−)(ഥ𝜦 → ഥ𝒑𝝅+)

Λ → 𝑝π−: ෝ𝐧1 → (cos 𝜃1 , 𝜙1) ഥΛ → ҧ𝑝π+: ෝ𝐧2 → (cos 𝜃2 , 𝜙2): 𝜶𝚲

Fäldt, Kupsc PLB772 (2017) 16

: ഥ𝜶𝚲

5D PhSp

𝚫𝚽 ≠ 𝟎 ⇒ 𝐢𝐧𝐝𝐞𝐩𝐞𝐧𝐝𝐞𝐧𝐭 determination of 𝜶𝚲 and ഥ𝜶𝚲

1 + 𝜶𝝍 cos
2 𝜃Λ

+𝜶𝚲ഥ𝜶𝚲 1 − 𝜶𝝍
2 cos( 𝜟𝜱) sin 𝜃Λ cos 𝜃Λ (𝑛1,𝑥𝑛2,𝑧 + 𝑛1,𝑧𝑛1,𝑥)

+𝜶𝚲ഥ𝜶𝚲 sin𝟐 𝜃𝛬(𝑛1,𝑥𝑛2,𝑥 − 𝜶𝝍𝑛1,𝑦𝑛2,𝑦) + (cos2 𝜃Λ + 𝜶𝝍)𝑛1,𝑧𝑛2,𝑧

+ 1 − 𝜶𝝍
2 sin(𝜟𝜱) sin 𝜃Λ cos 𝜃Λ (𝜶𝚲𝑛1,𝑦 + ഥ𝜶𝚲𝑛2,𝑦)

𝝃 ∶ (cos 𝜃Λ , ෝ𝐧1, ෝ𝐧2)

𝑑Γ ∝ 𝑊 𝝃;𝜶𝝍, 𝜟𝜱, 𝜶𝚲, ഥ𝜶𝜦 =



𝜌 Τ1 2, Τ1 2 =
1

4
෍

𝜇ഥ𝜈

𝐶𝜇ഥ𝜈 𝜎𝜇
Λ⨂𝜎ഥ𝜈

ഥΛ

Apply decay matrices:

𝑊 = 𝑇𝑟𝜌𝑝, ҧ𝑝 = ෍

𝜇,ഥ𝜈=0

3

𝐶𝜇ഥ𝜈𝑎𝜇,0
Λ 𝑎ഥ𝜈,0

ഥΛ

𝛽𝜓 = 1 − 𝛼𝜓
2 sin ΔΦ 𝛾𝜓 = 1 − 𝛼𝜓

2 cos ΔΦ

General two spin ½ particle state:

DT - joint angular distribution (modular form)

𝒆+𝒆− → (𝜦 → 𝒑𝝅−)(ഥ𝜦 → ഥ𝒑𝝅+)

𝜎𝜇
Λ → ෍

𝜇′=0

3

𝑎𝜇,𝜇′
Λ 𝜎𝜇′

𝑝

Modular angular distribution:

𝐶𝜇ഥ𝜈 =

(𝜎0= 𝟏2, 𝜎1 = 𝜎𝑥, 𝜎2 = 𝜎𝑦 , 𝜎3 = 𝜎𝑧)

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



BESIII measurement

BESIII Nature Phys. 15 (2019) 631

421k events

𝒆+𝒆− → (𝜦 → 𝒑𝝅−)(ഥ𝜦 → ഥ𝒑𝝅+)

399 background based on 1.31x109 J/ψ

4 fit 
parameters

ഥ𝜶𝚲
𝜶𝚲



Λ → 𝑝𝜋−:

𝜶𝚲

𝜶Λ
𝑃𝐷𝐺<2019

Implications of the BESIII 𝚲ഥ𝚲 result

⟹ Polarization:  
max 25%

ΔΦ=42.3o±0.6o±0.5o

ACP = -0.006 ± 0.012± 0.007

A𝐶𝑃(Λ) =
𝛼Λ + ത𝛼Λ
𝛼Λ − ത𝛼Λ

CP test: 

AΛ=   0.013 ± 0.021
PS185 PRC54(96)1877

∆𝑰 =
𝟏

𝟐
𝐫𝐮𝐥𝐞 𝐯𝐢𝐨𝐥𝐚𝐭𝐢𝐨𝐧

𝛼 =
α − ത𝛼

2
= 0.754(3)(2)

𝛼Λ =0.721(6)(5) 

CLAS, PRL 123 (2019) 182301



(same formalism as for Τ𝐽 𝜓 → 𝛬 ҧ𝛬 )

𝒆+𝒆− → Τ𝑱 𝝍,𝝍′ →𝚺+ഥ𝚺− → 𝐩𝛑−ഥ𝐩𝛑+

αJ/ψ/αψ = -0.507±0.006±0.002 0.676±0.030±0.006
ΔΦ( Τ𝐽 𝜓 , 𝜓) = (-15.4±0.7±0.3)° (21.5 ± 0.4 ± 0.5)°

𝛼 = (α − ത𝛼)/2 = −0.994(4)(2)

ACP = -0.004±0.037±0.010

PRL 125 (2020) 052004

𝝍′ → 𝚺+ഥ𝚺−Τ𝑱 𝝍 →𝚺+ഥ𝚺−



𝒆+𝒆− → Τ𝑱 𝝍 →𝚵−ഥ𝚵+ → 𝚲𝝅−ഥ𝚲𝝅+ → 𝐩𝛑−𝛑−ഥ𝐩𝛑+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 = ෍

𝜇,ഥ𝜈=0

3

𝐶𝜇ഥ𝜈 ෍

𝜇′,ഥ𝜈′=0

3

𝑎𝜇,𝜇′
Ξ 𝑎ഥ𝜈,ഥ𝜈′

ഥΞ 𝑎𝜇′,0
Λ 𝑎ഥ𝜈′,0

ഥΛ

𝝎 = 𝜶𝝍, 𝚫𝚽,𝜶𝜩, 𝝓𝜩, 𝜶𝚲, ഥ𝜶𝜩, ഥ𝝓𝜩, ഥ𝜶𝚲

Modular angular distribution:



p [GeV/c]

Τ𝜋+ 𝜋−

Τ𝑝 ҧ𝑝

Τ𝑱 𝝍 →𝚵−ഥ𝚵+

421k events

399 bkg

Exclusive (DT) analyses based on 1.31x109 J/ψ

73k events

190 bkg

Τ𝜋+ 𝜋−

Τ𝑝 ҧ𝑝

p [GeV/c]

arXiv:2105.11155Nature Phys. 15 (2019) 631

9D PhSp5D PhSp

Unbinned MLL

4 parameters 8 parameters 



Preliminary

arXiv:2105.11155

8 fit 
parameters

3 CP 
tests 



ΔΦ=(69.5±2.6±0.9)o

Polarization and 𝑪𝒊𝒊 𝐟𝐨𝐫 𝒆
+𝒆− → Τ𝑱 𝝍 →𝚵−ഥ𝚵+

𝑪𝟏𝟏

𝑪𝟐𝟐 𝑪𝟑𝟑

𝑷𝒚



𝑒+𝑒− → 𝜓′ → Ω−ഥΩ+

Four (Complex) Form Factors 

Using base 3/2 spin matrices Q: Nucl. Phys. B38, 477(1972)

3

4
𝑄𝑀
𝐿 → 𝑄𝜇 , 𝜇 = 1,… , 15𝑄0 =

1

4
𝐼

𝑒+𝑒− → 𝛾∗ → 𝜓′ → 𝐵 ത𝐵 (spin 3/2)          

ST ExperimentDT Experiment



𝑊 = ෍

𝜇=0

15

𝐶𝜇,0 ෍

𝜇′=0

3

𝑏𝜇,𝜇′
Ω 𝑎𝜇′,0

Λ

Single tag 𝑒+𝑒− → Ω−ഥΩ+

ST angular distribution:

decay Τ1 2 → Τ1 2 + 0
Λ → 𝑝𝜋−

Single 3/2-spin baryon density
matrix is

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

Degree of polarization

At threshold: d(3/2)=23%

decay Τ3 2 → Τ1 2 + 0
Ω− → Λ𝜋−



Phys.Rev.Lett. 126 (2021) 092002

Model independent Ω spin determination
Four production form-factors

Single tag 𝒆+𝒆− → 𝝍′ → 𝜴− ഥ𝜴+

Data: 4.48 × 108 ψ(2S) 

ST analysis: 2507Ω− + 2238 ഥΩ+



Conclusions I 

measurement of 𝜙Ξ, ത𝜙Ξ
first direct measurement of weak phase difference: 𝜉𝑃 − 𝜉𝑆

𝛼Ξ = 0.373 5 2

Τ𝐽 𝜓 → ΞതΞ (prel. )

three independent CP tests

0.72 0.74 0.76 0.78 0.80

20

40

60

80

100

𝛼Λ = 0.754 3 2
Τ𝐽 𝜓 → ΛഥΛ

𝛼Λ = 0.760 6 3
prel Τ𝐽 𝜓 → ΞതΞ

𝛼Λ
0.721(6)(5)  CLAS

J/ψ and ψ’ decays into hyperon-antihyperon unique spin 
entangled system:
• determination of (anti-)hyperon decay parameters
• CP tests 
• polarization  observed for  J/ψ,(𝜓′) → ΛഥΛ, Σ+തΣ−, Ξ−തΞ+, Ω−ഥΩ+

𝜶𝚲More data: 1010 J/ψ
3x109 ψ(2S)

Results using:
1.3 × 109 J/ψ
4.5 × 108 ψ(2S)



AΛ = -0.006 ± 0.012± 0.007

CP test: 

Τ𝑱 𝝍 → 𝚲ഥ𝚲, 𝚵ഥ𝚵

|𝐴Λ | ≤ 4 × 10−5

Tandean,Valencia PRD67 (2003) 056001

CKM

Events Stat error AΛ

BESIII(2018) 4.2 x105 1.2x 10-2 1.31 109 J/ψ

BESIII(full stat) 3.2 ⋅106 4.4 ⋅10-3 1010 J/ψ
L=0.47⋅1033 cm-2s-1

SCTF 4.5 ⋅ 108 3.1 ⋅10-4 2⋅1012 J/ψ L=1035 cm-2s-1

A𝐶𝑃(Λ) =
𝛼Λ + ത𝛼Λ
𝛼Λ − ത𝛼Λ

AΛ = -0.004 ± 0.012± 0.009

Outlook: high luminosity (HL) Τ𝑱 𝝍 factory
AK, Hai-Bo Li, and Steve Olsen



Polarized 𝒆− beam

𝑒+𝑒− → Τ𝐽 𝜓 → 𝛬 ҧ𝛬

𝐶𝜇ഥ𝜈 =

ത𝑃Λ

| ത𝑃Λ|

𝑃(𝑒−)

𝜎 𝐴Λ 𝑁

𝜎 𝛼Λ 𝑁

𝝈 𝑨𝜦 =
𝟐. 𝟎

𝑵

𝜎 𝐴Λ =
8.8

𝑁

+ 80% longitudinal 𝑒− polarization

Bondar et al. JHEP 03 (2020) 076



+ monochromator

V.Telenov arXiv:2008.13668

Goal for  HL Factory:   >1013 Τ𝑱 𝝍

+ polarization (equivalent to 16 × more Τ𝐽 𝜓 → ΛഥΛ data)

Potential to test CPV in hyperon decays 𝐴Λ,Ξ < 10−4 using 
Τ𝐽 𝜓 → 𝐵 ത𝐵 decays CKM estimate: (1-5) ⋅10-5


