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Current knowledge of neutrino oscillations

1. Neutrinos in the Standard Model are

massless V;
L;— ( E'f ) m, =0
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2. Neutrino flavor oscillations have been
firmly establishedandit canhappenonly if
neutrinoshavenon-zeromasses
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3. All three mixing angles and two mass
splitting have been measuredwith few
percenfprecision

8.2° —9° 31.3° — 36°
913 912
1 «
40° —51° B2 = 3V ~ 0CP 144° — 350°
y <
VY N
20
)
\v/ 4

(6.8 —8.0) x 10~ eV?2 (2.4 —2.6) x 10~ %eV?

Sign is unknown

Flavor , Mass
eigenstate PMNS matrix eigenstate
v, 1 0 0 csfy 0 sinfyge™ cosfyy cosfy 0N/ »
vy 1=|[ 0 cosflys sinfy 0 1 0 —sinflyy cosfyp 0 ||| »
vy 0 —sinflyy costy - sin [‘:]1381"5 0 cosfyy 0 0 1 )

Atmospheric term Reactor term Solar term



Neutrino electromagnetic properties &
Pressing Questions for Neutrinos

1. How do neutrinos gemass?

Neutrino
{ magnetic
and_ electric

2. Nature of neutrinos (Dirac orMajorana ?)

3. Neutrino Mass ordering (Normal or Inverted ?)

nnnnn I hierarchy (NH) inverted hierarchy (IH)
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transition EM ‘ electric
dipole properties charge
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4. Correlation between the magnetic moments of
charged leptons and neutrinos?

" Neutrino
L; — ’ charge
¢

radius

5. Addressing anomalies
e



Neutrino electromagnetic properties

A In theStandard Modelneutrinos do not have

Neutrino

direct coupling to photons. [ magnetic
and electric |

A Quantum loop corrections can induce
electromagnetic properties of neutrino.

A Studyof neutrino electromagnetic interactions
may shed lighon the underlying theory. sterile

transition
dipole port

A Anomalous electromagnetic properties of charges
leptons and neutrinos can be correlated.

Active to

Neutrino Neutrino
EM electric
properties ' charge

Talk is based on: :
§ Neut
1. Babu,SJ, Lindner, (JHEP 2020) ( C?]L;%neo
2. Baby SJ, Lindner, Vishnu, (JHEP 2021) radius
3. Ismail,SJ, Roshan, (PRD 2021)
4. SJ, PortoSilva,Sen,(JCAP2022
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Huang,SJ, Lindner,Rodejohann(JCAP 2022)
SJ, Porto(PRL 2024)



Charged Ieptormagneticmomentsé Neutrino magneticmoments

How much do they rotate
ontheir axes in a powerful magnefield
as they race around the magnet?




Conseguences of neutrino magnetic moments
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Neutrino magnetic moments: experimental status

AThe quest for measurimeutrino magnetic moments
was begureven before the discovery of the neutrino
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for his caedetection of
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Cowan in the neutrino ;
P= experiment
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ACowan,Reinesand Harrisorset an upper limiin
the process of measuring background for a free
neutrino search experiment with reactor
antineutrinos
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precise limits to these quantities, independent of the supposition that the weak interactions are charge
conserving,



Neutrino magnetic moments: experimental status

AThe quest for measurimeutrino magnetic moments
was begureven before the discovery of the neutrino
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In this note we make a detailed survey of the experimental information on the neutrino charge, charge
radius, and magretic moment, Both weaknteraction data and astrophysical results can be used to give
precise limits to these quantities, independent of the supposition that the weak interactions are charge
conserving,
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ACONUS (2022):

N

N\

AXENONNT (2022):

Excess between 1-7 keV

285 events observed
Vs,
232 (+/- 15) events expected (from best-fit)

Would be a 3.50 fluctuation
(naive estimate - we use likelihood ratio tests for main analysis)

E. Aprile etal. (2020)

W< 2.71 1020,
H,< 1.91 10"%ug
< 1:21 1070,
1,< 2.01 1070,
H,< 2.91 10 g
M, < 7.01 101tpg

U, < 7.41 1010p,
U,< 6.41 1010,

U, < 2.81 101y,
U, < 6.41 1012p,

XENON Collaboration,



Neutrino Magnetic Moments:

from &
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Photons in the plasmaf stellar environmentsan &
decayeither into3’ [for the case of Dirac neutrinos orp
into 33, for the case oMajorananeutrinos. 2{, o2

-

If such decays occur too rapidly, that wodlchin
energy of the starin conflict with standard stellar
evolution models.

The best limit on prarises from red giant branch of
globular clustersy, < 1.51 1012 g

Cosmological limits arising from big bang
nucleosynthesis are less severe, of ortiet® ;-



Neutrino Magnetic Moments:
from astrophysics and cosmology

Neutrino Trapping Mechanism
Photons in the plasmaf stellar environmentsan

SV R O SRS E BT G ETIGREERe]  AConstraintsfrom astrophysics may be evaded if the
Into 33, for the case oklajorananeutrinos. plasmondecay to neutrinos ikinematicallyforbidden

If such decays occur too rapidly, that wodlgin

energy of the starin conflict with standard stellar
evolution models.

The best limit on parises from red giant branch of )5 =550
globular clustersy, < 1.51 1012 pg : Babu. SJ

indner (2020)

AMedium-dependenmass of the neutrinan the presence
of a light scalar that also couples to ordinary matter in
Cosmological limits arising from big bang illustrating the mechanism

nucleosynthesis are less severe, of ordier® ;-

AFor phenomenological implications, searkeet al.
(2018), Smirnov et al.(2019), Babu et al. (2019



Neutrino magnetic moment mass conundrum

A The magnetic moment and the mass operatorsare both
chirality flipping.

A By removing the photon line from the loop diagramthat
Inducequ, onewould generate neutrino massterm

A In absenceof additional symmetries(and without severe
fine-tuning), neutrinomassesireseverabrdersof magnitude
largerthantheir measuredalues,f p, ~ 10t pg
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Neutrino magnetic moment mass conundrum

Thisconundrumwas well recognizethree decades agwhen there il !'m't BAE I
was great interest in explainirtbe apparent time variation of solar !
neutrino flux detected by the Chlorine experiment in anti !
correlation with the Surspot activity : g /N
|
I

NMM wouldlead to spirflip transition inside the solar magnetic
field. Such transitions could even undergo a matter enhanced
resonance Lim, Marciano (1988) Akhmedov(1988)

Inthel at e 198006s thenedversignifidagt 19900 s
theoretical activitiegshat addressed the compatibility of a large

neutrino magnetic moment with a small mass.

) ®

P

After that, in the theory side, no interesting developments have been_ (L) 4_;' "
made.Thesediscussions become very relevant today.




Neutrino magnetic moments ibeyond

the Standard Model

SM + 34
The magnetic moment and mass operators for the
neutrino have the same chiral structure, which for a Dirac
neutrino has the form:

LD LLV?LO'HVVRF‘UUU + mV?LVR + H.c.

In the SM 82r?

MEM ~ 1()_20 Up K. Fujikawaand R.Shrock(1980)



Neutrino magnet

Ic moments ibeyond

the Standard Model

SM + 34
The magnetic moment and mass operators for the
neutrino have the same chiral structure, which for a D
neutrino has the form:

e E + mUnve + He

Ly, U, VR
4
P (=)
= =3%10 ( )
In the SM [ 8\/5%2 B 0oV

SM —20
Hy 10 HB
K. Fujikawaand R.Shrock(1980)

Left-Right Symmetric Model
g Right-handedeutrino couples to A/, gauge boson,
raC which also has mixing with th&/ boson.

oy

3R Czakon Gluza Zralek(1999)

Giuntiand A.Studenikin(2014)

lr

This mixing angle is constrained byuon decay
asymmetry parametefsY s aecay rate, indiredtHC
limits leading to dimit p, < 10y



Neutrino magnetic momernit mass conundrum

SM + 3,

Themagnetic moment and mass operators for the neutrino have the same chiral stru
which for a Dirac neutrino has the form:

__eGrm, ey 0
Mo = g Tom2 o < 107 s (0.1 oV
Y, G, . YR
K. Fujikawaand R.Shrock(1980)
4
In the SM

pM ~ 10729 pug

Supersymmetric theory

In supersymmetric extension$the SM, lepton number may be violated byp&ity breaking
Interactions. In such contexts, without relying on additional symmeni8/ will be (imposing

experimental constraints on the SUSY parameters) of the order at mosl&culy .

pr, ~ N?/(167°)mg Ay /M

Left-Right Symmetric Model

ctulre Jeft-right symmetric models, the rigiitanded neutrino couples td\g gauge boson, which
also has mixing with the/ boson:

Grmye .
iy sin 2
/ 2/ 272 &
W, .\P‘\Pﬁ Ky < 10%°pg
MR
> ——> > Czakon Gluza Zralek(1999)
3 | | 3 Giuntiand A.Studenikin(2014)
L L R R

Majorana scenario

If neutrinos ard/ajoranaparticles, their transition magnetic moments resulting from Stand
Model interactions is given by

38GF
= ————(mi=m;) > Uiy
= 32\/%2( j)ezew it

At mostof order p, ~ 10%3pg

mi
5
myy,

P. B. Pal and L. Wolfenstei{1982
For a review, se&iuntiand A.Studenikin(2014)

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



Neutrino magnetic momerit mass conundrum
A. Spin Symmetry Mechanism

A In renormalizablegaugetheoriesthere are no direct H_i{,i b t Py
couplingsof thetypeo WS . ! _
@
A As for its contribution to m, for transversely %éf}iﬁt
polarizedvectorbosonsthe transition from spin 1 to Hiw%? "
spin O cannotoccur. Only the longitudianlmode,the e = = > 7

Goldstone mode, would contribute to such
transitions

A Thisimpliesthatin the two loop diagramutilizing the
OWtS T for generating W, if the photon line is
removed, only the longitudinal WN bosons will -
contribute,leadingto a suppressioractor of m?/m,? o O e ] ) SR e I
in the neutrinomass mu+ [GeV] my+ [GeV]

Hye v, X107 [pp] Hy v, X107 [ug]

| ‘ [— ] [ [ |
0.05 0.08 0.10 0.12 0.15 0.20 0.22 0.25 0.02 0.04 0.06 0.08 0.10

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 as10 1gg



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

e

y

While the neutrino mass operator and the magnetic moment operataarieoth
chirality flipping, there is one importarifference in their Lorentz structures

\

e

Themass operator, being a Lorentz scalas symmetri¢ while the magnetic |
moment, being horentz tensoroperator isantisymmetricin the two fermion

fields. | -

~

In 1988,Voloshinproposed a neBU(2), symmetryt hat tr ans.f or mj

/

A neutrino mass term, being symmetric under this exchange, would then be
forbidden by the SU(25ymmetry, while the magnetic moment operatfor,
Clg 3°FC s antisymmetric under the exchange.

N

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




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

Leptons of the Standard Model transform

A horizontal symmetry acting on the electron and the muon under SU(Z)_T U(1) 1 SU(2), asfollows:
families can serve the same purpose, as such a symmetry Y '

commutes with the weak interactions. s (ve vﬂ) (2.~ L 2
/ e 7 . ’ 27
Q/IL’R = (8 JU’)R (]-: _1: 2)
e . . Y (V"’) 2, — L 1)
Our simplification is that the symmetry is oalyproximate, T 2
broken explicitly by electron and muon masses _ TR (1,-1,1)
Higgs sector R
\ 5= (%) (2.4.1)
The explicit breaking of SU(2by the lepton masses is i — ( ] ) 2 1,2)
analogous to chirasymmetry breaking in the strong ¢>(1 - &2 & i
. . C = \TH T2 s -1 :
interaction sector by masses of the light quarks Babu,SJ, Lindner (2020)

Lyue = b1 Tr (Yr.dsvr) + hosrdstr + has Pitarhy,
+ o] T2Cobsr, + ' Tr (¥p®) TR + H.c.

SU(2), cannot be exagctas it would imply g= m,. Explicit but
small breaking of SU(2) so that realistic electron and muon

masses can be generated. Here SU(2), acts horizontally,

while SU(2) acts vertically.

/ﬁ/—j/ﬁ/—\




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

X The Lagrangian of the modebes not respect lepton numbdrihe
SU(2), limit of the model howeveespects LT, symmetryThis

allows a nonzero transition magnetic moment, while neutrino mass ~ Pt
terms are forbidden. -

v s " _ . = == ]
L ~ ~ “\ Oy é?, e ;

- 2 =

¢2f \$1 Wa/ \\ 'E _ )

NV DV N B _

Ve TR L Vy Ve L TR vy - XENONIT preferred at 90% C.L.J

x In the SU(2), symmetric limit the two diagrams add for i,
while theycancel form..

10—3" PR

A .
/=== Borexino

' /="=" T decay asymmetry

= mp-+1 GeV
mys= mp+10 GeV
my= mp+100 GeV
my= nmpr+1 TeV
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650 850
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2
My
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Babu,SJ, Lindner (2020)



Neutrino magnetic moments: a global picture

KRASNOYARSK (1992)
ROVNO (1993)

MUNU (2005)

TEXONO (2010)
LAPMF (1993)

LSND (2002)

Borexino (2017)
Gemma (2012)
CONUS (2022)

XenonNT
1(2022)

107"

10—15

yoavsl

1 0—18

10721}

Seesaw SM g Mili charged LRSM SUSY Spin - gy, Hor. symm.
SJ, POYDISCRETE20262021)037



Neutrino magnetic moments: a global picture
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Neutrino magnetic moments charged
lepton g2 correlation

V,, Magnetic Moment ] Magnetic Moment

1t
y y Aﬁ’
\::J/ el +

{ ~ 1
f {\
‘f 1

. = -'".}""-».
4 Themodels that induce neutrlno\ ) X
magnetic moments while maintaining 1 |
. > B e = ——
their small masses naturally also predjct o T E i T, i
observable shifts in theharged lepton . "

\ anomalousnagnetic moment. /

Babu,SJ, Lindner,Vishnu(2021)



Neutrino magnetic moments Muon g-2 anomaly

230—— 9 i’
55 @ P 7=
5‘ .% " ,-"' 5 ,f Y
220} 2 F ¢ / \ / \
e I | I I
2107 1, Tp M, Mg W, Hg TL U
5 @ +A
< 200 i 14 14
I ' o
= 3 2 |2 _ _ _
“‘I'g 190F il = 1 A A direct correlation betweenthe neutrino
150 [ dsi sl o bction | magneticonomentaind muong-2
170} & A Sign and strength are automatic here, no
2 controloverit.
160 L= e _ I—— ]
0.1 0.5 1 5 10 50

A A minimal unified framework ., m., (g-2). .
e [ ks, M, (9-2),,

Babu,SJ, Lindner,Vishnu(2021)



EXxploiting a future galactic supernova to probe
neutrino magnetic moments

PortoSilva, SJ, Sen (2022)
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EXxploiting a future galactic supernova to probe
neutrino magnetic moments
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Dirac neutrino magneticmoments inSne?

Ve o mB(r)
p, B(r) 0

But V,#0 AAl wayso

SN neutrino flavor conversion was thought to be insensitive to
Dirac Magnetic Moments.



Dirac neutrino magneticmoments inSne?

. d VeL VeL
11— p—
dr VeR VeR

V; + qb — 0‘ (Resonance Condition)

Vet /2 pu,B(r)
NVB(T) _é/Q

SJ, Porto (2023)




Neutrino evolution in Twisting Magnetic Fields

log(| B,¢|/ Bo)

uB(r)

[ " ] B [ e Hp — (6/2)]

u'B(r)

SJ, Porto (2023) ]
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Simplified Picture of Flavor Conversions

SN envelope Vacuum Earth

Mu self-induced
conversions

—— vacuum oscillations
B /
¥-sphere T T

(Earth Matter Effect)
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MSW A1~ resonance

MSW 417> resonance
Fe-core



Simplified Picture of Flavor Conversions

SN envelope Vacuum Earth

Mu self-induced
conversions

— vacuum oscillations
y HL/' /
v -sphere T T

(Earth Matter Effect)

ﬂ}
MSW A1~ resonance

MSW 417> resonance
Fe-core

Spin flip resonance
SJ, Porto(PRL (2024) arXiv: 2303.13572)
~ 2000 km



ve Events

Neutrino spectra at DUNE and HK
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ve Events

Neutrino spectra at DUNE and HK
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How Charged is the Neutrino?

Neutrinoscan havenonzeroneutrinoelectric millicharges The
introduction of a right-handedneutrino v; into the standard
modelbrings a new hyperchargeparameter,into the anomaly
equationsvhichdestroyghe chargequantization

S B YV o A
o A iy =)
Consequences

Chargeconservationn b-decay
Physicalconsequences chargedatoms
Anomalousmagnetionomentsf chargedeptons
Neutrincelectron/nucleoscattering

Energylossin redgiantandwhite dwarf stars

Limits onacosmologicallyinducedthermalphotonmass

o 01 & G IS

Constraints

A g, D 102 efrom neutralityof the hydrogeratom

A g, O 102 e from astrophysicalimit (from theimpactof
theneutrinostarturningmechanism)

A g, O 151 10 efrom reactomeutrinoconstraint

Studenikin (2019), Babu et al (1989), Foot et al. (1989), Sar kar et

Sﬂm)c X SU['E}L X U“]y.r,{“

Je=-1+46, Q;I:_l'l"r-w Q-==1+4¢,

Qv: = +¢p, Qv! = +tp, Qnr, = +€r

SJ, Vishnu, Klassen (2025)
FScri:-l Gauge Electric charges of Consistent with
No. Symmetry the Matter Ficlds v oscillation data?
QH = %! Qd = %
I SU)e x SUQ)L x U(1)y Qe=-1, Qu=-1, Qr=-1
Qv =0, Qv,- =0, Qu =0
Qu=3 Qu=-3
2 Sff[ﬂ:lc X SU[‘:!}L X U“]Y-I-t.ih—ﬂ,l] Qe==1+4+6, Qu=-1-¢, O:=-1 X
Qp: =1t Qun = —t ty = 0
Qu= %1 Qi= _';
3 SU(E}F X SUEE)L X U(”Yﬂtlp-f-r] @= =—1, QF =-1+ €py Qf =-1- € X
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Other electromagnetic properties of neutrino

Neutrinoscan havenonzeroneutrinoelectric millicharges The
introduction of a right-handedneutrino v; into the standard
modelbrings a new hyperchargeparameter,into the anomaly
equationsvhichdestroyshe chargequantization

S B YV o A
o A iy =)
Consequences

Chargeconservationn b-decay
Physicalconsequences chargedatoms
Anomalousmagnetionomentsf chargedeptons
Neutrincelectron/nucleoscattering

Energylossin redgiantandwhite dwarf stars

Limits onacosmologicallyinducedthermalphotonmass

o 01 & G IS

Constraints

A g, D 102 efrom neutralityof the hydrogeratom

A g, O 10%e from astrophysicalimit (from theimpactof
theneutrinostarturningmechanism)

A g, O 21 1024 efrom reactomeutrinoconstraint

Studenikin (2019), Babu et al (1989), Foot et al. (1989), Sar kar et

al .

A Evenif aneutrinomillichargeis vanishing,the electricform
factor canstill containnontrivial informationaboutneutrino
electromagnetiproperties

dfg ()
<r12i> . _6 ch ‘q2=0

A For amasslesseutrinothe neutrinochargeradiusis the only
electromagneticharacteristicthatcanhavenonzerovalue

Gf {3
4\/5%2

<T3e>SM ~ 4.1 x 107 cm?
(r) )y = 24 % 107% em?

e =2 LB ot

2
— 2log m—ff}
My

2
(rua >SM s

A The best constraints (in cm?)come from CCFR and

CHARM-II:

—2.6 x 10733 < (r2 ) < 6.6 x 107°2

Ve
—5.2x 107 < (r} ) < 6.8 x 107%

Bernabeuet al . (2000) , Hi rsch

(2020), é

e



Simplified Picture of FlavorConversions due to NSI

H-res: v, < v, v,
L-res:v, < v, v,

/  ga/)’ # O’ Err = Ecrit
\\‘\-,Fe core /
- C-res: v, < v,
SN envelope L-res(NSI): Ve <> U,

H-res(NSD: 7, < v, 1 0 d [2-Y,

Ee'r W

8 H L NSI Y
. ICE)OeI{Sm“m Km) (10° Km) H = VE‘ 0 0 0

A MSW resonances d 2—Ye d 2—Ye

(This work) Eor 7. 0 es. T,

Normal Ordering (0.1<e9, <0.33, € >107°) V3RV




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

H-res:v, & v, v,
L-res: v, < v, 1,

€aﬁ=0

gaﬁ 3& 0’ Err > Ecrit

SN envelope

C-res H L

eeeeeeeeee

time (ms)

C-res: v, & v,
L-res(NSI): v, & v
H-res(NSI): v, & v,

. SJ andPortq arXiv:2403:14762
(This work)
50 . 50 . : .
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Probing neutrino mass models at neutrino telescopes

- 10%
E Mos & m,+ = 100 GeV [ Zee Model{Y=10} + 5M + Atm BG
S M E H h 0 Zee Model(Y=0.5) + SM + Atm BG
¢ sty Muans [ B Zee Model(Y=0.25) + $M + Atm BG
i E w Bl SM + Atm BG
w9 . —. | 5 10"k e '
P <_: ——— E E_ ® C75veardua 226 BUISE
i &
h g
7, Hadronic Caoscade =
8
:
[Glashow (Phys. Rev. '60)] e

Glashn;v resonance
T
u | S
N — = 6.3 PeV
Recently observed by IceCube
[Nature 591, 220 (2021)]

o Ultra High Energy neutrinos at IceCube can probe NS| in the
Zee model

@ 7. +e — W™ — anything has a resonant enhancement at

2
Y
E, =3% =63PeV  Glashow resonance

o Since h™ and H* in Zee model are allowed to be as light as 100 :
GeV, 7, + e~ — h~ — anything is resonantly enhanced Babu’ DevSJ, Sul (PRL 2019)

e, = %ﬁe ~ 0.3 PeV “Zee burst” Babu’ DEV,SJ (I'JMPA 2020)

, Huang,SJ, Lindner,Rodejohanr{JCAP 2022)
o We have analyzed this possibility of “Zee burst” Huang,SJ, Lindner,Rodejohan{PLB 2022



N(22<log NH<25)/N(log NH<25)

MSW Resonance in Hidden Neutrino Sources

Column density Ny = f Nedr > a;l ~ 1.5 x 10** cm™* corresponds to unity optical depth.

Malizia et al., 0906.5644 (MNRAS) | Jet o Dev, SJ, Porto  2312.17315
. Broad'Line Region

by

°
s46 | Narrow Line Region _— —

Torus

e - ”
Black'hole « oY Normal Ordering
Jet '-" ——Va,;Ve
1 A

Compton-thick AGN ZVimve V¥,

* Neutrinos from Compton-thick AGNs must undergo source matter effect.
 Resonant flavor conversion, analogous to the supernova case.

Roughly one in four AGNs is
Compton thick.

Maybe the reason why most of
the HEN sources are unknown.

Can drastically change the flavor composition of HENSs.
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Summary

The theoretical and experimentalinvestigation of
neutrino electromagnetianteractionscan serveas
a powerful tool in the searchfor the fundamental
theory behind the neutrino mass generation
mechanism

Anomalouselectromagnetiqropertiesof charged
leptonsand neutrinoscan becorrelated

If neutrinos are Dirac particles possessingdarge
magnetic moments,the new resonanceeffect will

present the most optimal avenue towards
unravelling the scenarioat hand.
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Exploiting a future galactic supernova to probe
neutrino magnetic moments

PortaSilva, SJ, Sen (2022)

Successful
mai—  Explosion

+ Neutrino evolution equation:
Simulation from Garching group

« Neutrino Hamiltonian in
matter:

Akhmedov and T. Fukuyama (2003), i Am3,
Ando and Sato (2003) Resonance Condition: |5z
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