
Probing τ weak EDM via Spin Correlations at CEPC and FCC-ee

Xin-Yu Du

Tsung-Dao Lee Institute & School of Physics and Astronomy
Shanghai Jiao Tong University

July 24, 2026

Xin-Yu Du et al. (SJTU) Probing τ Dipole Form Factors July 24, 2026 1 / 14



Spin Correlation as a Probe of the Weak Dipole Moment
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What we want to probe
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At the Z pole, the process is sensitive to
the Zττ weak dipole form factors.

Central question
Can the quantum spin correlations of the τ+τ− pair be exploited to probe the weak dipole

interaction at the Z pole?
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From Rate Measurements to Symmetry-Filtered Observables

Conventional strategy: total rate
σ = σSM + dτ σint + d2

τ σdip

For a sufficiently small weak dipole moment,

σ − σSM ≃ dτ σint.

event yield

large SM contribution

small interference
effect

SM statistical and
systematic uncertainty

The approximate statistical significance is

Zσ ∼ L dτσint√
LσSM

= dτ
σint√
σSM

√
L.

The interference signal is diluted by the large
SM rate.
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Our strategy: weighted correlations
Each event is assigned a symmetry-sensitive weight
O(Φ), constructed from the measured decay angles:

⟨O⟩ =

∫
dΦW(Φ)O(Φ)∫

dΦW(Φ)
,

where
W(Φ) = Tr

[
R
(
D− ⊗ D+

)]
.

Choose O(Φ) with the appropriate CP
transformation:∫

dΦWSM(Φ)OCP-odd(Φ) = 0

while the dipole interference survives:∫
dΦWint(Φ)OCP-odd(Φ) ̸= 0.

Angular symmetry filters
In the tau rest frames, the pion directions ℓ̂∓
analyze the tau spins. Examples are

O1 + O2 = cos θ− − cos θ+,

O3 = (ℓ̂− × ℓ̂+) · k̂.

For the conventions used here,

⟨O1 + O2⟩ ∝ Im dτ , ⟨O3⟩ ∝ Re dτ .

Key advantage
The weight function acts as a symmetry filter: the CP-even SM contribution vanishes after full phase-space

integration, while the term linear in the weak dipole moment remains.
This is “background-free” at the level of the expectation value; the finite SM event sample still determines the statistical

variance.
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Initial State: Unpolarized Electron–Positron Beams

Spin Hilbert space

He−e+ = He− ⊗He+ , dimHe−e+ = 4.

{|++⟩e, |+−⟩e, | −+⟩e, | − −⟩e} .

Unpolarized beams

ρe− =
1
2 I2, ρe+ =

1
2 I2.

ρunpol
e−e+ = ρe− ⊗ ρe+ =

1
4 I4

Physical interpretation
Equal-probability incoherent mixture of the four initial helicity configurations.
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Transition Amplitude Between Spin Spaces

Scattering amplitude as a linear map
M : He−e+ −→ Hτ−τ+

Initial state
|λ⟩e = |λ−λ+⟩e

λ ∈ {++,+−,−+,−−}.
First sign: e− helicity
Second sign: e+ helicity

M

Final state
|F⟩τ = |h−h+⟩τ

F ∈ {++,+−,−+,−−}.
First sign: τ− helicity
Second sign: τ+ helicity

Helicity amplitude
MFλ ≡ τ ⟨F|M|λ⟩e

F labels the final tau-pair helicity state, while λ labels the initial electron–positron helicity state.

Matrix interpretation
In the ordered basis

{|++⟩, |+−⟩, | −+⟩, | − −⟩},

MFλ is a 4 × 4 matrix:

rows F = final tau helicities, columns λ = initial beam helicities .

The matrix elements are evaluated using explicit HELAS-inspired helicity spinors.
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Production Density Matrix of the Tau Pair
The initial density matrix is propagated through the scattering amplitude according to

R = M ρunpol
e−e+ M† .

In components, RFF′ =
∑
λ,λ′

MFλ
(
ρunpol

e−e+
)
λλ′

M∗
F′λ′ .

Since (
ρunpol

e−e+
)
λλ′

=
1
4δλλ

′ ,

we obtain
RFF′ =

1
4
∑
λ

MFλM∗
F′λ .

Matrix representation in the helicity basis

R =


R++,++ R++,+− R++,−+ R++,−−
R+−,++ R+−,+− R+−,−+ R+−,−−
R−+,++ R−+,+− R−+,−+ R−+,−−
R−−,++ R−−,+− R−−,−+ R−−,−−

 .

Diagonal elements

RFF

give the production weights for definite tau-pair
helicities.

Off-diagonal elements

RFF′ , F ̸= F′

retain quantum interference between different
helicity amplitudes.
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Tau Decay Products as Spin Analyzers
The tau spins are not measured directly. Instead, their spin information is reconstructed from the
directions of their decay products in the corresponding tau rest frames.

τ− analyzer

D− =
1
2
(

I2 + α− ℓ̂− · σ
)

ẑ− ∥ kτ−

x̂−

ℓ̂−

θ−

τ− rest frame

ℓ̂− = (sin θ− cosϕ−, sin θ− sinϕ−, cos θ−) .

τ+ analyzer

D+ =
1
2
(

I2 − α+ ℓ̂+ · σ
)

ẑ+ ∥ kτ+

x̂+

ℓ̂+

θ+

τ+ rest frame

ℓ̂+ = (sin θ+ cosϕ+, sin θ+ sinϕ+, cos θ+) .

Coordinate convention
For each tau, the local z-axis is chosen along that tau’s direction of motion in the e−e+ center-of-mass
frame. For the ideal channels τ∓ → π∓ν, one may take α− = α+ = 1.
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Joint Spin Measurement of the Tau Pair
The tau-pair helicity basis is a tensor-product basis:

|++⟩ = |+⟩τ− ⊗ |+⟩τ+ ,

|+−⟩ = |+⟩τ− ⊗ |−⟩τ+ ,

| −+⟩ = |−⟩τ− ⊗ |+⟩τ+ ,

| − −⟩ = |−⟩τ− ⊗ |−⟩τ+ .

Joint analyzer operator
Since D− acts only on the τ− spin space and D+ acts only on the τ+ spin space,

D = D− ⊗ D+ .

Explicitly,
D =

1
4
(

I2 + α−ℓ̂− · σ
)
⊗
(

I2 − α+ℓ̂+ · σ
)
.

τ− analyzer
D−

⊗ τ+ analyzer
D+

=
joint measurement

D = D− ⊗ D+

Why the tensor product is required
The measurement is performed on the full four-dimensional spin space Hτ− ⊗Hτ+ ; therefore it can
probe both single-tau polarization and genuine two-tau spin correlations.
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From Quantum Measurement to Angular Distribution

Production state
R =⇒

Joint analyzer
D = D− ⊗ D+ =⇒

Measurement
W

Quantum-mechanical prediction

W(Φdecay) = Tr [R (D− ⊗ D+)]

Experimental interpretation
dσ

d cos θ dΩdecay
= W(Φdecay)

Measuring the correlated decay angles is equivalent to measuring the production
density matrix R.Xin-Yu Du et al. (SJTU) Probing τ Dipole Form Factors July 24, 2026 9 / 14



From the Angular Distribution to an Observable
For each event, we assign a measurement function

O(Φdecay),

constructed from the measured decay angles.

Expectation value

⟨O⟩ =

∫ 1

−1
d cos θ

∫
dΩdecay O(Φ)W(Φ)∫ 1

−1
d cos θ

∫
dΩdecay W(Φ)

measured events
Φdecay

event weight
O(Φdecay)

sample average
⟨O⟩

Key idea
By choosing O(Φ) with suitable symmetry properties, unwanted Standard Model contributions can
vanish after integration over the full phase space.
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Symmetry-Sensitive Spin-Correlation Observables
Single-tau angular projections

O1 = ℓ̂− · k̂ = cos θ−,

O2 = ℓ̂+ · k̂ = − cos θ+.

O1 + O2

Im(dτ )

Two-tau triple product
O3 =

(
ℓ̂− × ℓ̂+

)
· k̂.

O3

Re(dτ )

Full phase-space result
⟨O1 + O2⟩ = f1 Im(dτ ) ⟨O3⟩ = f2 Re(dτ )

f1 and f2 are calculable coefficients determined by the collider setup and decay channels.Xin-Yu Du et al. (SJTU) Probing τ Dipole Form Factors July 24, 2026 11 / 14



From Statistical Uncertainty to Dipole Sensitivity
For an observable O, the uncertainty of the sample mean is

Statistical uncertainty

δO =

√
⟨O2⟩ − ⟨O⟩2
√

Neff

effective events
Neff

observable error
δO

dipole sensitivity
σ(dτ )

Since
⟨O1 + O2⟩ = f1 Im(dτ ), ⟨O3⟩ = f2 Re(dτ ),

the projected sensitivities are

Dipole uncertainty

σ(Im dτ ) =
δ(O1 + O2)

|f1|
σ(Re dτ ) =

δO3
|f2|
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Projected Sensitivity at Future Z Factories

Effective event samples
Machine NZ N∓

eff N+−
eff

FCC-ee 6.0 × 1012 1.25 × 1010 1.35 × 109

CEPC 4.1 × 1012 8.52 × 109 9.22 × 108

N∓
eff denotes either single-tau analyzer sample, since N−

eff = N+
eff.

Projected 1σ sensitivities

Machine σ(ImHT) σ(ReHT)

FCC-ee 1.53 × 10−19 8.10 × 10−19

CEPC 1.85 × 10−19 9.80 × 10−19

Units: e cm

Comparison with the ALEPH bound at LEP
Component ALEPH 95% CL FCC-ee projection Improvement

ImHT 1.1 × 10−17 e cm 1.53 × 10−19 e cm ∼ 73
ReHT 5.1 × 10−18 e cm 8.10 × 10−19 e cm ∼ 6

ALEPH bounds: | Re dτ | < 0.91 × 10−3 and | Im dτ | < 2.01 × 10−3, converted using HT = e dτ/(2mτ ).
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Future Direction: Collinear Radiation and Spin Decoherence

QED collinear evolution
Hard production

e+e− → Z → τ+τ−

coherent spin state
Rhard

unresolved collinear photons
SCET / RG evolution

effective spin state
Rdec

trace over
unobserved radiation

γ

γ

Suppression of helicity coherence
Define

r = exp
(
− α

2π t
)
, 0 < r < 1,

where t is the collinear RG-evolution parameter.

Before evolution
Rhard

•• ••

•• ••

•• ••

•• ••



 collinear
evolution

After evolution
Rdec

1 r2

r r2

r2 1
r2 r




entry-wise suppression factors

in the helicity basis

Diagonal elements

Rii −→ Rii

probabilities unchanged

Off-diagonal elements

Rij −→ rnRij

helicity coherence suppressed

Possible impact on the weak EDM measurement
off-diagonal
suppression

reduced helicity
interference

modified weak-EDM
observables

shifted projected
sensitivity

Rhard −→ Rdec = (E− ⊗ E+)(Rhard), Wdec = Tr [Rdec(D− ⊗ D+)]

Future work: quantify how QED collinear decoherence modifies ⟨O1 + O2⟩, ⟨O3⟩, and the weak-EDM
sensitivity.
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