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FROM MATTER TO LIGHT: UNVEILING
NEUTRINO NON-STANDARD INTERACTIONS'

After a brief introduction to neutrino non-standard interactions, I focus on neutrino electro-
magnetic properties and the correlation between the neutrino magnetic moment and neutrino
mass mechanism. Then, I discuss that the models that induce large neutrino magnetic moments
naturally maintaining small neutrino masses also predict observable shifts in the anomalous
magnetic moments of charged leptons. The promising new possibilities for probing neutrino
NSI and electromagnetic properties in future experiments in future terrestrial and astrophysi-

cal experiments are also discussed.
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1. Introduction

The discovery of neutrino oscillations firmly estab-
lished the necessity for physics beyond the Standard
Model, demonstrating that neutrinos are massive and
may possess interactions not accounted for within the
conventional framework. Such new physics can mani-
fest either as non-standard neutrino interactions or as
electromagnetic properties generated through quan-
tum loop effects, including magnetic moments, charge
radii, and electric dipole moments.

Neutrino electromagnetic properties, — especially
magnetic moments, — have long been explored as po-
tential windows into new physics. Renewed interest
over the past decades has been driven by their possi-
ble role in explaining various experimental anomalies
and by the fact that even tiny magnetic moments
can significantly influence astrophysical processes. In
stars, for example, a non-zero magnetic moment en-
ables neutrino—photon interactions that alter energy-
loss mechanisms, providing some of the strongest con-
straints on these properties.

While most standard neutrino mass models predict
magnetic moments too small to detect, well-motiva-
ted extensions of these models can naturally accom-
modate much larger values without conflicting with
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known neutrino masses. Therefore, studying neutrino
magnetic moments remains a powerful probe of new
physics, capable of shedding light on unexplained ob-
servations and offering insight into the deeper mech-
anisms responsible for neutrino mass and identity.
This talk is based on results obtained in Refs. [1-9].

2. Large Neutrino Non-Standard
Interactions in Neutrino Mass Models

In constructing theories of neutrino mass, it is com-
mon for new neutrino interactions to arise alongside
the mass-generation mechanism. These additional in-
teractions can significantly influence neutrino oscilla-
tions, their propagation in matter, and consequently
the interpretation of both astrophysical and terres-
trial experiments. It is therefore essential to identify
which classes of neutrino mass models naturally give
rise to non-standard interactions (NSI) and to ex-
amine their phenomenological impact. I will begin by
outlining the types of neutrino mass frameworks that
can generate such interactions.

The conventional explanation for tiny neutrino
masses is the high-scale seesaw mechanism, which
generates the effective operator

 LLHH
==
implying A ~ 10 GeV, far beyond experimental ac-
cessibility. Radiative models provide an appealing al-
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1 This work is based on the results presented at the 2025 “New

Trends in High-Energy Physics” Conference.
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Fig. 1. Theoretical predic-
tions of neutrino magnetic
moments in different neutri-
no mass models. For details,
see Ref. [1]
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ternative: neutrinos are massless at tree level, and
small Majorana masses arise only through loop ef-
fects, with lepton number violated by new scalar
fields. Loop and chirality suppression naturally allow
the new-physics scale to lie in the TeV range.

Radiative models can be grouped into two broad
classes [9]:

Type-I radiative models: These correspond to
scenarios that can be represented by higher-dimen-
sional AL = 2 operators. New scalar fields couple di-
rectly to Standard Model fermions, and the induced
masses contain both loop and charged-lepton mass
suppressions. With new scalars near the TeV scale,
these models can yield sizable neutrino non-standard
interactions.

Type-II radiative models: Here, the loop dia-
grams contain only new, non-SM particles and can-
not be reduced to effective AL = 2 operators. Al-
though loop suppressed, the masses do not depend
on light fermion masses. These models often incorpo-
rate dark matter candidates but generate negligible
non-standard interactions, as neutrinos couple only
to heavy new states.

Thus, for phenomenological studies of neutrino
non-standard interactions, type-I radiative models
are the most relevant.

3. Large Neutrino Magnetic
Moments in Neutrino Mass Models

In addition to inducing new interactions with matter
fields, many neutrino mass models also generate cou-
plings between neutrinos and photons, leading to ef-
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fective electromagnetic interactions. These can arise
through magnetic and electric dipole moments, in-
duced charges, and related loop-level operators.

A particularly illustrative case is a minimal frame-
work in which an approximate horizontal symmetry,
SU(2)p, acts on the electron—muon sector. In this
construction, the symmetry is not exact; it is explic-
itly broken by the charged-lepton masses. Treating
SU(2)p as only approximate greatly streamlines the
model, as no additional fields are required solely to
complete the symmetry structure.

The explicit breaking of SU(2)y by lepton masses
plays a role analogous to the breaking of chiral
symmetry in QCD by the light-quark masses, and
this breaking naturally extends to the neutrino sec-
tor. One-loop corrections to neutrino masses induced
by these terms remain sufficiently suppressed, allow-
ing the model to accommodate a large transition mag-
netic moment fi,,,,, without generating unacceptably
large neutrino masses.

While the full Lagrangian violates total lepton
number, the SU(2)pg-symmetric limit preserves the
difference L, — L,. This feature permits a non-zero
transition magnetic moment between v, and v,,, while
forbidding neutrino mass terms except for a small
radiative contribution to the v, mass. Owing to the
symmetry structure, the loop diagrams add construc-
tively to the magnetic moment but cancel when the
photon is removed, yielding strongly suppressed mass
corrections. A comparison of the maximal transition
magnetic moments predicted in various neutrino mass
frameworks is shown in Fig. 1.
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4. Correlation with Charged-Lepton
Magnetic Moments

It has further been shown that theoretical frame-
works capable of producing sizable neutrino magnetic
moments—while still maintaining naturally small neu-
trino masses—also tend to induce measurable contri-
butions to the anomalous magnetic moment of the
muon [2,3]. Remarkably, the magnitude of these con-
tributions falls within the range indicated by both
the earlier Brookhaven results and the more recent
measurements from Fermilab. This establishes a com-
pelling link between the electromagnetic properties of
charged leptons in the Standard Model and those of
neutral leptons.

In this context, the Fermilab determination of the
muon g — 2 serves as an indirect probe of enhanced
neutrino magnetic moments, offering a level of sen-
sitivity comparable to that of dedicated neutrino
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Fig. 2. Theoretical predictions and experimental measure-
ments of the muon anomalous magnetic moment and the neu-
trino transition magnetic moment. For details, see [2]
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Fig. 3. Schematic illustration of flavor transformations of su-
pernova neutrinos in the presence of magnetic moments. For
details, see Ref. [10]
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and dark matter searches. Such an interplay between
the muon anomalous magnetic moment and neutrino
magnetic moments naturally emerges in models that
invoke leptonic family symmetries to amplify transi-
tion moments. As illustrated in Fig. 2, these frame-
works predict a clear one-to-one correlation between
the two observables.

5. Implications for Terrestrial Experiments

Future lepton colliders such as the ILC, CLIC,
and FCC-ee offer powerful complementary probes of
NSI [11]. In these setups, NSI can manifest through
monophoton signatures, closely resembling typical
dark matter signals. When NSI originate from heavy
mediators above the electroweak scale, lepton collid-
ers can achieve sensitivities that surpass those of tra-
ditional neutrino experiments over a wide range of
mediator masses. An important consequence is that
collider measurements can break parameter degenera-
cies that commonly appear in oscillation analyses.

In particular, NSI scenarios invoked to alleviate the
tension between T2K and NOvrA can be decisively
tested at upcoming lepton collider facilities. We fur-
ther show that proton-proton colliders such as the
FCC-hh, employing lepton parton distribution func-
tions, can also probe leptonic NSI. At the LHC, NSI
may appear as mono-jet-like signatures [12]. On a dif-
ferent front, high-energy neutrino telescopes provide
an additional complementary window, exhibiting dis-
tinctive astrophysical signatures sensitive to NSI ef-
fects [13-16].

6. Astrophysical Implications

The neutronization burst of a core—collapse super-
nova, a brief interval lasting only a few tens of mi-
lliseconds after core bounce, is characterized by an
intense flux of electron neutrinos. This phase pro-
vides an exceptional setting for probing neutrino
transition magnetic moments. Detailed simulations
of the corresponding neutrino spectra for next-ge-
neration detectors—including DUNE and Hyper-Ka-
miokande (HK)-have incorporated spin—flavor transi-
tions driven by interactions with supernova magnetic
fields. These analyses show that the resulting sensi-
tivity to transition magnetic moments can exceed cur-
rent laboratory and astrophysical bounds by several
orders of magnitude, offering a powerful diagnostic
of both the Dirac versus Majorana nature of neu-
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trinos and the mechanisms responsible for neutrino
mass generation. A particularly interesting possibil-
ity arises when the supernova magnetic field possesses
a twisting or rotating configuration. In such environ-
ments, the field’s rotation along the neutrino prop-
agation path can trigger resonant spin—flavor transi-
tions (see Fig. 3), leading to substantial modifications
in the expected event rates at DUNE and HK. For
Dirac neutrinos with sizeable transition magnetic
moments, these resonances form an especially effi-
cient avenue for identifying the relevant underlying
physics. Furthermore, the study of neutrino electro-
magnetic properties may be broadened to include
signatures at high-energy colliders and future neu-
trino telescopes. Distinctive gravitational-wave sig-
nals could also arise in scenarios where neutrinos ex-
perience non-standard interactions, offering an addi-
tional complementary probe of such effects [17]. For
further details, see Refs. [12-15,18, 19].

7. Conclusions

Theoretical and experimental studies of neutrino NSI
and electromagnetic interactions offer a compelling
approach to uncovering the fundamental theory un-
derlying the mechanism of neutrino mass generation.
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C. orcana

BIJ MATEPII 1O CBITJIA: POSKPUTTHA
HECTAHIAPTHUX B3AEMO/IIN HEUTPUHO

ITicisi KOPOTKOTO BCTYILYy JO HECTAHIAPTHHUX B3a€MOJINl Heii-
TPHUHO, 30CEPEKYIOCh Ha €JeKTPOMArHITHUX BJIACTHUBOCTSIX
HEUTPUHO Ta KOPEJHAIil MiK MarHiTHUM MOMEHTOM HEHTpU-
HO Ta MeXaHi3MOM Mmacu HeiTpuHo. IToTiM 06roBopro Te, 1110
Mozedi, sIKi IHAYKYIOTh BEJNKI MarfiTHi MOMEHTH HEHTPHHO,
30epirarouy Ipu IbOMY MaJji Mach, TAKOXK IPUPOJHUM UUHOM
rnepebav4aoTh CIIOCTEPEXKYBaHI 3PYIIEHHs] aHOMAaJIbHOTO Ma-
THITHOI'O MOMEHTY 3apsi/l>KEHUX JienToHiB. Takoxk 06roBopro-
BAJIMCS MIEPCIIEKTUBHI HOBI MOXKJIMBOCTI Jist Joctijzkennst NSI
Ta €JIEKTPOMAarHITHUX BJIACTUBOCTEH HEUTPUHO B MaiiOyTHIX
€KCIIEpUMEHTaX, 3aCHOBAaHMUX Ha HA3EMHUX JOCJIiPKEHHSIX Ta
acTpodi3UIHIX MiIpKyBaHHSIX.

Katwwoei caoea: vehirpuno, NSI, MmaruiTHi MOMeHTH, Ha-
ITHOBA, Maca HEUTPUHO.
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