
Neutrino force and Its Implications for 
Atomic Measurement of the Weinberg 

Angle

Chinhsan Sieng (Cornell)

May 20, 2025

based on: [2410.19059]

in collaboration with Mitrajyoti Ghosh, Yuval Grossman, and Bingrong Yu



Classical vs. Quantum forces

V (r) = −

∫
d3q

(2π)
3
e
iq·r

A(q) = −
1

4πr
e
−mφr

non-relativistic limit of amplitude:

force range ~ inverse mass of mediator

2

EM, Gravity, Yukawa force…

Exchange of a Single boson

Classical Force



Classical vs. Quantum forces

V (r) = −

∫
d3q

(2π)
3
e
iq·r

A(q) = −
1

4πr
e
−mφr

non-relativistic limit of amplitude:

force range ~ inverse mass of mediator

3

EM, Gravity, Yukawa force…

Exchange of a Single boson

Classical Force

Can fermions also 

mediate interactions?



Classical vs. Quantum forces

V (r) = −

∫
d3q

(2π)
3
e
iq·r

A(q) = −
1

4πr
e
−mφr

non-relativistic limit of amplitude:

force range ~ inverse mass of mediator

4

EM, Gravity, Yukawa force…

Exchange of a Single boson

Classical Force

Angular momentum conservation:

only two fermions can! 

(example: cooper pair) 

exchange two fermions
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• Neutrino force versus gravity
weaker than gravity when distance 
is larger than a nanometer
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Why probe neutrino force?

• Reveal the nature of neutrino mass (Dirac or Majorana)
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• Sensitive to fundamental parameters (e.g., Weinberg angle)

affect precision test of SM at low energy scales

PDG 2024

• Prediction of QFT and SM, the unique long-range quantum force in SM
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Why probe neutrino force?

• Prediction of QFT and SM, the unique long-range quantum force in SM

• Reveal the nature of neutrino mass (Dirac or Majorana)

• Helpful to search for quantum forces from other exotic 
light particles (e.g., axion)
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• Sensitive to fundamental parameters (e.g., Weinberg angle)



How to probe neutrino force?

14



How to probe neutrino force?

15

•  Neutrino Force is weak ⟹ How to distinguish from other forces?



How to probe neutrino force?

16

•  Neutrino Force is weak ⟹ How to distinguish from other forces?

Symmetry!

• Fundamentally, neutrino interaction violates parity symmetry.



How to probe neutrino force?

17

•  Neutrino Force is weak ⟹ How to distinguish from other forces?

Symmetry!

• Fundamentally, neutrino interaction violates parity symmetry

• QED conserves parity



How to probe neutrino force?

18

•  Neutrino Force is weak ⟹ How to distinguish from other forces?

Symmetry!

• Fundamentally, neutrino interaction violates parity symmetry

• QED conserves parity

• Looking at parity-violating process ⟹	Distinguish neutrino force effect from leading QED effect



How to probe neutrino force?
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•  Neutrino Force is weak ⟹ How to distinguish from other forces?

Symmetry!

• Fundamentally, neutrino interaction violates parity symmetry

• QED conserves parity

• Looking at parity-violating process ⟹	Distinguish neutrino force effect from leading QED effect

Atomic Parity Violation!



Atomic Parity Violation

• The physical observable: Parity-violating transitions in atom (such as the electric-dipole transition)  
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Atomic Parity Violation

• The physical observable: Parity-violating transitions in atom (such as the electric-dipole transition)  

E
PV

1 = 〈A′|de|B
′〉 =

∑

∆

〈A|de|∆〉〈∆|VPV|B〉

EB − E∆

+ (A ↔ B)

• What we observe: optical rotation angle of the incident light

Φ =
πL

λ
Re (nR(λ)− nL(λ)) ∝ ImE

PV

1

nR/L: refractive index of polorized photon
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Science, 1997

Already measured for s-wave states in Cesium 
experimental error: 0.35%

• The leading effect in APV comes from 
the tree-level Z-exchange force
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Science, 1997

Already measured for s-wave states in Cesium 
experimental error: 0.35%

• The leading effect in APV comes from 
the tree-level Z-exchange force
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Atomic Parity Violation

• Neutrino force is the loop correction, but much longer range!
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Failure of 

• Indicate the failure of 4-Fermi approximation at short distances

• To correctly calculate the neutrino APV effects, it is necessary to 
know the short-range behavior of the neutrino force
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Neutrino force beyond 4-Fermi

4-Fermi theory: 𝒓 ≫ 𝟏/𝒎𝒁

breaks down when 𝒓 < 𝟏/𝒎𝒁

V2ν(r) =
G2

F

4π3r5

Feinberg & Sucher, 1968
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Neutrino force beyond 4-Fermi

4-Fermi theory: 𝒓 ≫ 𝟏/𝒎𝒁 full electroweak theory
breaks down when 𝒓 < 𝟏/𝒎𝒁 valid at all distances

V2ν(r) =
G2

F

4π3r5

Feinberg & Sucher, 1968

What does the force look like at UV?
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The full-range neutrino force 
Ghosh, Grossman, Sieng & BY, [2410.19059] 

Renormalizable neutrino force, valid at all distances
This full expression is lacking in literature 
for more than 50 years
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Comparison of three UV diagrams

Self-energy (penguin) changes sign twice (once) around 𝟏/𝒎𝒁

Box does not change sign the whole range

34



Neutrino force contribution to APV

• Parity-violating neutrino forces in muonium and positronium:

35
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been computed



Neutrino force contribution to APV

• Parity-violating neutrino forces in muonium and positronium:

• What we want to compute: neutrino force contribution relative to the Z force

The parity-violating 
matrix elements

36

All the 𝑽𝟎 have 
been computed



• ℓ = 0 (s-wave) state 
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ην ≡

neutrino force contribution
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• ℓ = 0 (s-wave) state 

The loop/tree ratio is accidentally 
enhanced by 𝟏 − 𝟒	𝒔𝑾𝟐

$𝟏 ∼ 𝟐𝟎 

Numerically:

muonium: ηeµ
ν

= η
SE
ν

+ η
PG
ν

≈ 4%

positronium: ηee
ν

= η
SE
ν

+ η
PG
ν

+ η
box
ν

≈ 16%

agree with naive estimate

additionally enhanced by the box diagram

42

ην ≡

neutrino force contribution

Z force contribution

comparable to the current APV experimental 
error (0.35%) in Cesium 



• Higher-ℓ states 
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VZ ∼ GF δ
3(r)

Tree-level contribution is highly suppressed for higher-ℓ states 

Neutrino force contribution is dominated

Yet, observing APV for ℓ ≠ 𝟎 states is still unrealistic in experiments

ην ≡

neutrino force contribution

Z force contribution



Neutrino force effects on extracting 𝐬𝐢𝐧𝟐𝜽𝑾 
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• APV measurement ⇒ weak charge 𝑄& ⇒ Weinberg angle sin'𝜃& ⇒ precision test of SM at atomic scale
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• Currently, there exists a 2𝜎 slight tension between the APV measured value and the SM predicted value

Taken from PDG (2024)
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Neutrino force effects on extracting 𝐬𝐢𝐧𝟐𝜽𝑾 
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Taken from PDG (2024)

• APV measurement ⇒ weak charge 𝑄& ⇒ Weinberg angle sin'𝜃& ⇒ precision test of SM at atomic scale

• Currently, there exists a 2𝜎 slight tension between the APV measured value and the SM predicted value

New Physics? 
Probably not…
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• Neglecting the neutrino force will affect the extracted value of sin'𝜃& from APV 

Z: number of protons

N : number of neutrons

𝜂 from neutrino force has 
been calculated above

θW : true value including neutrino force effect

θ
′

W
: extracted value without neutrino force
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• The neutrino force effect:

𝜂 from neutrino force has 
been calculated above

(current experimental error ~ 0.8%)

• Neglecting the neutrino force will affect the extracted value of sin'𝜃& from APV 

θW : true value including neutrino force effect

θ
′

W
: extracted value without neutrino force

Z: number of protons

N : number of neutrons

Neglecting the neutrino effect

 ⇒ measured value < true value
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Neutrino effect in atomic system 



50

• neutrino effect is sizable in atoms
• help alleviate the tension

Neutrino effect in atomic system 

Neutrino force is 
non-negligible



Conclusion

• We derive a new formula of neutrino force beyond 4-Fermi approximation 
that is applicable at any distance

• Contrary to what people thought before, the neutrino force contributes 
significantly to APV, comparable to the current experimental sensitivity

• Neutrino force has sizable effect on atomic measurement of Weinberg angle
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Backup slides



Dispersion technique for quantum forces
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The discontinuity part is always finite according to the optical theorem

• Amplitude from QFT	⇒  extract the imaginary part  ⇒  effective potential

Feinberg, Sucher & Au, 1989Veff(r) =
1

8π2r

∫ ∞

0

dt Disc [iANR(t)] e
−
√
tr



Electric-dipole forbidden transition
|A〉 and |B〉: eigenstates with same parity

〈A′|de|B
′〉 =

∑

∆

〈A|de|∆〉〈∆|VPV|B〉

EB − E∆

+ (A ↔ B)

|∆〉: eigenstate with opposite parity

electric-dipole transition is forbidden by selection rule: 〈A|de|B〉 ≡ 0

Parity-violating potential perturbs the eigenstates:
|A→ → |A′→ = |A→+ CA∆|∆→, CA∆ =

〈∆|VPV|A〉
EA−E∆

|B→ → |B′→ = |B→+ CB∆|∆→, CB∆ =
〈∆|VPV|B〉
EB−E∆
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Neutrino effects on extracting 𝐬𝐢𝐧𝟐𝜽𝑾
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• 𝜃! and 𝜃′! are connected by: 

θW : true value

θ
′

W
: extracted value assuming only Z force

Z: number of protons

N : number of neutrons



Photon penguin diagrams
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Radiative corrections to APV

• The 1-loop radiative correction up to 𝑂(𝛼𝐺() was computed long ago
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Radiative corrections to APV

• The 1-loop radiative correction up to 𝑂(𝛼𝐺() was computed long ago

• The 𝑂(𝐺"#) neutrino contribution was neglected previously 

G2

F
∼ GF q

2/m2

Z
→ 0

The amplitude of neutrino loop vanishes when 𝑞' → 0 
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Radiative corrections to APV

• The 1-loop radiative correction up to 𝑂(𝛼𝐺() was computed long ago

G2

F
∼ GF q

2/m2

Z
→ 0

But this is only correct for 𝛿-function approximation (𝑚)
' → ∞)

The amplitude of neutrino loop vanishes when 𝑞' → 0 The neutrino force has a range much 
larger than Z force, so the 𝜹-function 
approximation is no longer applicable! 
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• The 𝑂(𝐺"#) neutrino contribution was neglected previously 



How does long-range interaction contribute?

When there exists long-range PV interaction, the correct way is:

1) Perform Fourier transform of the amplitude to get the effective potential 

(instead of taking 𝑞" → 0 at the amplitude level)

2) Convolve the parity-violating potential with the atomic wave functions

Lesson: The zero-momentum transfer limit (𝒒𝟐 → 𝟎) cannot capture the              
 long-range contribution to the APV matrix elements
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Asymptotic behaviors
• Long-range limit 𝑟 ≫ 1/𝑚):

• Short-range limit 𝑟 ≪ 1/𝑚):

All reduce to the 𝟏/𝒓𝟓 form at long distances

All scale as 𝟏/𝒓 at short distances

But penguin and box are enhanced by 𝐥𝐨𝐠𝟐(𝒎𝑾𝒓) 
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