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Current knowledge of neutrino oscillations

Sign is unknown
Esteban et al. (2020) 

NuFIT 5.1 (2021)

1. Neutrinos in the Standard Model are

massless.

2. Neutrino flavor oscillations have been

firmly establishedand it canhappenonly if

neutrinoshavenon-zeromasses.

3. All three mixing angles and two mass

splitting have been measured with few

percentprecision.



Neutrino electromagnetic properties &
Pressing Questions for Neutrinos

1. How do neutrinos get mass? 

2. Nature of neutrinos (Dirac or Majorana ?) 

3. Neutrino Mass ordering (Normal or Inverted ?)   

4. Correlation between the magnetic moments of 

charged leptons and neutrinos? 

5.   Addressing anomalies
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Neutrino electromagnetic properties

Å In the Standard Model, neutrinos do not have 

direct coupling to photons.

Å Quantum loop corrections can induce 

electromagnetic properties of neutrino.

Å Study of neutrino electromagnetic interactions 

may shed light on the underlying theory. 

Å Anomalous electromagnetic properties of  charged 

leptons and neutrinos can be correlated.

Talk is based on: 
1. Babu, SJ, Lindner, (JHEP 2020)
2. Babu, SJ, Lindner, Vishnu, (JHEP 2021)
3. Ismail, SJ, Roshan, (PRD 2021)
4. SJ, Porto-Silva,Sen,(JCAP2022)
5. Huang, SJ, Lindner, Rodejohann, (JCAP 2022)
6. SJ, Porto (PRL 2024)



Charged lepton magnetic moments Neutrino magnetic moments

PC: Fermilab

How much do they rotate 

on their axes in a powerful magnetic field

as they race around the magnet? 
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Consequences of  neutrino magnetic moments
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Neutrino magnetic moments: experimental status

ÅThe quest for measuring neutrino magnetic moments 
was begun even before the discovery of the neutrino.

ÅCowan, Reinesand Harrison set an upper limit in 
the process of measuring background for a free 
neutrino search experiment with reactor 
antineutrinos.

Frederick Reines

1995 Nobel Prize in 
Physics

for his co-detection of 

the neutrino with Clyde 

Cowan in the neutrino 

experiment.
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Reactor

ÅKRASNOYARSK (1992):           µɜ < 2.7 Ĭ10-10 µB

ÅROVNO (1993):                          µɜ < 1.9 Ĭ10-10 µB

ÅMUNU (2005):                            µɜ < 1.2 Ĭ10-10 µB

ÅTEXONO (2010):                        µɜ < 2.0 Ĭ10-10 µB

ÅGEMMA (2012):                         µɜ < 2.9 Ĭ10-11 µB

ÅCONUS (2022):                          µɜ < 7.0 Ĭ10-11 µB

Accelerator
ÅLAPMF (1993):                             µɜ < 7.4 Ĭ10-10 µB

ÅLSND (2002):                                µɜ < 6.4Ĭ10-10 µB

Solar 
ÅBorexino(2017):                          µɜ < 2.8 Ĭ10-11 µB

ÅXENONnT (2022):                     µɜ < 6.4 Ĭ10-12 µB

XENON Collaboration, 
E. Aprile et al. (2020)



Neutrino Magnetic Moments: 
from astrophysics and cosmology

Background courtesy: NASA

Photons in the plasma of stellar environments can 
decay either into ɜӶ’for the case of Dirac neutrinos or 

into ɜŬɜɓfor the case of Majorananeutrinos.

If such decays occur too rapidly, that would drain 
energy of the star, in conflict with standard stellar 

evolution models.                                                       

The best limit on µɜarises from red giant branch of 
globular clusters: µɜ< 1.5 Ĭ10-12 µB   Raffelt et 
al.(2013, 2021), Barbieri and Mohapatra(1988) from 
SN1987A signal 

Cosmological limits arising from big bang 
nucleosynthesis are less severe, of order  10-10 µB .

Fuller et al. (2015)
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Neutrino Trapping Mechanism

ÅConstraints from astrophysics may be evaded if the 

plasmondecay to neutrinos is kinematicallyforbidden.

ÅMedium-dependent mass of the neutrinoin the presence 

of a light scalar that also couples to ordinary matter in 

illustrating the mechanism.  

ÅFor phenomenological implications, see Parke et al. 

(2018), Smirnov et al.(2019), Babu et al. (2019)

Babu, SJ, Lindner (2020)



Neutrino magnetic moment ïmass conundrum

Exp. 

Sensitivity 

µɜ

mɜ

Å The magnetic moment and the mass operatorsare both

chirality flipping.

Å By removing the photon line from the loop diagramthat

inducesµɜonewouldgenerateaneutrino massterm.

Å In absenceof additional symmetries(and without severe

fine-tuning), neutrinomassesareseveralordersof magnitude

largerthantheirmeasuredvalues,if µɜ~ 10-11µB.
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This conundrumwas well recognized three decades ago when there 

was great interest in explaining the apparent time variation of solar 

neutrino flux detected by the Chlorine experiment in anti-

correlation with the Sun-spot activity.

NMM would lead to spin-flip transition inside the solar magnetic 

field. Such transitions could even undergo a matter enhanced 

resonance. Lim, Marciano (1988), Akhmedov(1988) 

In the late 1980ôs and early 1990ôs there were significant 

theoretical activities that addressed the compatibility of a large 

neutrino magnetic moment with a small mass. 

After that, in the theory side, no interesting developments have been 

made. These discussions become very relevant today.

□ⱨͯ
☻Ⱨⱨ
□▄Ⱨ║

Exp. Sensitivity 

µɜ

mɜ

mɜlimit

Neutrino magnetic moment ïmass conundrum



Neutrino magnetic moments in beyond 
the Standard Model

SM + ɜR
The magnetic moment and mass operators for the 

neutrino have the same chiral structure, which for a Dirac 

neutrino has the form:

K. Fujikawaand R. Shrock(1980)

Bell et al.  (2005)
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ɜL ɜR

WL WR

lL lR

Left -Right Symmetric Model
Right-handed neutrino couples to a WR gauge boson, 

which also has mixing with the W boson.

Czakon, Gluza, Zralek(1999)

Giunti and A. Studenikin(2014)

This mixing angle is constrained by muon decay 

asymmetry parameters, b Ÿ sɔdecay rate,  indirect LHC

limits leading to a limit µɜ  <  10-15 µB



Neutrino magnetic moment ïmass conundrum
SM + ɜR

The magnetic moment and mass operators for the neutrino have the same chiral structure, 

which for a Dirac neutrino has the form:

ɜL ɜR

WL
WR

lL lR

Left -Right Symmetric Model
In left-right symmetric models, the right-handed neutrino couples to a WR gauge boson, which 

also has mixing with the W boson:

Czakon, Gluza, Zralek(1999)

Giunti and A. Studenikin(2014)

µɜ  <  10-15 µB

Supersymmetric theory 
In supersymmetric extensions of the SM, lepton number may be violated by R-parity breaking 

interactions. In such contexts, without relying on additional symmetries, NMM will be (imposing 

experimental constraints on the SUSY parameters) of the order at most about 10-15 µB . 

Clearly, these values are well below the sensitivity of current experiments!

Majorana scenario
If neutrinos are Majoranaparticles, their transition magnetic moments resulting from Standard 

Model interactions is given by

At most of order  µɜ~  10-23 µB

P. B. Pal and L. Wolfenstein(1982)

For a review, see Giunti and A. Studenikin(2014)

K. Fujikawaand R. Shrock(1980)

Bell et al.  (2005)



Neutrino magnetic moment ïmass conundrum
A. Spin Symmetry Mechanism

Barr, Freire, and Zee (1990), Babu et al. (1992), 

Babu, SJ,Lindner (2020) In this optimized setup, one can achieve neutrino 

transition magnetic moment as big as ~ 10ī12 µB

Babu, SJ,Lindner (2020)

Å In renormalizablegaugetheoriesthereare no direct

couplingsof thetypeɔW+Sī.

Å As for its contribution to mɜ, for transversely

polarizedvectorbosons,the transition from spin 1 to

spin 0 cannotoccur. Only the longitudianlmode,the

Goldstone mode, would contribute to such

transitions.

Å This impliesthat in thetwo loop diagramutilizing the

ɔW+Sīfor generating µɜ, if the photon line is

removed, only the longitudinal WÑ bosons will

contribute,leadingto a suppressionfactor of ml
2/mW

2

in theneutrinomass.



B. SU(2)H Symmetry for Enhanced 
Neutrino Magnetic Moment

While the neutrino mass operator and the magnetic moment operator both are 
chirality flipping , there is one important difference in their Lorentz structures. 

The mass operator, being a Lorentz scalar, is symmetric, while the magnetic 
moment, being a Lorentz tensoroperator is antisymmetricin the two fermion 

fields. 

In 1988, Voloshinproposed a new SU(2)ɜsymmetry that transforms ɜ into ɜc. 

A neutrino mass term, being symmetric under this exchange, would then be 
forbidden by the SU(2)ɜsymmetry, while the magnetic moment operator, ɜT

CůÕɜɜ
cFÕɜis antisymmetric under the exchange.

1989: Barbieri and R. N. Mohapatrapointed out that its hard to implement the 
Voloshin symmetry since it does not commute with SM.



B. SU(2)H Symmetry for Enhanced 
Neutrino Magnetic Moment

A horizontal symmetry acting on the electron and the muon 
familiescan serve the same purpose, as such a symmetry 

commutes with the weak interactions. 

Our simplification is that the symmetry is only approximate, 
broken explicitly by electron and muon masses. 

The explicit breaking of SU(2)H by the lepton masses is 
analogous to chiral symmetry breaking in the strong 

interaction sector by masses of the light quarks. 

SU(2)H cannot be exact, as it would imply me = mµ. Explicit but 
small breaking of SU(2)H, so that realistic electron and muon 

masses can be generated.  

Leptons of the Standard Model transform 

under SU(2)LĬU(1)YĬSU(2)H as follows:

Here SU(2)H acts horizontally, 

while SU(2)L acts vertically.

Higgs sector:

Babu, SJ,Lindner (2020)



B. SU(2)H Symmetry for Enhanced 
Neutrino Magnetic Moment

Babu, SJ, Lindner (2020)

× The Lagrangian of the model does not respect lepton number. The 

SU(2)H limit of the model however respects Leī Lµ symmetry. This 

allows a nonzero transition magnetic moment, while neutrino mass 

terms are forbidden. 

× In the SU(2)H symmetric limit, the two diagrams add for µɜeɜµ,

while they cancel for mɜ.
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Neutrino magnetic moments: a global picture
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Neutrino magnetic moments ïcharged 
lepton g-2 correlation

Babu, SJ,Lindner, Vishnu (2021)

The models that induce neutrino 

magnetic moments while maintaining 

their small masses naturally also predict 

observable shifts in the charged lepton 

anomalous magnetic moment. 



Neutrino magnetic moments ïMuon g-2 anomaly

Å A direct correlation between the neutrino

magneticmomentandmuong-2

Å Sign and strength are automatic here, no

controloverit.

Å A minimal unified framework: µɜ, mɜ, (g-2)µ.

Babu, SJ,Lindner, Vishnu (2021)



Exploiting a future galactic supernova to probe 
neutrino magnetic moments

Porto-Silva, SJ, Sen (2022)

Akhmedov and T. Fukuyama (2003),
Ando and Sato (2003)

Resonance Condition:



Exploiting a future galactic supernova to probe 
neutrino magnetic moments

Porto-Silva, SJ, Sen (JCAP 2022)



SN neutrino flavor conversion was thought to be insensitive to 

Dirac Magnetic Moments. 

But ñAlwaysò

Dirac neutrino magnetic moments in Sne?



(Resonance Condition)

Dirac neutrino magnetic moments in Sne?

SJ, Porto (2023)



Neutrino evolution in Twisting Magnetic Fields

Efficient conversion in the edge of the Fe-core

SJ, Porto (2023)

>> 1 Bugli et al.ñTheimpact of non-dipolar magnetic 
fields in core-collapse supernovae,ò Mon. Not. Roy. 
Astron. Soc. 492 (2020) no. 1, 58ï71,



Simplified Picture of Flavor Conversions

Porto-Silva, SJ (JCAP 2022)

Fe-core



Simplified Picture of Flavor Conversions

Porto-Silva, SJ (JCAP 2022)

Spin flip resonance
SJ, Porto(PRL (2024), arXiv: 2303.13572)

~ 2000 km 

Fe-core



Neutrino spectra at DUNE and HK



Neutrino spectra at DUNE and HK



How Charged is the Neutrino?

Electric (milli -) charge of neutrinos
Neutrinoscanhavenonzeroneutrinoelectricmillicharges. The
introduction of a right-handedneutrino vR into the standard
modelbrings a new hyperchargeparameter,into the anomaly
equationswhichdestroysthechargequantization.

Consequences:
1. Chargeconservationinɓ-decay
2. Physicalconsequencesof chargedatoms
3. Anomalousmagneticmomentsof chargedleptons
4. Neutrino-electron/nucleonscattering
5. Energylossin redgiantandwhitedwarfstars
6. Limits onacosmologicallyinducedthermalphotonmass

Constraints:
Å qɜḐ 10ī21 e from neutralityof thehydrogenatom
Å qɜ Ò10ī19 e from astrophysicallimit (from the impactof

theneutrinostarturningmechanism)
Å qɜÒ1.5Ĭ10ī11 e from reactorneutrinoconstraint

Studenikin (2019), Babu et al (1989), Foot et al. (1989), Sarkar et al. (2020), é

Å Evenif a neutrinomillichargeis vanishing,the electricform
factor canstill containnontrivial informationaboutneutrino
electromagneticproperties.

Å For a masslessneutrinotheneutrinochargeradiusis theonly
electromagneticcharacteristicthatcanhavenonzerovalue.

Å The best constraints (in cm2)come from CCFR and
CHARM-II :

Bernabeu et al. (2000), Hirsch et al. (2003)é

SJ, Vishnu, Klassen (2025)



Other electromagnetic properties of neutrino

Electric (milli -) charge of neutrinos Neutrino charge-radius
Neutrinoscanhavenonzeroneutrinoelectricmillicharges. The
introduction of a right-handedneutrino vR into the standard
modelbrings a new hyperchargeparameter,into the anomaly
equationswhichdestroysthechargequantization.

Consequences:
1. Chargeconservationinɓ-decay
2. Physicalconsequencesof chargedatoms
3. Anomalousmagneticmomentsof chargedleptons
4. Neutrino-electron/nucleonscattering
5. Energylossin redgiantandwhitedwarfstars
6. Limits onacosmologicallyinducedthermalphotonmass

Constraints:
Å qɜḐ 10ī21 e from neutralityof thehydrogenatom
Å qɜ Ò10ī14 e from astrophysicallimit (from the impactof

theneutrinostarturningmechanism)
Å qɜÒ2Ĭ10ī14 e from reactorneutrinoconstraint

Studenikin (2019), Babu et al (1989), Foot et al. (1989), Sarkar et al. (2020), é

Å Evenif a neutrinomillichargeis vanishing,the electricform
factor canstill containnontrivial informationaboutneutrino
electromagneticproperties.

Å For a masslessneutrinotheneutrinochargeradiusis theonly
electromagneticcharacteristicthatcanhavenonzerovalue.

Å The best constraints (in cm2)come from CCFR and
CHARM-II :

Bernabeu et al. (2000), Hirsch et al. (2003)é



Simplified Picture of Flavor Conversions due to NSI



Non-Standard Interactions of Supernova Neutrinos 
and Mass Ordering Ambiguity at DUNE

SJ andPorto,  arXiv:2403:14762



Probing neutrino mass models at neutrino telescopes

SM

Babu, Dev, SJ , Sui(PRL 2019)

Babu, Dev, SJ (IJMPA 2020)

Huang, SJ, Lindner, Rodejohann(JCAP 2022)
Huang, SJ, Lindner, Rodejohann(PLB 2022)



Dev, SJ, Porto 



Summary

1. The theoretical and experimentalinvestigationof

neutrino electromagneticinteractionscan serveas

a powerful tool in the searchfor the fundamental

theory behind the neutrino mass generation

mechanism.

2. Anomalouselectromagneticpropertiesof charged

leptonsandneutrinoscanbecorrelated.

3. If neutrinos are Dirac particles possessinglarge

magneticmoments,the new resonanceeffect will

present the most optimal avenue towards

unravelling thescenarioat hand.

éé.





Exploiting a future galactic supernova to probe 
neutrino magnetic moments

Porto-Silva, SJ, Sen (2022)

Akhmedov and T. Fukuyama (2003),
Ando and Sato (2003) Resonance Condition:

ρυὓṩÐÒÏÇÅÎÉÔÏÒ

S i m u l a t i o n  f r o m  G a r c h i n g  g r o u p


