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Motivation
Parity violation firstly proposed by Lee and Yang in 1956 and verified by Wu in 1957
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Motivation
Similarly, charge-parity violation (CP) firstly observed in kaon oscillation in 1964, and 
later studies showed that the SM is insufficient to explain the matter-antimatter 
asymmetry.
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Motivation

Q: Tests of both P and CP symmetries at BESIII/STCF in hadronic channels?
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Formalism

We consider on-shell production of  (as the dominant process at STCF) that 
subsequently decays into a lowest-lying baryon pair ( )

J/ψ
B = Λ, Σ±,0, Ξ0,±

e−(p1) + e+(p2) → J/ψ → B(k1, s1) + B̄(k2, s2)

As self-explained by the process,

• we do not consider beam polarization for this work (Note that beam 
polarization is a possible option of STCF and one can of course generalize 
the discussion that follows), thus the initial spins are averaged over.

• we do not sum over the final spins as the final state differential angular 
distributions are used to extract P and CP violating effects:

P invariance

CP invariance

杜勇（交⼤李所） 兰州⼤学



Formalism

Due to the on-shell production, all  particles are generated at rest, and we therefore 
work in the COM frame and adopt the beam basis for the calculation

J/ψ

• On the production side, the  density matrix is constructed from its 
polarization vector (  if parity is conserved)

J/ψ
dJ = 0

ρij( ⃗p) =
1
3

δij − idJϵijk ̂pk −
cJ

2 ( ̂pi ̂pj −
1
3

δij)
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Formalism
• To extract information from the decay of , we focus on  directly and 

decompose it in the SU(2) SU(2) spin space:
J/ψ Sfi

⊗

Sfi( ̂p, ̂k, ⃗s1, ⃗s2) = a(ω)𝕀 ⊗ 𝕀 + B1( ̂p, ̂k) ⃗s1 ⊗ 𝕀 + B2( ̂p, ̂k)𝕀 ⊗ ⃗s2 + Cij( ̂p, ̂k) ⃗s1 ⊗ ⃗s2

P and CP invariance will impose constraints on these parameters, whose violation 
would imply P/CP violation.
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Asymmetric observables
Practically, these parameters determine the differential angular distribution of the decay 
chain, from which one can construct the asymmetric observables from the observed 
number of events at the detector:
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𝒜(𝒪) =
N+ − N−

N+ + N−
=

3
2

⟨𝒪⟩, ⟨𝒪⟩ ≡
1
𝒩 ∫

dΩk̂dΩ ̂lp
dΩ ̂l p̄

(4π)3
𝒪 ⋅ 𝒲
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Asymmetric observables
For  decay at BESIII/STCF, its decay amplitude can not be determined perturbatively, 
we therefore introduce the following form factors based on Lorentz invariance

J/ψ

P violating CP violating
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Asymmetric observables
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Then only 5 non-vanishing asymmetric observables can be constructed from the 
differential angular distribution, based on which we define the following derived 
asymmetries

A (1)
PV ≃

4α
3𝒩

E2
c dJ (2ymRe (G1G*2 ) + G1

2)
A (2)

PV ≃
8αβ
3𝒩

E2
c Re (FAG*1 )

A(1)
CPV ≃ −

8αβ
3𝒩

E3
c Im (ymHTG*2 )

A(2)
CPV ≃ −

8αᾱ
9𝒩

βymE3
c Re (HTG*2 )

Parity violation CP violation

GB
1 = FB

V + HB
σ , GB

2 = GB
1 −

(k1 − k2)2

4m2
B

HB
σ ,

CPV tests with polarized beams? Sheng Zeng, Yue Xu, Xiao-Rong Zhou, Jia-Jia Qin, Bo Zheng, 2306.15602 (CPC)
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Asymmetric observables

Q: How to get these form factors?
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Then only 5 non-vanishing asymmetric observables can be constructed from the 
differential angular distribution, based on which we define the following derived 
asymmetries
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Asymmetric observables
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Asymmetric observables
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E

vEW
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mW u, d, c, s, b, g, γ, e, μ, τ, νe,μ,τ

ΛQCD n, p, π±,0, K±,0, Λ, Σ±,0, ⋯

MeV ANZ

Low energy precision probe to underlying 
unknown new paradigm/mechanism at the 
high-energy scale (e.g., BESIII/STCF)
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Asymmetric observables
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Asymmetric observables
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E

vEW

?

mW u, d, c, s, b, g, γ, e, μ, τ, νe,μ,τ

ΛQCD n, p, π±,0, K±,0, Λ, Σ±,0, ⋯

MeV ANZ

Matching scale where inputs  
are precisely known

GF, αEM, mZ

Experiment scale

log
mZ

ΛQCD
≈ 4.5

Standard strategy:

1. RGE down to and then matching at ΛQCD

2. ME eva. e.g., PT (lattice/pheno det. of LEC)χ
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 determination:FA

In the SM of particle physics, this parity-violating form factor  on the decay 
side comes from the weak currents.

FA
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 produced at an energy , so effectively 4-fermion interactions.J/ψ s, t ≪ m2
W,Z
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Form factors
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Form factors
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 produced at an energy , so effectively 4-fermion interactions.J/ψ s, t ≪ m2
W,Z



 determination:FA
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Form factors

 as an example:Z

ℒZ ⊃ − 4 2GF ⋅ ∑
q=u,d,s

[gq
V−Agc

V+Ac1 (q̄RγμqR) (c̄LγμcL) + gq
V+Agc

V−Ac2 (q̄LγμqL) (c̄RγμcR)]
, but its running will mix with the following two 

octet operators from the anomalous dimension even though 
they are absent at :

c1,2(mZ) = 1

μ = mZ

c8 (q̄RγμTAqR) (c̄LγμTAcL), c′￼8 (q̄LγμTAqL) (c̄RγμTAcR)

c

c

d

d
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 determination:FA
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Form factors

𝒪LR
ud+ =

1
Nc

(d̄RγμdR) (c̄LγμcL) + 2 (d̄RγμTAdR) (c̄LγμTAcL) 𝒪LR
ud− = −

4CF

Nc
(d̄RγμdR) (c̄LγμcL) +

4
Nc

(d̄RγμTAdR) (c̄LγμTAcL)

Choose a basis to diagonalize the anomalous dimension and to disentangle the 
octet contribution:

ℒZ ⊃ − 4 2GF ⋅ ∑
q=d,s [

gq
V−Agc

V+A

Nc
CLR

ud+𝒪LR
ud+ −

gq
V−Agc

V+A

2
CLR

ud−𝒪LR
ud−]

the anomalous dimension is then simple to solve
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 determination:FA
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Form factors

FΣ0

A = ( GFgV

2 2 ) ⋅ D ⋅ { 1
3

s2
w (ℛZ − ℛ̃Z) − Vcd

2
ℛW}

For example, for Σ0

without running,  and .ℛZ = ℛ̃Z = 1 ℛW = 1/Nc ≈ 0.33
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with running, ,  and .ℛZ ≈ 1.07 ℛ̃Z ≈ 1.09 ℛW ≈ − 0.03



 determination:FA
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Form factors
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 determination:FA
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Form factors

FΣ0

A = ( GFgV

2 2 ) ⋅ D ⋅ { 1
3

s2
w (ℛZ − ℛ̃Z) − Vcd

2
ℛW}

For example, for Σ0

without running,  and .ℛZ = ℛ̃Z = 1 ℛW = 1/Nc ≈ 0.33

Weak mixing angle determination

2nd row CKM unitary test
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with running, ,  and .ℛZ ≈ 1.07 ℛ̃Z ≈ 1.09 ℛW ≈ − 0.03



Small P violating Small CP violating

Form factors
 determination:G1,2
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Small P violating Small CP violating

Form factors
 determination:G1,2
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Form factors
 determination:G1,2

Recall ,  can be determined from the branching ratios.|GE /GM | = |G2/G1 | G1
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Small P violating Small CP violating
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 determination:HT

To this end, we assume this is dominated by the EDM of , whose Lagrangian is 
given by

B

Matching the amplitudes leads to

HT =
e ⋅ QC ⋅ gV ⋅ dB

mJ/ψ2

ℒBEDM
= − i

dB

2
B̄σμνγ5BFμν

Q: How to calculate?

A: Quark model + NR QCD
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Form factors
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Form factors

 determination:HT
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e.g.,  as sourced from the dim-6 SMEFT dipole operators (cutoff scale around 
1TeV at BESIII)

dq



Form factors

 determination:dJ

Recall it is related to the production of  only, and is thus the simplest one to 
compute from  exchange to violate parity

J/ψ
Z
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dJ =
2sGF

32παEM
⋅ (3 − 8s2

w)

Another weak mixing angle determination 
with a precision A (1)

PV

RGE improvement negligible at leading order due to  suppression.αEM
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Experimental inputs
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Experimental input

P and CP asymmetries at BESIII and STCF



Results
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δs2
w

s2
w

= 𝚊0
δmB

mB
⊕ 𝚊1

δmJ/ψ

mJ/ψ
⊕ 𝚊2

δ𝚁
𝚁

⊕ 𝚊3
δα
α

⊕ 𝚊4
δΔΦ
ΔΦ

⊕ 𝚊5
δA(1)

PV

A(1)
PV

Precision measurement of the weak mixing angle using, for example, A (1)
PV

Alternatively using the LR asymmetry

Jinlin Fu, Hai-Bo Li, Jian-Peng Wang, Fu-Sheng Yu, Jianyu Zhang, 2307.04346 (PRD)
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Results
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First determination of  at the  thresholdsin θW J/ψ
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Bondar, Grabovsky, Reznichenko, Rudenko, Vorbyev, 1912.09760 (JHEP)

Jinlin Fu, Hai-Bo Li, Jian-Peng Wang, Fu-Sheng Yu, Jianyu Zhang, 2307.04346 (PRD)
Polarized beams?

Xu Cao, Yu-Tie Liang, Rong-Gang Ping, 2404.00298



Summary

✤ We briefly present the formalism for extracting P and CP violation through  
production and decay.


✤ The form factors for  production and decay are derived, with the large logs 
resummed using the RGE. Corrections to the axial-vector form factors are large (even 
differ by a factor of 10), which in turn affect both the magnitudes and the signs of the 
predicted parity-violating asymmetry.


✤ P-violating asymmetries are predicted to be of , about to be measurable at 
BESIII. Baryon EDMs are found to be of  using BESIII data, 
100~1000 times better than current the only upper bound on .


✤ A measurement of the weak mixing angle is feasible and the current relative precision 
is about 40%, limited by statistics. STCF can improve the precision by about a factor 
of 20 with one-year data taken.

J/ψ

J/ψ

𝒪(10−4)
𝒪(10−18) e ⋅ cm

dΛ


