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Dipole moment: a brief review

• The anomalous magnetic dipole moment (MDM), 𝑎𝑓 ≡ (𝑔 − 2)𝑓 /2,

ℒ︁eff ⊃
𝑖𝑒𝑎𝑓

4𝑚𝑓
𝑓 𝜎̄𝜇𝜈𝑓 𝐹𝜇𝜈 ∼ 𝜇𝑎𝑆̂ ⋅ 𝐵, 𝜇𝑎 =

𝑒
𝑚𝑎𝑓

• electric dipole moment (EDM): 𝑑𝑓 ,

ℒ︁eff ⊃
𝑑𝑓

2 𝑓 𝜎̄𝜇𝜈𝛾5𝑓 𝐹𝜇𝜈 ∼ 𝑑𝑆̂ ⋅ 𝐸, 𝐶 even, 𝑃 odd

• At tree level, 𝑔 = 2 and 𝑑𝑓 = 0.

• they are sensitive to the new particle and new interaction. (∝ (𝑚𝑙/Λ)2.)

• An EDM is a direct probe of CP violation.
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The SM prediction
• In SM, the CP-violating invariant: 𝛿 = Im[𝑉𝑢𝑠𝑉∗

𝑐𝑠𝑉𝑐𝑏𝑉𝑢𝑏].

Suppressed by Glashow–Iliopoulos–Maiani 
(GIM) mechanism, EDM ∝ (𝑚2

𝑏𝑚2
𝑐 𝑚2

𝑠 )/𝑚6
𝑡 .

2006.00281

Atoms 7 (2019) 1, 28:

𝑎𝑒 ≈ 1.15 965 218 059 × 10−3,

Lepton EDM in SM:

|𝑑SM
𝑒 | ∼ 5.8 × 10−40𝑒cm

|𝑑SM
𝜇 | ∼ 1.4 × 10−38𝑒cm

|𝑑SM
𝜏 | ∼ 7.3 × 10−38𝑒cm

2505.21476:

𝑎𝜇 ≈ 1.16592033 × 10−3.

hep-ph/0701260:

𝑎𝜏 ≈ 1.1721 × 10−3
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Lepton sector

• 𝑎exp
𝑒 = 1 159 652 180 59(13) × 10−14

arXiv:2209.13084

• 𝑑exp
𝑒 < 4.1 × 10−30𝑒cm 90% C.L. (Ion trap, 

arXiv:2212.11841)

• 𝑎exp
𝜇 = 116 592  0715(145) × 10−12 2506.03069

• 𝑑exp
𝜇 < 1.8 × 10−19𝑒cm 95% C.L. arXiv: 0811.1207

• the 𝑎𝜏  and 𝑑𝜏  remain poorly constrained due to 𝜏 short life (𝑡𝜏 ∼ 10−13𝑠).

‣ Suggest to study at collider.
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EM form factor

Γ𝜇 = 𝑢̄

(




𝛾𝜇𝐹𝑉 +
𝑖𝜎𝜇𝜈𝑞𝜈

2𝑚𝜏
𝐻𝜎

⏞
(𝑔−2)𝜏

+ 𝛾𝜇𝛾5𝐹𝐴 + 𝜎𝜇𝜈𝛾5𝑞𝜈𝐻𝑇⏟
𝐶𝑃 violating 𝑑𝜏

)




𝑣

• In 𝜏 pair production, 𝐹𝑖, 𝐻𝑖 → 𝐹𝑖(𝑞2), 𝐻𝑖(𝑞2).

𝑑𝜏(𝑞2) ≡ 𝑒𝐻𝑇(𝑞2), 𝑎𝜏(𝑞2) ≡ (𝑔−2)𝜏
2 = 𝐻𝜎(𝑞2)

• Intermediate particles are on shell:

‣ form factor develop  imaginary  part.

• The imaginary 𝑑𝜏  is more sensitive to some NP 
model.
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Current Experiment Status (From PDG (2026))

𝑑𝜏  @  (√𝑞2 = 10.58 GeV) (2108.11543):

Re[𝑑𝜏] = (6.2 ± 6.3) × 10−18𝑒cm,

Im[𝑑𝜏] = (4.0 ± 3.2) × 10−18𝑒cm.

𝑎𝜏  @  , 𝑝𝑝 → 𝜏+𝜏− (2503.19836):

𝑎𝜏 = −0.5+2.6
−0.9 × 10−3,

And 𝑎𝜏  @ , 𝛾𝛾 → 𝜏+𝜏− (2406.03975):

𝑎𝜏 = 0.9+3.2
−3.1 × 10−3,

• The data is analyzed in the EFT framework.

ℒ︁LEFT =
𝑣

√2Λ2
𝑐𝜏𝛾𝜏𝐿̄𝜎𝜇𝜈𝜏𝑅𝐹𝜇𝜈 + h.c.

𝛿𝑎𝜏 =
2√2𝑚𝜏𝑣

𝑒
Re(𝑐𝜏𝛾)

Λ2 , 𝛿𝑑𝜏 = √2𝑣
Im(𝑐𝜏𝛾)

Λ2 .

Both 𝑎𝜏  measurement assume no new physical at low energy.

No 𝐻𝜎(𝑞2) or 𝑎𝜏(𝑞2) measured yet.
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The measurement

Γ𝜇 = 𝑢(̄𝛾𝜇𝐹𝑉 +
𝑖𝜎𝜇𝜈𝑞𝜈

2𝑚𝜏
𝐻𝜎 + 𝛾𝜇𝛾5𝐹𝐴 + 𝜎𝜇𝜈𝛾5𝑞𝜈𝐻𝑇)𝑣

|𝑖ℳ︀|2 ∼ |𝜖𝜇Γ𝜇|2 ∼ 1 + 𝑏+ ⋅ 𝑠+̂ + 𝑏− ⋅ 𝑠−̂ − 𝑠+̂ ⋅ 𝑐↔ ⋅ 𝑠−̂,

• 𝑠±̂: spin polarization of 𝜏±, analyzed by 𝜏 decay

• The CP violation is included in the asymmetry of 𝑠±̂.1

• dΓ/ d cos 𝜃± ∼ 1
2(1 ± 𝛼𝜋𝑙𝜋̂± ⋅ 𝑠±̂)

1See JHEP 04, 110 (2022) ,  Phys. Rev. D 110, no.7, 076019 (2024),  JHEP 04 (2025) 001,  Phys. Rev. D 112, no.7, 075039 (2025), Phys.Rev.D 112 (2025) 7,075039 …
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JHEP 04 (2025) 001,  arXiv. 2606.01178

√𝑞2(GeV) 𝛿𝑑𝜏
(10−18𝑒cm) 𝛿𝑎𝜏

(10−3)

STCF 6.3 4.0 + 0.7𝑖 /

STCF 𝑚𝜓(2𝑠) 83 + 1.8𝑖 2.2 + 4.9𝑖

Belle II 𝑚Υ(4𝑠) 0.7 + 0.5𝑖 0.06 + 0.05𝑖

68% C.L.

Im[𝑑𝜏] = −
3
4

𝑒(𝑠 + 2𝑚2
𝜏)

𝑚𝜏√𝑠√𝑠 − 4𝑚2
𝜏 (


⟨𝑙−̂ ⋅ 𝑘̂⟩

𝛼ℎ
+

⟨𝑙+̂ ⋅ 𝑘̂⟩
𝛼ℎ̄ )

,

Re[𝑑𝜏] = 𝑒
9
4

𝑠 + 2𝑚2
𝜏

𝛼ℎ𝛼ℎ̄′𝑚𝜏√𝑠2 − 4𝑠𝑚2
𝜏

⟨(𝑙−̂ × 𝑙+̂) ⋅ 𝑘̂⟩.

Re[𝑎𝜏] =
2(𝑠 + 2𝑚2

𝜏)(𝑠 + 𝑚2
𝜏)

𝑠(𝑠 − 4𝑚2
𝜏)

−
5(𝑠 + 2𝑚2

𝜏)2

𝑠(𝑠 − 4𝑚2
𝜏)

⟨(𝒑̂ ⋅ 𝒌̂)
2
⟩,

Im[𝑎𝜏] = −
64𝑚𝜏(2𝑚2

𝜏 + 𝑠)
𝜋𝛼ℎ+−√𝑠(𝑠 − 4𝑚2

𝜏)
⟨

(𝒑̂ ⋅ 𝒌̂)[𝒍∓ ⋅ (𝒑̂ × 𝒌̂)]

|𝒑̂ × 𝒌̂|
⟩.

The QED oneloop prediction (in unit of 10−3):

𝑎𝜏(𝑚𝜓(2𝑠)) ∼ 1.1 + 6.4𝑖,  𝑎𝜏(𝑚Υ(4𝑠)) ∼ 0.24 + 0.22𝑖.

• 𝑞2-dependence matters.

also see Phys.Rev.D 112 (2025) 7, 075039, JHEP 07 (2025) 172,…
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Light new physics generate CP violation

ℒ︁int = 𝑎𝜏̄(𝑔𝜏̃ + 𝑖𝑔𝜏𝛾5)𝜏

Scenario: A new light scalar (GeV) couple to 𝜏 with both parities.
• May arise from CPV axion-like particle(ALP) model, multi-Higgs doublets model(e.g. 2HDM), …

• The tightest constraint 𝛾∗ → 𝑎𝛾1,

1https://github.com/cajohare/AxionLimits

https://github.com/cajohare/AxionLimits
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EDM result
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benchmark: 𝑔𝜏 ∼ 𝑔𝜏̃ ∼ 0.2,
• At one loop, 𝑑𝜏 ∼ 10−19𝑒cm at 𝜓(2𝑠).

• 𝑑𝜏 ∼ 10−20𝑒cm at Υ(4𝑠).

⟵Bar-Zee type diagram,1
• no chiral enhancement.

• Numerically, two orders smaller than 
experiment sensitivity.

1Rev. Lett. 65, 21 (1990)
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Parameter space

collider searching: @BESIII (2211.12699) + @OPAL(hep-
ex/0210016 )

ℬ︀(𝛾∗ → 𝛾𝑎)
ℬ︀(𝛾∗ → 𝑒+𝑒−)

=
𝑞2(𝑔2 + 𝑔̃2)

32𝜋𝛼em (
1 −

𝑚2
𝑎

𝑞2 )


3

,

𝑔 ∝ 𝑔𝜏 , 𝑔̃ ∝ 𝑔𝜏̃ .

ℒ︁eff ⊃
1
4𝑔𝐹𝐹̃ +

1
4𝑔̃𝐹𝐹
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Conclusion

1. Spin-dependent 𝜏 decay correlations provide access to both real and imaginary part of 
𝑑𝜏  and 𝑎𝜏 .

2. Timelike 𝜏 dipole moments open a new window for probing new physics at future 𝑒+𝑒− 
colliders.

3. Im[𝑑𝜏] is particularly sensitive to CP violation involving light new scalar.

4. Meanwhile, a precise measurement of 𝑎𝜏  is still needed to test the QED prediction.

Thank you for your attention!



Back up
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Two Higgs Doublet(2HDM) Realization
• Two-Higgs-doublet models are conservative extensions of the Higgs sector.

• They add a second SU(2)𝐿 doublet and produce a scalar spectrum containing two CP-
even neutral states, one CP-odd neutral state, and charged Higgs bosons in the CP-
conserving limit.

𝑉(Φ1, Φ2) = 𝑚2
11Φ†

1Φ1 + 𝑚2
22Φ†

2Φ2 − (𝑚2
12Φ†

1Φ2 + h.c.)

+
1
2𝜆1(Φ†

1Φ1)
2

+
1
2𝜆2(Φ†

2Φ2)
2

+ 𝜆3(Φ†
1Φ1)(Φ†

2Φ2) + 𝜆4(Φ†
1Φ2)(Φ†

2Φ1)

+[
1
2𝜆5(Φ†

1Φ2)
2

+ (𝜆6Φ†
1Φ1 + 𝜆7Φ†

2Φ2)(Φ†
1Φ2) + c.c.]

Higgs flavor symmetry: SU(2) × U(1) on (Φ1, Φ2),

Φ𝑎 → 𝑒𝑖𝜃𝑎Φ𝑎 , Φ𝑎 → 𝑈𝑎𝑏Φ𝑏
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In the Higgs basis, Φ1 = (𝐺+, 𝑣+ℎ+𝑖𝐺0

√2
)

T
, Φ2 = (𝐻+, 𝐻+𝑖𝐴

√2
)

T
.

The mass matrix (ℎ, 𝐻, 𝐴) is

𝑀2

𝑣2 =

(


 𝜆1

Re[𝜆6]
−Im[𝜆6]

Re[𝜆6]
𝑚2

22 + 1
2(𝜆3 + 𝜆4 + Re[𝜆5])𝑣2

−1
2 Im[𝜆5]

−Im[𝜆6]
−1

2 Im[𝜆5]
𝑚2

22 + 1
2(𝜆3 + 𝜆4 − Re[𝜆5])𝑣2

)




• Decoupling: 𝑚𝐻, 𝑚𝐴 ≫ 𝑣.

☺ Alignment limit: 𝜆6 = 0. (allow light states)

• corresponds to suppressing the mixing between the SM-like direction and the extra 
neutral states.



14

• Consider the 𝜏 sector (no flavor changing)

ℒ︀𝑌 ⊃ −
(


1
√2)

𝜏[𝑌1(𝑣 + ℎ) + 𝑌2(𝐻 + 𝑖𝐴𝛾5)]𝜏

There are two invariant CP sources: Im[𝜆∗
5𝑌2

2], Im[𝜆∗
5𝜆2

7] in alignment limit.

A nonzero Im[𝜆5] induces mixing between the CP-even and CP-odd neutral scalars.

After 𝑈(1) rephasing: 𝐻2 → 𝐻2𝑒−1
2 arg 𝜆5 ⇒ (𝐻, 𝐴) → 𝐻′, 𝐴′

the CP eigenstates (𝐻, 𝐴) become the mass eigenstates (𝐻′, 𝐴′).

ℒ︀𝑌 = 𝜏(𝑎𝐻 + 𝑖𝑏𝐻𝛾5)𝜏𝐻′ + 𝜏(𝑎𝐴 + 𝑖𝑏𝐴𝛾5)𝜏𝐴′

• For simplicity, set Im[𝜆5] = 0,

𝑎𝐻 = Re
[𝑌2]
√2

, 𝑏𝐻 = Im
[𝑌2]
√2

. 𝑎𝐴 = − Im
[𝑌2]
√2

, 𝑏𝐴 = Re
[𝑌2]
√2
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Interpretation
The analysis of 𝑎𝜏  for experiment depends on the EFT framework:

ℒ︀SMEFT ⊃
1

Λ2 [𝐶33
𝑒𝐵(𝐿̄𝜏𝜎𝜇𝜈𝜏𝑅)𝐻𝐵𝜇𝜈 + 𝐶33

𝑒𝑊(𝐿̄𝜏𝜎𝜇𝜈𝜏𝑅)𝜏𝐼𝐻𝑊𝐼
𝜇𝜈] + h.c.

⟶ ℒ︁LEFT =
𝑣

√2Λ2
𝑐𝜏𝛾𝜏𝐿̄𝜎𝜇𝜈𝜏𝑅𝐹𝜇𝜈 + h.c. , 𝑐𝜏𝛾 = 𝑐𝑊𝐶33

𝑒𝐵 − 𝑠𝑊𝐶33
𝑒𝑊 ,

𝛿𝑎𝜏 =
2√2𝑚𝜏𝑣

𝑒
Re(𝑐𝜏𝛾)

Λ2 , 𝛿𝑑𝜏 = √2𝑣
Im(𝑐𝜏𝛾)

Λ2 .

The @  experiment actually means to Re(𝑐𝜏𝛾) ∼ −0.40+0.63
−0.24( Λ

TeV)
2
,

and @  means Re(𝑐𝜏𝛾) ∼ −0.22+0.78
−0.76( Λ

TeV)
2
.

Both assume no new physical at low energy. No 𝐻𝜎(𝑞2) or 𝑎𝜏(𝑞2) measured yet.
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MDM result
with the same parameter setup: 𝑔𝜏 ∼ 𝑔𝜏̃ ∼ 0.2,

• The oneloop QED dominated.

but with 𝑔𝜏 ∼ 0.2, 𝑔̃ ∼ 0.8, it can achieves the QED level.
• The precision test of QED.
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𝑎𝜏(𝑞2) effect is hard to isolate in physical observable. But numerically possible.
• may suffers other spin-mode as background. (no symmetry protect)

‣ e.g. QED box diagram which can be ignored (~ 𝘖(𝑚2
𝑒 )), see JHEP 07 (2025) 172.

• as long as the observable is symmetric under Mandelstam variables exchange 𝑡 ↔ 𝑢,

(cos 𝜃 ↔ − cos 𝜃).

Re[𝑎𝜏] =
2(𝑠 + 2𝑚2

𝜏)(𝑠 + 𝑚2
𝜏)

𝑠(𝑠 − 4𝑚2
𝜏)

−
5(𝑠 + 2𝑚2

𝜏)2

𝑠(𝑠 − 4𝑚2
𝜏)

⟨(𝒑̂ ⋅ 𝒌̂)
2
⟩,

Im[𝑎𝜏] = −
64𝑚𝜏(2𝑚2

𝜏 + 𝑠)
𝜋𝛼ℎ+−√𝑠(𝑠 − 4𝑚2

𝜏)
⟨

(𝒑̂ ⋅ 𝒌̂)[𝒍∓ ⋅ (𝒑̂ × 𝒌̂)]

|𝒑̂ × 𝒌̂|
⟩.
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The measurement of (𝑔 − 2)𝜏

Re (𝑎𝜏) =
2(𝑠 + 2𝑚2

𝜏)(𝑠 + 𝑚2
𝜏)

𝑠(𝑠 − 4𝑚2
𝜏)

−
5(𝑠 + 2𝑚2

𝜏)2

𝑠(𝑠 − 4𝑚2
𝜏)

⟨(𝑝̂ ⋅ 𝑘̂)
2
⟩,

Im (𝑎𝜏) = −
64𝑚𝜏(2𝑚2

𝜏 + 𝑠)
𝜋𝛼ℎ±√𝑠(𝑠 − 4𝑚2

𝜏)
⟨

(𝑝̂ ⋅ 𝑘̂)[𝑙∓̂ ⋅ (𝑝̂ × 𝑘̂)]

|𝑝̂ × 𝑘̂|
⟩.

Δ𝑂̂𝑖 = √⟨𝑂̂2
𝑖 ⟩−⟨𝑂̂𝑖⟩

2

𝑁 , 𝑖 = 1, 2, …, 6.

Δ Re (𝑎𝜏) =
𝑠 + 2𝑚2

𝜏
𝑠(𝑠 − 4𝑚2

𝜏)
√

32𝑚4
𝜏 + 64𝑚2

𝜏𝑠 + 17𝑠2

14𝑁1
eff

,

Δ Im (𝑎𝜏) =
64𝑚𝜏

𝜋(𝑠 − 4𝑚2
𝜏)√𝑠

√
4𝑚4

𝜏 + 6𝑚2
𝜏𝑠 + 2𝑠2

30𝑁2
eff

.
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The SMEFT for (𝑔 − 2)𝜏  and 𝑑𝜏

ℒ︀eff ⊃
𝐶𝜏𝜏

𝑆𝑆
Λ2 (𝜏𝜏)2 +

𝐶𝜏𝜏
𝑃𝑃

Λ2 (𝜏𝑖𝛾5𝜏)2 +
𝐶𝜏𝜏

𝑆𝑃
Λ2 (𝜏𝑖𝛾5𝜏)(𝜏𝜏) −

𝑒𝑎0
𝜏

4𝑚𝜏
𝐹𝜇𝜈𝜏𝜎𝜇𝜈𝜏 − 𝑑0

𝜏
𝑖
2𝐹𝜇𝜈𝜏𝜎𝜇𝜈𝛾5𝜏.

ℒ︀SMEFT ⊃
𝐶33

(𝑒𝐻)2

Λ4 [(𝐿𝜏𝐻)𝜏𝑅]
2

+
𝐶33

𝑒𝐵
Λ2 (𝐿𝜏𝜎𝜇𝜈𝜏𝑅)𝐻𝐵𝜇𝜈 +

𝐶33
𝑒𝑊

Λ2 (𝐿𝜏𝜎𝜇𝜈𝜏𝑅)𝜎𝑎𝐻𝑊𝜇𝜈
𝑎 + h.c. .

𝐶𝜏𝜏
𝑆𝑆 = −𝐶𝜏𝜏

𝑃𝑃 =
𝑣2

4Λ2 Re[𝐶33
(𝑒𝐻)2], 𝐶𝜏𝜏

𝑆𝑃 =
𝑣2

2Λ2 Im[𝐶33
(𝑒𝐻)2],

𝑎0
𝜏 = −

2√2𝑣𝑚𝜏
𝑒Λ2 Re[𝑐𝑊𝐶33

𝑒𝐵 − 𝑠𝑊𝐶33
𝑒𝑊], 𝑑0

𝜏 = −
√2𝑣
Λ2 Im[𝑐𝑊𝐶33

𝑒𝐵 − 𝑠𝑊𝐶33
𝑒𝑊].



𝑐𝜏𝛾 measurement by ATLAS
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Two loop table
𝑑𝜏 ∝ 𝑔𝜏𝑔𝜏̃ ≡ 1 in table.
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