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main message

• neutrinos can have parametrically 
enhanced polarizability

• probe nonminimal neutrino models
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neutrinos and new 
physics

• neutrino masses  potentially a sign of new see saw scale

• Majorana neutrinos  Weinberg operator 
 

• however, could as well be Dirac

• renormalizable interactions, no new scale 

• in the remainder of this talk assume  are Majorana

⇒
⇔

ν
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neutrino-photon 
interactions

• situation different for photon 
interactions

• if discovered  immediately imply 
existence of a new scale

ν−

⇒
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 dipole  
moments
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neutrino  dipole 
moments

• somewhat more conventional notation 
 
 

•  a complex  antisymmetric matrix 
 
 

• relation to EFT notation 
 

• Borexino bound 

• for  

• sounds impressive, but  really an effective scale

λ 3x3

μeff
ν < 2.8 ⋅ 10−11μB

C(5)
1,ij ⇒Λ ≳ 106 GeV

Λ
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 magn. dip. mom. ν

 elect. dip. mom. ν
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neutrino dipole 
moments

• generically the same loop contributes to neutrino masses

• NDA scaling 
 
 
 
 

•  for  dipole moments to be observable in the near future 

• loop contrib to  masses need to be suppressed

⇒ ν

ν
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enhanced neutrino 
dipoles

• the Voloshin mechanism

• use the symmetry properties under flavor exchange 
 
 

• mass term symmetric: 

• dipole antisymmetric: 

• explicit realization: approximate SU(2)H

•  doublet,  singlet

• alows for nonzero  dipole, 

• neutrino mass term vanishes, 

•  neutrino masses proportional to SU(2)H breaking

ν̄iPLνj = + ν̄jPLνi

ν̄iPLσμννj = − ν̄jPLσμννi

(νe, νμ) ντ

νe − νμ ν̄iσμνPLνjϵij

ν̄iνjϵij = 0

νe, νμ
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polarizability
• the name borrowed from physics of NR nucleons
• nucleon polarizability signal of its composite nature

• two photon interactions given by 
 
 
 

• similarly define for nonrelativ. neutrinos 
 
 
 

• nonzero neutrino polarizability a signal of new off-shell states 
coupling to neutrinos

• loop level or tree level 
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enhanced polarizability
• two crucial differences with respect to  dipole moments

•  polarizability exactly the same flavor symmetry 
structure as 

•   polarizability always suppressed by 

• only way to enhance it by lowering effective scale 

• can be generated by tree-level exchanges of a light 
scalar

• sample toy model

ν

ν
mν

⇒ ν mν

Λ
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neutrino polarizability

• for heavy enough  masses

•  integrated out  EFT description 
 
 

• in concrete models expect 

• effective scale  small if  light and/or  small 

• whether EFT description appropriate depends on 
the typical energy of the process 

ϕ
ϕ ⇒

cν ∝ mν

Λ mϕ fϕ
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neutrino polarizability
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in the next slides

• neutrino polarizability in several models

• minimal singlet majoron

• majoron as QCD axion

• majoron from  inverse see-saw + extra VL 
fermions

• enhanced neutrino polarizability from 

• exp. constraints

U(1)L × U(1)′￼
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minimal singlet majoron

• SM+ +S: 

• spontaneously broken  number

• pNGB  : majoron

• mass term introduced as free parameter, explicit breaking 

• tree level coupings to neutrinos 
 

• one loop to quarks, leptons  requires large  

• two loops to gluons, photons + additionally suppressed by 

• leads to highly suppressed neutrino polarizability

NR

L
ϕ

⇒ fϕ
m2

ϕ /m2
fi
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majoron as a QCD axion

• SM+  + +S 

•   anomalous under QCD

• majoron is the QCD axion

• couplings to  
neutrinos still

• couplings to photons 
from QCD anomaly

• neutrino polarizability

ΨA
R ΦA

⇒ U(1)L

16

Ma, Ohata, Tsumura, 1708.03076color octet fermions 
, ew. singl.L = 1

color octet scalars
L=0, ew. doublets color singlet scalar

L=2, ew. singl
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inverse see-saw majoron
• inverse see-saw  

neutrino mass matrix

• majoron coups. 
to  still 

• however  can be small, even 

• if extra  states that couple to S

•  majoron couples to photons

• e.g. for extra ew triplets that obtain mass from  
 
 
 

• note: this requires 

ν
fϕ 𝒪(eV )

L = − 1
⇒

⟨S⟩

fϕ ≳ few 100 GeV
17

∝ S → ϕ
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 inverse  
see-saw model

U(1)L × U(1)′￼

• two global groups  

• two pNGBs

•  couples to 's

•  couples to 's

• the pNGBs mass matrix breaks the shift symmetry, treated 
as free params

• for  
 
 

• note: that  now allowed

U(1)L × U(1)′￼

⇒
ϕ ν
ϕ′￼ γ

mϕ1
≪ mϕ2

fϕ ≪ f′￼ϕ
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pheno constraints
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pheno constraints

19



6th Trilateral, Ljubljana, Dec 20 2022J. Zupan  Neutrino polarizability

terrestrial constraints
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region
U(1)L × U(1)′￼

region
U(1)L × U(1)′￼
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future

• future improvements/questions in 
direct searches

• MiniBoone anomaly from neutrino 
polarizability  transitions?

• improved XENONnT constraints

• searches for neutrino polarizability at 
DUNE

ν → N
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conclusions

• neutrino polarizability an interesting 
probe of light NP

• can be enhanced in non-minimal 
neutrino mass models
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majoron as a QCD axion

• SM+  + +S 

•   anomalous under QCD

• majoron is the QCD axion

• neutrino masses loop generated, 

•   

ΨA
R ΦA

⇒ U(1)L

mν ∝ fϕΔM2
Φ/M2

Φ

MΨ ∼ yΨ fϕ ⇒ fϕ ≳ 𝒪(1TeV)
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