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Total  per nucleon CC cross sections and interaction with matter at different energies.  
[Formaggio and Zeller, Rev. Mod. Phys. 84, 1307 (2012)] 

[Cadeddu, et al. , EPL. 143, 34001 (2023)]
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๏ For , neutrino-matter interactions described by an   after integrating 
out heavy dof.

q ≲ 𝒪(100 MeV) ℒeff

Non-Standard Interactions
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Integrating out the Z and W bosons at tree level NC and CC 
generates effective dimension 6 operator  

[Altmannshofer, Tamarro, and Zupan, JHEP 09 083 (2019)]
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๏ For , neutrino-matter interactions described by an   after integrating 
out heavy dof.

q ≲ 𝒪(100 MeV) ℒeff

๏ Non-Standard Interactions (NSIs): for characterizing potential new physics (NP) in the 
neutrino sector. 

๏ First introduced to accommodate sub-leading effects in neutrino oscillations.
[Wolfenstein,  Phys. Rev. D 17, 2369 (1978)]
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Integrating out the Z and W bosons at tree level NC and CC 
generates effective dimension 6 operator  

[Altmannshofer, Tamarro, and Zupan, JHEP 09 083 (2019)]
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๏ Neutrino electromagnetic interactions: pathway to physics beyond the Standard 
Model; point to new physical scale - . Λ

Neutrino-Non-Standard (Photon) Interaction
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๏ Interaction with photon described by operators of dimension :                 
dimension-5, magnetic moment operator: 
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๏ Neutrino electromagnetic interactions: pathway to physics beyond the Standard 
Model; point to new physical scale - . 

๏ Interaction with photon described by operators of dimension :                 
dimension-5, magnetic moment operator: 

     
dimension-6, anapole moment, NSI operator: 

Λ
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๏ Neutrino electromagnetic interactions: pathway to physics beyond the Standard 
Model; point to new physical scale - . 

๏ Interaction with photon described by operators of dimension :                 
dimension-5, magnetic moment operator: 

     
dimension-6, anapole moment, NSI operator: 

dimension-7, polarizability operator: 

Λ

≥ 5

Neutrino-Non-Standard (Photon) Interaction
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Magnetic Moment and Charge Radius from 
CE NS 

Carey and Pandey, arXiv:2412.18055 [hep-ph] 
Carey and Pandey, arXiv:2510.14015 [hep-ph]
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๏ Neutrino production (at SNS): 
Neutrino Source
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๏ Neutrino production (at SNS): 
Neutrino Source
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Timing profile of the neutrinos and their fluxes 
[Akimov, et. al., Science 357, 6356 (2017)]

Neutrino production via -decay at rest 
Green, Magnificent CEvNS (2025) 
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COHERENT reports data in reconstructed electron-equivalent recoil energy ( )Trec
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Quenching factor:  
6

Detector efficiency as a function of  
[Akimov et al., Phys. Rev. Lett. 126, 012002 (2021)] 
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Magnetic Moment and Charge Radius  
Carey and Pandey, arXiv:2412.18055 [hep-ph] 
Carey and Pandey, arXiv:2510.14015 [hep-ph]
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Magnetic Moment: Enhancement and Signature
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๏  interaction described by effective Hamiltonian:  ν − γ ν̄(x)Λμν(x)Aμ(x)
[Lee and Shrock, Phys. Rev. D 16, 1444 (1977)]
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๏  interaction described by effective Hamiltonian:  ν − γ ν̄(x)Λμν(x)Aμ(x)
[Lee and Shrock, Phys. Rev. D 16, 1444 (1977)]

Λμ(q) = − iσμνqν [FM(q2)] + (γμ − qμγνqν /q2) [F1(q2) + FA(q2)q2γ5]

๏ Minimal extension of the SM with , numerically:                                                                                                                              
d                                                   

νR

μν = 3.2 × 10−19 ( mν

eV ) μB

[Fujikawa and Shrock, Phys. Rev. Lett. 45, 963 (1980)]

๏ LRSM:  interacts with  gauge boson, which in turn mixes with the Standard 
Model  boson.                                      D            

νR WR
W

                                                        μν ≈
GFmℓ

2 2π2
sin 2ξ ≤ 10−16μB

[Czakon, Gluza and Zrałek, Phys. Rev. D 59, 013010 (1998)]
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๏ LRSM:  interacts with  gauge boson, which in turn mixes with the Standard 
Model  boson.                                      D            

νR WR
W

                                                        μν ≈
GFmℓ

2 2π2
sin 2ξ ≤ 10−16μB

[Czakon, Gluza and Zrałek, Phys. Rev. D 59, 013010 (1998)]
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๏ Fixing “  conundrum” - Voloshin mechanism:                                                                        
New Physics odd under same flavor exchange contributes to  and not  .  

mν − μν
μν mν

[Voloshin, Sov. J. Nucl. Phys. 48, 512 (1988)]
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๏ Fixing “  conundrum” - Voloshin mechanism:                                                                        
New Physics odd under same flavor exchange contributes to  and not  .  

mν − μν
μν mν

[Voloshin, Sov. J. Nucl. Phys. 48, 512 (1988)]

๏ based on  Horizontal symmetry-   .SU(2)H μν ↑ mν → 0

[Babu, Jana, and Lindner, JHEP 10, 040 (2020)]
๏ Experimental signatures:  induced neutrino scattering recoils is enhanced -μν

                             ( dσ
dT )EM

=
πα2μ2

ν Z2

m2
e ( 1 − T/Eν

T
+

T
4E2

ν ) F2
ch(q2)
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Majorana :   - tensor ( ) odd - scalar evenν μν σμν → & mν →

 radiative decay: Cherenkov radiation 
(left) and Plasmon decay in stars (right)
ν

Other signatures: ->
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Sensitivity on neutrino magnetic moment ( ) for the different flux sources 
[Carey and Pandey, arXiv: 2510.14015]
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 scattering: strongest (direct) constraint                     
(at 90% CL ) from XENONnT
ν − e−

μν < 6.4 × 10−12μB

 scattering: strongest (direct) constraint (at 90% 
CL ) from COHERENT
ν̄e − N

μν < 9.4 × 10−9μB
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Sensitivity on universal effective neutrino 
magnetic moment for the different flux source 

[Carey and Pandey, arXiv: 2510.14015]
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Sensitivity on universal effective neutrino 
magnetic moment for the different flux source 

[Carey and Pandey, arXiv: 2510.14015]

Excluded regions at 90% CL in the plane of  for the different 
flux sources in comparison to the COHERENT results 

[Coloma, et. al., JHEP 05, 037 (2022)] 
[Carey and Pandey, arXiv: 2510.14015]

μνe
− μνμ
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Magnetic Moment and Charge Radius 
Carey and Pandey, arXiv:2412.18055 [hep-ph] 
Carey and Pandey, arXiv:2510.14015 [hep-ph]
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๏  interaction:  ν − γ ν̄(x)Λμν(x)Aμ(x)
[Lee and Shrock, Phys. Rev. D 16, 1444 (1977)]

Λμ(q) = − iσμνqν [FM(q2)] + (γμ − qμγνqν /q2) [F1(q2) + FA(q2)q2γ5]
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๏  interaction:  ν − γ ν̄(x)Λμν(x)Aμ(x)
[Lee and Shrock, Phys. Rev. D 16, 1444 (1977)]

Λμ(q) = − iσμνqν [FM(q2)] + (γμ − qμγνqν /q2) [F1(q2) + FA(q2)q2γ5]
๏ Zeldovich: anapole moment ( ) - coupling not with EM field but source.P

ℒDim−6 ∼ ϵij(ν̄iγμγ5νj)( f̄γμ f )
[Zeldovich, JETP 6, 1184-1186 (1958)]
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ℒDim−6 ∼ ϵij(ν̄iγμγ5νj)( f̄γμ f )
[Zeldovich, JETP 6, 1184-1186 (1958)]

๏ Even if  (i.e ), Taylor expansion: 
                                                          

qν = 0 F1(0) = 0

F1(q2) = F1(0) +
1
6

⟨r2⟩ν q2 + . . .

Anapole Moment and Charge Radius
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SM Prescription: ⟨r2
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⟩ =

GF

4 2π2
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⟩ =

GF

4 2π2

25
6

− log ( m2
i

M2
W ) → ≈ 10−33cm2

 scattering: strongest constraint (at 90% CL 
) from TEXONA

ν − e−

([−2.1,3.3] × 10−32cm2

Brookhaven Forum 2025 @



Charge Radius Signature

Sam Carey
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๏  Experimental signatures: finite  leads to the redefinition of the  as⟨r2⟩ν θW

 sin2 θW → sin2 θW +
2πaEM
3GF

⟨r2
να

⟩

Charge Radius Signature

Sam Carey
22
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๏  Experimental signatures: finite  leads to the redefinition of the  as⟨r2⟩ν θW

 sin2 θW → sin2 θW +
2πaEM
3GF

⟨r2
να

⟩

Charge Radius Signature

Sam Carey
22

Sensitivity on neutrino charge radius 
[Carey and Pandey, arXiv: 2510.14015]
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๏  Experimental signatures: finite  leads to the redefinition of the  as⟨r2⟩ν θW

 sin2 θW → sin2 θW +
2πaEM
3GF

⟨r2
να

⟩

Charge Radius Signature

Sam Carey
22

Sensitivity on neutrino charge radius 
[Carey and Pandey, arXiv: 2510.14015]

Estimated values of  at 90% CL 
[Carey and Pandey, arXiv: 2510.14015]

⟨r2⟩ν
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๏  Experimental signatures: finite  leads to the redefinition of the  as⟨r2⟩ν θW

 sin2 θW → sin2 θW +
2πaEM
3GF

⟨r2
να

⟩

Charge Radius Signature

Sam Carey
22

 scattering: strongest constraint                                      
(at 90% CL ) from COHERENT
νμ − CsI

[−27.5,3.0] × 10−32cm2Sensitivity on neutrino charge radius 
[Carey and Pandey, arXiv: 2510.14015]

Estimated values of  at 90% CL 
[Carey and Pandey, arXiv: 2510.14015]

⟨r2⟩ν
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Overview

✓Neutrino (Electromagnetic) Interactions 

✓Interaction at MeV: Magnetic Moment and Charge Radius 

‣ Interaction at GeV: Enhanced Neutrino Polarizability in DUNE 

‣  Summary

Sam Carey
23
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Enhanced Neutrino Polarizability in DUNE 
Carey, Machado, Paz, Petrov, Sousa, Tammaro and Zupan, 2508.16724 [hep-ph]

Sam Carey
24

γ γ

αν
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Polarizability

Sam Carey
25
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๏ Idea: familiar from classical electrodynamics extended to Compton scattering 
[Klein, Phys. Rev 99, 3 (1955)]

Polarizability

Sam Carey
25

Polarizability in 
Compton scattering
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๏ Idea: familiar from classical electrodynamics extended to Compton scattering 
[Klein, Phys. Rev 99, 3 (1955)]

๏  polarizability described by dim-7 operator:ν
1
2

α̃ν,ij (ν̄iPLνj) FμνF̃μν,
1
2

αν,ij (ν̄iPLνj) FμνFμν

Polarizability

Sam Carey
25

⃗E 2 − ⃗B 2

Polarizability in 
Compton scattering
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๏ Idea: familiar from classical electrodynamics extended to Compton scattering 
[Klein, Phys. Rev 99, 3 (1955)]

๏  polarizability described by dim-7 operator:ν
1
2

α̃ν,ij (ν̄iPLνj) FμνF̃μν,
1
2

αν,ij (ν̄iPLνj) FμνFμν

๏  In generic new physics model (NP: heavy scale) polarizability highly suppressed:
  

                                                        

α̃ν,ij ≈ mν /M4

Polarizability

Sam Carey
25

⃗E 2 − ⃗B 2

Polarizability in 
Compton scattering

One loop contributions to the (left:) polarizability and 
(right:) neutrino mass matrix 

[Bansal, Paz, Petrov, Tammaro and Zupan, JHEP 05, 142 (2023)]
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Enhanced  Polarizabilityν

Sam Carey
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๏ Introduce light (pseudo-)scalar  coupling to neutrinos and photons: 
    

ϕ

ℒint = −
gγ

4
ϕFμνF̃μν +

1
2

cij
ν ϕν̄c

i PLνj + h.c.

Enhanced  Polarizabilityν

Sam Carey
26
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๏ Introduce light (pseudo-)scalar  coupling to neutrinos and photons: 
    

ϕ

ℒint = −
gγ

4
ϕFμνF̃μν +

1
2

cij
ν ϕν̄c

i PLνj + h.c.

๏  for .q < mϕ : α̃ν,ij = cij
ν gγ /4m2

ϕ

Enhanced  Polarizabilityν

Sam Carey
26

Neutrino-photon coupling mediated by light scalar
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๏ Introduce light (pseudo-)scalar  coupling to neutrinos and photons: 
    

ϕ

ℒint = −
gγ

4
ϕFμνF̃μν +

1
2

cij
ν ϕν̄c

i PLνj + h.c.

๏  for .q < mϕ : α̃ν,ij = cij
ν gγ /4m2

ϕ

๏  NDA:  ; .  
For :  Enhanced Neutrino Polarizability 

gγ ∼ 𝒪(1/Λγ) cν ∼ mν/fϕ
q < < mϕ α̃ν ∼ mν/(Λγ fϕm2

ϕ) →

                                                        

Enhanced  Polarizabilityν

Sam Carey
26

Neutrino-photon coupling mediated by light scalar
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๏ Introduce light (pseudo-)scalar  coupling to neutrinos and photons: 
    

ϕ

ℒint = −
gγ

4
ϕFμνF̃μν +

1
2

cij
ν ϕν̄c

i PLνj + h.c.

๏  for .q < mϕ : α̃ν,ij = cij
ν gγ /4m2

ϕ

๏  NDA:  ; .  
For :  Enhanced Neutrino Polarizability 

gγ ∼ 𝒪(1/Λγ) cν ∼ mν/fϕ
q < < mϕ α̃ν ∼ mν/(Λγ fϕm2

ϕ) →

                                                        

Enhanced  Polarizabilityν

Sam Carey
26

Neutrino-photon coupling mediated by light scalar

Three Energy regime:  

✦  integrated out, EFT description. 

✦   - interplay between  and . 

✦  effectively massless, .

|q2 | ≪ m2
ϕ : ϕ

q ∼ mϕ : σ q mϕ

|q2 | ≫ m2
ϕ :ϕ σ ∝ 1/q2
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Signal at DUNE-ND (1-EM)

Sam Carey
27
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Signal at DUNE-ND (1-EM)
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The , ,  and  fluxes at ND 
[DUNE collaboration - Abi, et. al., arXiv: 2103.04797]
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Signal at DUNE-ND (1-EM)
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The , ,  and  fluxes at ND 
[DUNE collaboration - Abi, et. al., arXiv: 2103.04797]

νμ ν̄μ νe ν̄e

Energy threshold and angular resolution:  
• 30 MeV at 2 % and  for ,  and ;  
• 100 MeV at 30 % and  for hadrons; 
•  between - .

1∘ e− μ γ
5∘

3∘ e− γ
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The , ,  and  fluxes at ND 
[DUNE collaboration - Abi, et. al., arXiv: 2103.04797]

νμ ν̄μ νe ν̄e

Energy threshold and angular resolution:  
• 30 MeV at 2 % and  for ,  and ;  
• 100 MeV at 30 % and  for hadrons; 
•  between - .
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[Carey, Machado, Paz, Petrov, Sousa, Tammaro and Zupan, 2508.16724]
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<latexit sha1_base64="BLLC0/4MfNtP8tjLi7PkOnWErnc=">AAACCHicdVDLSgMxFM3UV62vqks3wSK4kGGmdlq7K4rgqlboC9qhZNJMG5rJDElGKEN/wJ1b/Ql34ta/8B/8CNOHYEUPBA7n3Ms9OV7EqFSW9WGkVlbX1jfSm5mt7Z3dvez+QVOGscCkgUMWiraHJGGUk4aiipF2JAgKPEZa3uhq6rfuiZA05HU1jogboAGnPsVIaanVvq7eVnm9l81ZZslxiuU8tMyCxrmjiV22CkUH2qY1Qw4sUOtlP7v9EMcB4QozJGXHtiLlJkgoihmZZLqxJBHCIzQgHU05Coh0k1ncCTzRSh/6odCPKzhTf24kKJByHHh6MkBqKH97U/EvrxMr/8JNKI9iRTieH/JjBlUIp3+HfSoIVmysCcKC6qwQD5FAWOmGlq4wGsk4OJtnm+h6vjuA/5Nm3rSLZuEun6tcLopKgyNwDE6BDUqgAm5ADTQABiPwCJ7As/FgvBivxtt8NGUsdg7BEoz3L7+gmnI=</latexit>
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Bounds on rescaled neutrino polarizability as function of . 
[Carey, Machado, Paz, Petrov, Sousa, Tammaro and Zupan, 2508.16724]

mϕ

Estimated values of the bound for  

:  

: 

mϕ = 50 MeV

2EM cνgγ = 4m2
ϕ × α̃ν ≤ (18, 10, 8.3) × 10−6 GeV−1

1EM cνgγ = 4m2
ϕ × α̃ν ≤ (1.0, 0.56, 0.17) × 10−6 GeV−1
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<latexit sha1_base64="Wc6Vj+RrfNUyJeNPriK3zJGr5fI=">AAAB8HicdVDLSsNAFJ3UV62vqks3g0VwFZISk7grdeNGqGBbpQ1lMp20QyczYWYilNKvcONCEbd+jjv/xulDUNEDFw7n3Mu998QZo0o7zodVWFldW98obpa2tnd298r7By0lcolJEwsm5G2MFGGUk6ammpHbTBKUxoy049HFzG/fE6mo4Dd6nJEoRQNOE4qRNtLdFeW0LgQnvXLFsf3gzAvOoWOHTugGVUN8Pwg9D7q2M0cFLNHold+7fYHzlHCNGVKq4zqZjiZIaooZmZa6uSIZwiM0IB1DOUqJiibzg6fwxCh9mAhpims4V79PTFCq1DiNTWeK9FD99mbiX14n10kYTSjPck04XixKcga1gLPvYZ9KgjUbG4KwpOZWiIdIIqxNRiUTwten8H/Sqtqub3vX1UqtvoyjCI7AMTgFLghADVyCBmgCDFLwAJ7AsyWtR+vFel20FqzlzCH4AevtE0VckL4=</latexit>
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<latexit sha1_base64="XBvD8KGtaSR/a/jvxx1SEBOfrBw="></latexit>

BaBar (c⌫ = 10�3)

<latexit sha1_base64="iypBvwlSkr40V1tQtyhD70wafIA="></latexit>

BaBar (c⌫ = 10�4)

<latexit sha1_base64="U2CVu3jXwF8dnh4Nh4eRmDbnPCw=">AAAB73icdVBNS8NAEN34WetX1aOXxSJ4CkmNbb0VteBFqWDaQhvKZrttl242cXcjlNA/4cWDIl79O978N27aCCr6YODx3gwz8/yIUaks68NYWFxaXlnNreXXNza3tgs7u00ZxgITF4csFG0fScIoJ66iipF2JAgKfEZa/vg89Vv3REga8ls1iYgXoCGnA4qR0lL7wr2uQ7t+1SsULbPqnFYcB1qmNUNKTspW6RjamVIEGRq9wnu3H+I4IFxhhqTs2FakvAQJRTEj03w3liRCeIyGpKMpRwGRXjK7dwoPtdKHg1Do4grO1O8TCQqknAS+7gyQGsnfXir+5XViNah6CeVRrAjH80WDmEEVwvR52KeCYMUmmiAsqL4V4hESCCsdUV6H8PUp/J80S6ZdNp2bUrF2lsWRA/vgABwBG1RADVyCBnABBgw8gCfwbNwZj8aL8TpvXTCymT3wA8bbJ6eBjxQ=</latexit>
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<latexit sha1_base64="rvyIUjIf/hhaeYyvBydcvCPJyDQ=">AAAB73icdVDLSgMxFM3UV62vqks3wSK4GjLTUrssasGNUsGphXYomTTThmYyY5IRytCfcONCEbf+jjv/xvQhqOiBC4dz7uXee4KEM6UR+rByS8srq2v59cLG5tb2TnF3r6XiVBLqkZjHsh1gRTkT1NNMc9pOJMVRwOltMDqb+rf3VCoWixs9Tqgf4YFgISNYG6l97l01oNu47BVLyK64ZVSrQmQ7ZbfmIEPcKkKoDB0bzVACCzR7xfduPyZpRIUmHCvVcVCi/QxLzQink0I3VTTBZIQHtGOowBFVfja7dwKPjNKHYSxNCQ1n6veJDEdKjaPAdEZYD9Vvbyr+5XVSHdb8jIkk1VSQ+aIw5VDHcPo87DNJieZjQzCRzNwKyRBLTLSJqGBC+PoU/k9aru1U7cq1W6qfLuLIgwNwCI6BA05AHVyAJvAAARw8gCfwbN1Zj9aL9TpvzVmLmX3wA9bbJ6RZjxI=</latexit>
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<latexit sha1_base64="BLLC0/4MfNtP8tjLi7PkOnWErnc=">AAACCHicdVDLSgMxFM3UV62vqks3wSK4kGGmdlq7K4rgqlboC9qhZNJMG5rJDElGKEN/wJ1b/Ql34ta/8B/8CNOHYEUPBA7n3Ms9OV7EqFSW9WGkVlbX1jfSm5mt7Z3dvez+QVOGscCkgUMWiraHJGGUk4aiipF2JAgKPEZa3uhq6rfuiZA05HU1jogboAGnPsVIaanVvq7eVnm9l81ZZslxiuU8tMyCxrmjiV22CkUH2qY1Qw4sUOtlP7v9EMcB4QozJGXHtiLlJkgoihmZZLqxJBHCIzQgHU05Coh0k1ncCTzRSh/6odCPKzhTf24kKJByHHh6MkBqKH97U/EvrxMr/8JNKI9iRTieH/JjBlUIp3+HfSoIVmysCcKC6qwQD5FAWOmGlq4wGsk4OJtnm+h6vjuA/5Nm3rSLZuEun6tcLopKgyNwDE6BDUqgAm5ADTQABiPwCJ7As/FgvBivxtt8NGUsdg7BEoz3L7+gmnI=</latexit>

X
E
N
O
N
nT

Bounds on rescaled neutrino polarizability as function of . 
[Carey, Machado, Paz, Petrov, Sousa, Tammaro and Zupan, 2508.16724]
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<latexit sha1_base64="tTd1qOh3sqLYt7H00LMGtvax5ew=">AAACBHicdVDLSgMxFM34rPU16rKbYCu4KjO1ti6LblxWsA/olJJJ0zY0kwzJHaGULtz4K25cKOLWj3Dn35g+BJ8HLvdwzr0k94Sx4AY8791ZWl5ZXVtPbaQ3t7Z3dt29/bpRiaasRpVQuhkSwwSXrAYcBGvGmpEoFKwRDi+mfuOGacOVvIZRzNoR6Uve45SAlTpuJhcASQJQARMikEkQEj1t8YDnOm7Wy58WCyelMv5N/Lw3QxYtUO24b0FX0SRiEqggxrR8L4b2mGjgVLBJOkgMiwkdkj5rWSpJxEx7PDtigo+s0sU9pW1JwDP168aYRMaMotBORgQG5qc3Ff/yWgn0ztpjLuMEmKTzh3qJwKDwNBHc5ZpRECNLCNXc/hXTAdGEgs0tbUP4vBT/T+qFvF/KF68K2cr5Io4UyqBDdIx8VEYVdImqqIYoukX36BE9OXfOg/PsvMxHl5zFzgH6Buf1A0A+mIM=</latexit>
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<latexit sha1_base64="8vslS/5jhHkd+ANT44zYSknIZeg=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiuwiTWttmVunFZwbSFNpTJdNIOnUzCzEQood/gxoUibv0gd/6N04egogcuHM65l3vvCVPOlEbow1pb39jc2i7sFHf39g8OS0fHbZVkklCfJDyR3RArypmgvmaa024qKY5DTjvh5Hrud+6pVCwRd3qa0iDGI8EiRrA2kt/ETSwHpTKy617VcxFEdg1deV7NkIpb8S496NhogTJYoTUovfeHCcliKjThWKmeg1Id5FhqRjidFfuZoikmEzyiPUMFjqkK8sWxM3hulCGMEmlKaLhQv0/kOFZqGoemM8Z6rH57c/Evr5fpqB7kTKSZpoIsF0UZhzqB88/hkElKNJ8agolk5lZIxlhiok0+RRPC16fwf9J2badqV27dcqO5iqMATsEZuAAOqIEGuAEt4AMCGHgAT+DZEtaj9WK9LlvXrNXMCfgB6+0T+BeO0Q==</latexit> Ba
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<latexit sha1_base64="Eg6b/C0fmmHs2TJXU55L/XkV4Ms=">AAAB73icdVBdSwJBFJ21L7Mvq8dehiTopWVXXVffpAx6EoM2BV1kdpzVwdmPZmYDEf9ELz0U0Wt/p7f+TbNqUFEHLhzOuZd77/FiRoU0jA8ts7K6tr6R3cxtbe/s7uX3D25FlHBMHByxiHc8JAijIXEklYx0Yk5Q4DHS9sYXqd++J1zQKLyRk5i4ARqG1KcYSSV1Gk7z8qzZyPXzBUMvW1atWoaGXixZpYqliFWzTduGpm7MUQBLtPr5994gwklAQokZEqJrGrF0p4hLihmZ5XqJIDHCYzQkXUVDFBDhTuf3zuCJUgbQj7iqUMK5+n1iigIhJoGnOgMkR+K3l4p/ed1E+lV3SsM4kSTEi0V+wqCMYPo8HFBOsGQTRRDmVN0K8QhxhKWKKA3h61P4P7kt6mZFL18XC/XzZRxZcASOwSkwgQ3q4Aq0gAMwYOABPIFn7U571F6010VrRlvOHIIf0N4+Ab3cjyU=</latexit>D
UNE-ND

<latexit sha1_base64="5mgcUehIid9F4PXKPHgeGaesDos=">AAACCnicdVDLSgMxFM3UV62vqks3wSK4kGGm1E67K3XjRqhgW6UdSiZN29A8hiQjlNI/cOdWf8KduPUn/Ac/wvQhWNELIYdz7uWee6KYUW0878NJrayurW+kNzNb2zu7e9n9g4aWicKkjiWT6jZCmjAqSN1Qw8htrAjiESPNaHgx1Zv3RGkqxY0ZxSTkqC9oj2JkLHV3RQWtSilIJ5vz3HMvyBcD6LlBoRT4ngX2K5fK0He9WeXAomqd7Ge7K3HCiTCYIa1bvhebcIyUoZiRSaadaBIjPER90rJQIE50OJ4ZnsATy3RhTyr7hIEz9ufEGHGtRzyynRyZgf6tTcm/tFZieqVwTEWcGCLwfFEvYdBIOL0edqki2LCRBQgrar1CPEAKYWMzWtrCaKwTfjb3NrHxfGcA/weNvOsX3cJ1PlepLoJKgyNwDE6BDwJQAZegBuoAAw4ewRN4dh6cF+fVeZu3ppzFzCFYKuf9Cxl4m8k=</latexit>M
iniBoone

<latexit sha1_base64="s+3VXZlaQZdQgpveQPTpQ4NAW0E=">AAAB+nicdVDLSgMxFM3UV62vqS7dBFvB1TBTa+uy6EZwU8E+oDOUTJq2oZlkSDJKGfspblwo4tYvceffmD4EnwcuHM65l3vvCWNGlXbddyuztLyyupZdz21sbm3v2PndphKJxKSBBROyHSJFGOWkoalmpB1LgqKQkVY4Op/6rRsiFRX8Wo9jEkRowGmfYqSN1LXzxUtfC58w5vPEj4e02LULrnNSLh1XqvA38Rx3hgJYoN613/yewElEuMYMKdXx3FgHKZKaYkYmOT9RJEZ4hAakYyhHEVFBOjt9Ag+N0oN9IU1xDWfq14kURUqNo9B0RkgP1U9vKv7ldRLdPw1SyuNEE47ni/oJg1rAaQ6wRyXBmo0NQVhScyvEQyQR1iatnAnh81P4P2mWHK/ilK9KhdrZIo4s2AcH4Ah4oApq4ALUQQNgcAvuwSN4su6sB+vZepm3ZqzFzB74Buv1AyR7k/Q=</latexit>
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<latexit sha1_base64="UKXpyeiFYhod5dZsutqQr5H971U=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmbq9LUrdeNGqGAf0g4lk2ba0EwyJBmhDP0KNy4UcevnuPNvTB+Cih64cDjnXu69J4gZVdpxPqzM2vrG5lZ2O7ezu7d/kD88aiuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkEk8u537knUlHBb/U0Jn6ERpyGFCNtpLtrymlDCE4G+YJjexcVt1yCjl0pejWvZkjNLZWqVejazgIFsEJzkH/vDwVOIsI1ZkipnuvE2k+R1BQzMsv1E0VihCdoRHqGchQR5aeLg2fwzChDGAppimu4UL9PpChSahoFpjNCeqx+e3PxL6+X6LDqp5THiSYcLxeFCYNawPn3cEglwZpNDUFYUnMrxGMkEdYmo5wJ4etT+D9pF223bHs3xUK9sYojC07AKTgHLqiAOrgCTdACGETgATyBZ0taj9aL9bpszVirmWPwA9bbJ0HjkLw=</latexit>M
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<latexit sha1_base64="8vslS/5jhHkd+ANT44zYSknIZeg=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiuwiTWttmVunFZwbSFNpTJdNIOnUzCzEQood/gxoUibv0gd/6N04egogcuHM65l3vvCVPOlEbow1pb39jc2i7sFHf39g8OS0fHbZVkklCfJDyR3RArypmgvmaa024qKY5DTjvh5Hrud+6pVCwRd3qa0iDGI8EiRrA2kt/ETSwHpTKy617VcxFEdg1deV7NkIpb8S496NhogTJYoTUovfeHCcliKjThWKmeg1Id5FhqRjidFfuZoikmEzyiPUMFjqkK8sWxM3hulCGMEmlKaLhQv0/kOFZqGoemM8Z6rH57c/Evr5fpqB7kTKSZpoIsF0UZhzqB88/hkElKNJ8agolk5lZIxlhiok0+RRPC16fwf9J2badqV27dcqO5iqMATsEZuAAOqIEGuAEt4AMCGHgAT+DZEtaj9WK9LlvXrNXMCfgB6+0T+BeO0Q==</latexit> Ba
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<latexit sha1_base64="Eg6b/C0fmmHs2TJXU55L/XkV4Ms=">AAAB73icdVBdSwJBFJ21L7Mvq8dehiTopWVXXVffpAx6EoM2BV1kdpzVwdmPZmYDEf9ELz0U0Wt/p7f+TbNqUFEHLhzOuZd77/FiRoU0jA8ts7K6tr6R3cxtbe/s7uX3D25FlHBMHByxiHc8JAijIXEklYx0Yk5Q4DHS9sYXqd++J1zQKLyRk5i4ARqG1KcYSSV1Gk7z8qzZyPXzBUMvW1atWoaGXixZpYqliFWzTduGpm7MUQBLtPr5994gwklAQokZEqJrGrF0p4hLihmZ5XqJIDHCYzQkXUVDFBDhTuf3zuCJUgbQj7iqUMK5+n1iigIhJoGnOgMkR+K3l4p/ed1E+lV3SsM4kSTEi0V+wqCMYPo8HFBOsGQTRRDmVN0K8QhxhKWKKA3h61P4P7kt6mZFL18XC/XzZRxZcASOwSkwgQ3q4Aq0gAMwYOABPIFn7U571F6010VrRlvOHIIf0N4+Ab3cjyU=</latexit>D
UNE-ND

<latexit sha1_base64="pbND6PN8MBQcjf3nEqRflE4+D2w=">AAAB/HicdVDLSgMxFM3UV62v0S7dBFvB1ZDpS2dXdONKKtoHtKVk0kwbmswMSUYopf6KGxeKuPVD3Pk3pg9BRQ8EDufce3Pv8WPOlEbow0qtrK6tb6Q3M1vbO7t79v5BQ0WJJLROIh7Jlo8V5Sykdc00p61YUix8Tpv+6GLmN++oVCwKb/U4pl2BByELGMHaSD07e3MF+ywIEkVhvjPAQuB8z84hp4IqqFCEyPG8klf0DCkXyh5yoeugOXJgiVrPfu/0I5IIGmrCsVJtF8W6O8FSM8LpNNMx02NMRnhA24aGWFDVncyXn8Jjo/RhEEnzQg3n6veOCRZKjYVvKgXWQ/Xbm4l/ee1EB2fdCQvjRNOQLD4KEg51BGdJmLMlJZqPDcFEMrMrJEMsMdEmr4wJ4etS+D9pFBy34pSuC7nq+TKONDgER+AEuOAUVMElqIE6IGAMHsATeLburUfrxXpdlKasZU8W/ID19gmz+ZQw</latexit> S
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<latexit sha1_base64="eqX9AM+O+NteDge11GK9IEB89i0=">AAAB73icdVDLSsNAFJ3UV62vqks3g0VwY0hqm6S7qhtXUtE+oA1lMp22QyeTODMRSuhPuHGhiFt/x51/4/QhqOiBC4dz7uXee4KYUaks68PILC2vrK5l13Mbm1vbO/ndvYaMEoFJHUcsEq0AScIoJ3VFFSOtWBAUBow0g9HF1G/eEyFpxG/VOCZ+iAac9ilGSkutm6sTu+K5Z918wTIrtmXZNrRMx3MqrqtJuVR2Tj1om9YMBbBArZt/7/QinISEK8yQlG3bipWfIqEoZmSS6ySSxAiP0IC0NeUoJNJPZ/dO4JFWerAfCV1cwZn6fSJFoZTjMNCdIVJD+dubin957UT1PT+lPE4U4Xi+qJ8wqCI4fR72qCBYsbEmCAuqb4V4iATCSkeU0yF8fQr/J42iaTtm6bpYqJ4v4siCA3AIjoENXFAFl6AG6gADBh7AE3g27oxH48V4nbdmjMXMPvgB4+0Tm9CPDw==</latexit>
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<latexit sha1_base64="s+3VXZlaQZdQgpveQPTpQ4NAW0E=">AAAB+nicdVDLSgMxFM3UV62vqS7dBFvB1TBTa+uy6EZwU8E+oDOUTJq2oZlkSDJKGfspblwo4tYvceffmD4EnwcuHM65l3vvCWNGlXbddyuztLyyupZdz21sbm3v2PndphKJxKSBBROyHSJFGOWkoalmpB1LgqKQkVY4Op/6rRsiFRX8Wo9jEkRowGmfYqSN1LXzxUtfC58w5vPEj4e02LULrnNSLh1XqvA38Rx3hgJYoN613/yewElEuMYMKdXx3FgHKZKaYkYmOT9RJEZ4hAakYyhHEVFBOjt9Ag+N0oN9IU1xDWfq14kURUqNo9B0RkgP1U9vKv7ldRLdPw1SyuNEE47ni/oJg1rAaQ6wRyXBmo0NQVhScyvEQyQR1iatnAnh81P4P2mWHK/ilK9KhdrZIo4s2AcH4Ah4oApq4ALUQQNgcAvuwSN4su6sB+vZepm3ZqzFzB74Buv1AyR7k/Q=</latexit>
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<latexit sha1_base64="UKXpyeiFYhod5dZsutqQr5H971U=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4Gmbq9LUrdeNGqGAf0g4lk2ba0EwyJBmhDP0KNy4UcevnuPNvTB+Cih64cDjnXu69J4gZVdpxPqzM2vrG5lZ2O7ezu7d/kD88aiuRSExaWDAhuwFShFFOWppqRrqxJCgKGOkEk8u537knUlHBb/U0Jn6ERpyGFCNtpLtrymlDCE4G+YJjexcVt1yCjl0pejWvZkjNLZWqVejazgIFsEJzkH/vDwVOIsI1ZkipnuvE2k+R1BQzMsv1E0VihCdoRHqGchQR5aeLg2fwzChDGAppimu4UL9PpChSahoFpjNCeqx+e3PxL6+X6LDqp5THiSYcLxeFCYNawPn3cEglwZpNDUFYUnMrxGMkEdYmo5wJ4etT+D9pF223bHs3xUK9sYojC07AKTgHLqiAOrgCTdACGETgATyBZ0taj9aL9bpszVirmWPwA9bbJ0HjkLw=</latexit>M
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<latexit sha1_base64="8vslS/5jhHkd+ANT44zYSknIZeg=">AAAB7HicdVDLSsNAFJ34rPVVdelmsAiuwiTWttmVunFZwbSFNpTJdNIOnUzCzEQood/gxoUibv0gd/6N04egogcuHM65l3vvCVPOlEbow1pb39jc2i7sFHf39g8OS0fHbZVkklCfJDyR3RArypmgvmaa024qKY5DTjvh5Hrud+6pVCwRd3qa0iDGI8EiRrA2kt/ETSwHpTKy617VcxFEdg1deV7NkIpb8S496NhogTJYoTUovfeHCcliKjThWKmeg1Id5FhqRjidFfuZoikmEzyiPUMFjqkK8sWxM3hulCGMEmlKaLhQv0/kOFZqGoemM8Z6rH57c/Evr5fpqB7kTKSZpoIsF0UZhzqB88/hkElKNJ8agolk5lZIxlhiok0+RRPC16fwf9J2badqV27dcqO5iqMATsEZuAAOqIEGuAEt4AMCGHgAT+DZEtaj9WK9LlvXrNXMCfgB6+0T+BeO0Q==</latexit> Ba
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<latexit sha1_base64="Eg6b/C0fmmHs2TJXU55L/XkV4Ms=">AAAB73icdVBdSwJBFJ21L7Mvq8dehiTopWVXXVffpAx6EoM2BV1kdpzVwdmPZmYDEf9ELz0U0Wt/p7f+TbNqUFEHLhzOuZd77/FiRoU0jA8ts7K6tr6R3cxtbe/s7uX3D25FlHBMHByxiHc8JAijIXEklYx0Yk5Q4DHS9sYXqd++J1zQKLyRk5i4ARqG1KcYSSV1Gk7z8qzZyPXzBUMvW1atWoaGXixZpYqliFWzTduGpm7MUQBLtPr5994gwklAQokZEqJrGrF0p4hLihmZ5XqJIDHCYzQkXUVDFBDhTuf3zuCJUgbQj7iqUMK5+n1iigIhJoGnOgMkR+K3l4p/ed1E+lV3SsM4kSTEi0V+wqCMYPo8HFBOsGQTRRDmVN0K8QhxhKWKKA3h61P4P7kt6mZFL18XC/XzZRxZcASOwSkwgQ3q4Aq0gAMwYOABPIFn7U571F6010VrRlvOHIIf0N4+Ab3cjyU=</latexit>D
UNE-ND

Bounds on the neutrino and photon couplings,  and  for  MeV. 
[Carey, Machado, Paz, Petrov, Sousa, Tammaro and Zupan, 2508.16724]

cν gϕγ mϕ = 50, 200, 103

Estimated values of the bound for  

:  

: 

mϕ = 50 MeV

2EM cνgγ = 4m2
ϕ × α̃ν ≤ (18, 10, 8.3) × 10−6 GeV−1

1EM cνgγ = 4m2
ϕ × α̃ν ≤ (1.0, 0.56, 0.17) × 10−6 GeV−1
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๏ At MeV: CE NS - unique probe for precision Standard Model and BSM searches. 

๏ Future experiments - PIP2-BD at F2D2, other facilities - improve sensitivity to 

 physics (  )  

๏ At GeV:  further insight into enhanced neutrino polarizability. 

๏ Though model-independently ; parametrically enhanced with the 

introduction of . 

๏ We show  (or ) scattering via exchange of   distinct experimental 

signatures at DUNE: 1EM and 2 EM showers  with no associated hadronic activity. 

Thank You!

ν

ν − γ μν , ⟨r2⟩ν

∝ mν

ϕ

ν − e ν − N ϕ ⟹

Summary
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Backup- CE NS Cross-Section & Form Factorν
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๏ Tree-level cross-section:   
              [ dσ(Eν)

dT ]
SM

=
G2

FQ2
WMA

4π (1 −
T
Eν

−
MAT
2 E2

ν ) F2
Weak(Q
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QW = [(1 − 4 sin2 θW)Z − N]
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FHelm(Q2) =
3 j1(Q R)

QR
e−Q2 s2/2

QW = [(1 − 4 sin2 θW)Z − N]
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Total cross-section comparison for different form 
factors 

[Carey and Pandey, arXiv: 2510.xxxx]
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Radiative correction to tree-level cross section 
[Tomalak et al., JHEP 02, 097 (2021)] 

Total cross-section comparison for different form 
factors 

[Carey and Pandey, arXiv: 2510.xxxx]

FHelm(Q2) =
3 j1(Q R)

QR
e−Q2 s2/2

QW = [(1 − 4 sin2 θW)Z − N]
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Backup - Statistical Analysis
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To evaluate the sensitivity of the experiment to observables, minimize the simplest 
 with a nuisance parameter  that quantifies normalization -  = 10% , 5%   

             
χ2 η σsyst

Backup - Statistical Analysis
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[Akimov, et. al., JINST 16 P08048 (2021)]

χ2 ({λ}) = minη
[NSM − NSignal ({λ})(1 + η)]
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NSM
+ ( η

ση )
2

 vs the event deviation from the SM event countΔ χ2
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Helm

Klein-Nystrand

Yang et al.

Payne et al.

Van Dessel et al.
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Ar - Coherent (Eν = 1 GeV)

Differential cross section in the emitted photon energy, for a neutrino with 
 GeV scattering coherently on argon.  Eν = 1
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