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Current knowledge of neutrino oscillations
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2. Neutrino flavor oscillations have been firmly o

established and it can happen only if neutrinos /N

have non-zero masses. }n’?
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3. All three mixing angles and two mass
splitting have been measured with few percent

precision. . Neutrino properties?
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Neutrino electromagnetic properties

* In the Standard Model, neutrinos do not have -
direct coupling to photons. magnetic

and electric

dipole

* Quantum loop corrections can induce moments
electromagnetic properties of neutrino.

* Study of neutrino electromagnetic interactions o 7
: E CHVEI0 Neutrino Neutrino
may shed light on the underlying theory. sterile EN e L
transition

properties charge

dipole portal
 Anomalous electromagnetic properties of

charged leptons and neutrinos can be
correlated.
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Charged lepton magnetic moments Neutrino magnetic moments

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

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

‘w

A o
[DETECTION OF THE FIRST NEUTRINO IN NATURE]

Frederick Reines ° e
A ND PR‘LT)\I"RIET‘\R\ MINE

1995 Nobel Prize in
Physics

for his co-detection of
the neutrino with Clyde
Cowan in the neutrino
experiment.

« Cowan, Reines and Harrison set an upper limit in
the process of measuring background for a free
neutrino search experiment with reactor
antineutrinos.

PHYSICAL REVIEW VOLUME 96, NUMBER 5§ DECEMBER 1, 1954

Upper Limit on the Neutrino Magnetic Moment*

C. L. Coway, Jr,, F. Remvgs, Axp F. B, Haxrisox
Unisersity of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico

(Received August 18, 1954)

Aliquid scintillation detector and neutrinos from a fission reactor were employed to set a new upper limit
of 107 Bohr magnetons for the neutrino magnetic moment.
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*The quest for measuring neutrino magnetic moments M, < 2.7 X 10'1;’ Hg
was begun even before the discovery of the neutrino. K, < 1529 2 18‘10 Mg
lJ'v< Yo g p‘B
———— Reactor < W, < 2.0 x 1010 g
) i IDETECTION OF THE HYRORSELIEL'TRIN'OVIN NATURE| “v < 29 X 10'11 UB
Frederick Reines : - CONUS (2022): W, < 7.0 x 101 g
1995 Nobel Prize in
Physics —
for his co-detection of
the neutrino with Clyde -10
: : M, <7.4x10%pg
C h v
el Accelerator < L < 6.4 x 109}
e
/"

» Cowan, Reines and Harrison set an upper limit in U< 2.8 x 101 g
the process of measuring background for a free Solar < . xENONIT (2020): W~ {14, 2.9} x 101,
neutrino search experiment with reactor L
antineutrinos. P N

Excess between 1-7 keV
PHYSICAL REVIEW VOLUME 96, NUMBER 5§ DECEMBER 1, 1954

285 events observed
Vs,

Upper Limit on the Neutrino Magnetic Moment*
232 (+/- 15) events expected (from best-fit)

C. L. Coway, Jr,, F. Remvgs, Axp F. B, Haxrisox
Unisersity of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico Would be a 3.5¢ fluctuation

(Received August 18, 1954)

waive estimate - we use likelihood ratio tests for main analysis)J

Aliquid scintillation detector and neutrinos from a fission reactor were employed to set a new upper limit i
of 107 Bohr magnetons for the neutrino magnetic moment. XENON Collaboration,
E. Aprile et al. (2020)
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Neutrino Maanetic Moments:

from astk
-3
Photons in the plasma of stellar environments can

decay either into vv for the case of Dirac neutrinos or
Into v v, for the case of Majorana neutrinos.

r - Wﬁzr_’ LT W

L .

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

g —_ ol

The best limit on p, arises from red giant branch of
globular clusters: p, < 1.5 x 102 pg

- W 4 e
- «

- = .

Cosmological limits arising from big bang
nucleosynthesis are less severe, of order 1019 pi



Neutrino Magnetic Moments:
from astrophysics and cosmology

| | Neutrino Trapping Mechanism
Photons in the plasma of stellar environments can

decay either into vv for the case of Dirac neutrinos or » Constraints from astrophysics may be evaded if the
Into v,v, for the case of Majorana neutrinos. plasmon decay to neutrinos is kinematically forbidden.

If such decays occur too rapidly, that would drain

energy of the star, in conflict with standard stellar
evolution models.

The best limit on p, arises from red giant branch of

globular clusters: p, < 1.5 x 102 pg - - e Babu, SJ, Liindner (2020)

. Medium-dependent mass of the neutrino in 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 order 1010 g

» For phenomenological implications, see Parke et al.
(2018), Smirnov et al.(2019), Babu et al. (2019)



Neutrino magnetic moment — mass conundrum

The magnetic moment and the mass operators are both
chirality flipping.

By removing the photon line from the loop diagram that
Induces p, one would generate a neutrino mass term.

In absence of additional symmetries (and without severe
fine-tuning), neutrino masses are several orders of
magnitude larger than their measured values, if p, ~ 10!

Mg,

M?p,

2 meUg

m, ~ 0.1 MeV for M~100 GeV and p,~10711 g
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Neutrino magnetic moment — mass conundrum

This conundrum was 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), Aknmedov (1988)

In the late 1980°s and early 1990°s there were significant
theoretical activities that addressed the compatibility of a large

m, |imit Exp. Sensitivity
|

i ‘ /o

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.

1%

o

vV
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Neutrino magnetic moments in beyond
the Standard Model

SM + v,

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.

Y eGrm, o my,
= —3%10 ( )
In the SM T s P \ore
MEM ~ 10720 Up K. Fujikawa and R. Shrock (1980)
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Neutrino magnetic moments in beyond
the Standard Model

SM + v,

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

e E + mUnve + He

7
oo ()
In the SM fhy = — :3><1020u3( )

8\/5%2 0.1eV

K. Fujikawa and R. Shrock (1980)

pM ~ 10720 pg

Left-Right Symmetric Model

Right-handed neutrino couples to a W, gauge boson,
which also has mixing with the W boson.

W 4 sin 2&

2\/_7r

Czakon, Gluza, Zralek (1999)
Giunti and A. Studenikin (2014)

v [ lp VRr

This mixing angle 1s constrained by muon decay
asymmetry parameters, b — sy decay rate, indirect LHC
limits leading to a limit i, < 101 pg
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Neutrino magnetic moment — mass conundrum

SM + v,

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

eGrm, —20 My
= I ey (
&
Ly, DL VR

K. Fujikawa and R. Shrock (1980)

In the SM
pM ~ 10729 pug

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 1Crt® MUp

pr, ~ N?/(167°)mg Ay /M

Left-Right Symmetric Model

In left-right symmetric models, the right-handed neutrino couples to a W, gauge boson, which
also has mixing with the W boson:

Grmy
by, =~ sin 2&
d 2/ 272
WL PP‘\PP‘ H, < 105 pg
> ——> -~ Czakon, Gluza, Zralek (1999)
V / ] v Giunti and A. Studenikin (2014)
L L R R

Majorana scenario
If neutrinos are Majorana particles, their transition magnetic moments resulting from Standard
Model interactions is given by

_ 38GF
His 324/272

At most of order g, ~ 102 u,

2
m
(m; =m;) Uy Up; —&

E=€,ﬂ.,1’

P. B. Pal and L. Wolfenstein (1982)
For a review, see Giunti and A. Studenikin (2014)

Clearly, these values are well below the sensitivity of current experiments!
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Neutrino magnetic moment — mass conundrum
A. Spin Symmetry Mechanism

* In renormalizable gauge theories there are no direct e e
couplings of the type yW+*S-. ve Z ZIN
« As for its contribution to m, for transversely R
- = c H%" B W
polarized vector bosons, the transition from spin 1 to e %?
spin 0 cannot occur. Only the longitudianl mode, the ) = ’ ; : {

Goldstone mode, would contribute to such
transitions.

« This implies that in the two loop diagram utilizing the
yW*S— for generating p, if the photon line is
removed, only the longitudinal W= bosons will ,
contribute, leading to a suppression factor of m2/m,,? ey e

1 1 Hyo vy X107 [p25] Hyo X100~ (125

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 ~ 1072 u,
Sudip Jana | MPIK Heidelberg 15



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

e

y

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

\

e

The mass operator, being a Lorentz scalar, is symmetric, while the magnetic
moment, being a Lorentz tensor operator is antisymmetric in the two fermion
fields.

~

i

In 1988, Voloshin proposed a new SU(2), symmetry that transforms v into 1¢.

~

/

A neutrino mass term, being symmetric under this exchange, would then be
forbidden by the SU(2), symmetry, while the magnetic moment operator, v’
Co ,,v°F#¥is antisymmetric under the exchange.

N

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

Sudip Jana | MPIK Heidelberg
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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(2), x U(1), x SU(2),, as follows:
families can serve the same purpose, as such a symmetry
commutes with the weak interactions. s (ve vﬂ) (2.~ L 2
) e unj), o
Yr = (e MR (1,—1,2)
- ipn . - o o | ?f)gL = (VT) (2,*£,1)
Our simplification is that the symmetry is only approximate, T 2
broken explicitly by electron and muon masses. _ TR (1,-1,1)
| Higgs sector: R
| Qﬁs:(zg) (2,1, 1)
The explicit breaking of SU(2),, by the lepton masses is i — ( ] ) 2 1,2)
analogous to chiral symmetry breaking in the strong _¢>(1 - &2 & i
interaction sector by masses of the light quarks. s - " "Babu, SJ, Lindner (2020)
Lyux = ha Tt (Yrosr) + hotbsppsr + hahsL Pirathy
I ! T
SU(2),; cannot be exact, as it would imply m, = m .. Explicit but HinmYrrCiss + f'Tx (br@) 7 + Hee.
smaII breaking of SU(2),, so that realistic electron and muon -
masses can be generated, Here_ SU(2),, acts horlzc_)ntally,
while SU(2), acts vertically.
17
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B. SU(2),, Symmetry for Enhanced
Neutrino Magnetic Moment

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

SU(2), limit of the model however respects L, — L,, symmetry. This

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

** In the SU(2),; symmetric limit, the two diagrams add for ,,,,,
while they cancel for m,.

I

. 1 [ m, 1 m,
o = gt <1 (1)

Sudip Jana | MPIK Heidelberg

| ff "sin 2|

/ 4
- / A .
//,: /= == Borexino

/=== T decay asymmetry

10-3—

XENONIT preferred at 90% C.L.J
R myye= mpe+1 GeV
W e = e+ 10 GeV

my= mp+100 GeV
my= nmpr+1 TeV

L 1 M M 1 M L 1 M
450 650 850

mpy+ [GﬁV]

" 1 "
250

Babu, SJ, Lindner (2020)
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Neutrino magnetic moments: a global picture

yoavsl

107"

10—15

1 0—18

10721}

Seesaw

KRASNOYARSK (1992)
ROVNO (1993)
MUNU (2005)
Ei’;ﬁl;%(;g)“) Borexino (2017)
Gemma (2012)
LSND (2002) T XenonlT
' ' ' ] ' (2020)

SM g Mili charged LRSM SUSY Spin symm. Hor. symm.
SJ, PoS(DISCRETE2020-2021)037
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Neutrino magnetic moments: a global picture

yoavsl

10—12
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MUNU (2005)
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Gemma (2012)
LSND (2002) T XenonlT
' ' ' ] ' (2020)

Seesaw
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Neutrino magnetic moments — charged
lepton g-2 correlation

Vu Magnetic Moment ] Magnetic Moment
y y &ﬁ:}.’
L @ ..,.":{"- N r}:
f{ 1*\
Vi Ve & % N
V” & T; vt’:
¢
~ . AU
The models that induce neutrino ) X
magnetic moments while maintaining i |
- - »— B P a2
their small magses_naturally also predict i o T E
observable shifts in the charged lepton . "

\ anomalous magnetic moment. /

Babu, SJ, Lindner, Kovilakam (2021)
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Muon g-2 anomaly: experimental status

Before Fermilab muon g-2 announcement: After Fermilab muon g-2 announcement:
Fermilab Muon g-2 Collaboration, B. Abi et al. (2021)
Keshavarzi et al 2020
DHZIO  ——— M @
[l —
Fermilab
HLMATIL —— result e
gl — |
4.2 sigma
DHMZ1Z? —_——
KNT18 —_— < >
— =8
DHMZ19 ——— Standard Model Experiment
Prediction Average
KNT19 —_—
BNL 175 180 185 190 195 200 205 210 215
180 ﬁ|_ 9
BNL (x4 precision) 5o | ol &, % 10 - 1165900
160 110 180 190 200 210 no
116591810(43) SM
My 1010y ; g — ;
(" x 10%) - 11659000 107y {116592040(54) Exp |

e . :

116501810(43) SM

11

0"a, => g, =22 -2, =279(76) x 107 |30

| 116592089(63) exp

T. Aoyama et al. (2000), G. Bennett et al. (2006)
Sudip Jana | MPIK Heidelberg 22



Neutrino magnetic moments — Muon g-2 anomaly

230 , ¢ :
5 —: g0 y e LW P O
He % I A \ i \
220t z E & ] / ! ! \
o ' I I 1
2107 u, Tp Mo Mg W, Ug Ty Hp
. ‘1)
< 200 | : ! :
| = % ]
- N Z S '
T 190} + SEE |~ I . : :
S| = 1 e+ A direct correlation between the neutrino
1801 : el e magnetic moment and muon g-2
170} & ] - Sign and strength are automatic here, no
; g control over it.
160L= — —
0.1 05 1 5 10 50

* A minimal unified framework: u , m , (g-2),.
Hy, v [7557] .

Babu, SJ, Lindner, Kovilakam (2021) Sudip Jana | MPIK Heidelberg 23



EXxploiting a future galactic supernova to probe
neutrino magnetic moments

A core-collapse supernova offers an excellent astrophysical laboratory to test non-zero neutrino magnetic moments. In
particular, the neutronization burst phase which lasts for few tens of milliseconds post-bounce, is dominated by electron
neutrinos and can offer exceptional discovery potential for transition magnetic moments

The evolution of neutrinos and antineutrinos in the

presence of a finite transverse magnetic field: . AR | v,} ’T:F
14} , = Vg
d (v H, B M\ /{v I - 7 RSPP-H ]
Gl B - 102} e ;. | f
§ gy et { e 8 e —he ]
| 0 0 0 V., 0 0 “éu o e MSVH A e h —
HL" = EU D &m%l U UT —|— D -II;‘.;,H D 94_ f*’ i “E 1‘:'-—--| = i
0 0 &mgl 0 0V, 9.2} ‘ ',‘-:_:'_j.::':swh
e T ol N
e T TN S S T g~ RFPL e
0 pep Her play L o e '
T = || =i T 0 5 10 15;:(51 u)?ﬂ 25 30 35
—Her —Hur 0 -
Akhmedov and T. Fukuyama (2003), ' Porto-Silva, SJ, Sen (2022)

Ando and Sato (2003
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EXxploiting a future galactic supernova to probe
neutrino magnetic moments

L W .
20 DUNENO) | ]
E o 400} s 9
E 157 — By = 2%107 G 1 = — 1By = 2¢10°G 10~
= — jtsBo = 107 G ;: 300k _mB= 107G 10-10 CONUS Horizontal-Sym.
a8 | @ ] Borexino Gemma Xen:% 1T
E 10 5 200l 10! I T Astro I_
53] [_'T: - 10-12 DUNE Spin-Sym.
3t 1 100} ! 10-13 I e I
ﬂ: —— ] u ] o
i) 10 15 20 25 30 35 40 5 10 15 20 25 30 33 40 10713 Millicharged LRSM SUSY
E; (MeV) E; (MeV) g 10716 I I —'r
3 e (e i EIO‘?‘
I 1500f 1 10-18
25 DUNE(I0) ] HE(10)
C I —prBg =0 — By =0 10719
= 20F — pivBo = 25107 YR G c — 1:Bo = 2410756 20 M1y
:-!Z f — pirBo = 107G = 1000y — 1By = 10-% G ] 10
75 —— A e 07
I > 1022
- lﬂf =500} i 102 Seesaw
5F 102
SRSV - M ]
3 10 15 20 25 30 35 40 5 10 15 20 25 30 35 40 POI"[O-SIlva SJ. Sen (2022)
] ]

E; (MeV) E; (MeV)
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facilities.

Active to sterile transition magnetic moments

Triggered by the several anomalies such as XENONIT and the long-standing
MiniBooNE anomalies, the magnetic dipole portal linking the active and
sterile neutrinos has been recently received attention and studied at various

1

LEP

10
—
1]
2
3 il
Xenon
3 -8
10
= | BN L
10

SN-1987 95% C.L,

%, " = FASER)2

'\ “FLAIE-10
% = FRAAAOF,

10°

My [GeV]

i

10

10

ﬁdi}poﬂe D) 5#35’55#VNRF;W

L Wl e
3 AR
10 J 3 3
E
-
=10 1
31
g
5 CHARMI
&7
kil A Y '.
I | 5| =" FASER(}
TG ke Mook -— F.E:ArE-IU'._'
SN-197 95% C.L, " ' FLACE-100°
= = ~| R
10 10 10 10 10
My [GeV]

—f

10

LEP

“— FASERY

—— FLAEID

4| = FLAGE-100

10" 10
My [GeV]

i

10

|

For other works on dipole portal in different contexts, see S. Gninenko (2009, 2012), Magill et al. (2018), Schwetz et al. (2020), Brdar et al. (2021), Shoemaker et al. (2021),
Bolton et al. (2021), Miranda et al. (2021), Zhange et al. (2022), Jodtowski et al. (2020) ...
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Active to sterile transition magnetic moments

The EeV cosmogenic neutrino flux, though uncontrollable, represents a new
energy frontier with collision energies much higher than what has been achieved
by colliders. With this energy frontier, UHE neutrino telescopes have many
advantages in probing certain new physics processes.

Primakoff production of heavy sterile

neutrino via nu transition magnetic moment

\

Sudip Jana | MPIK Heidelberg

1072°

E, (GeV)

v (ip)

LHC d,z

LEP d,z

mpy (GeV)

Huang, SJ, Lindner, Rodejohann (2022)
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Other electromagnetic properties of neutrino

Neutrinos can have nonzero neutrino electric millicharges. The
introduction of a right-handed neutrino v into the standard
model brings a new hypercharge parameter, into the anomaly
equations which destroys the charge quantization.

e T a, TR

Consequences:

Charge conservation in p-decay

Physical consequences of charged atoms

Anomalous magnetic moments of charged leptons
Neutrino-electron/nucleon scattering

Energy loss in red giant and white dwarf stars

Limits on a cosmologically induced thermal photon mass

O U1

Constraints:

* (, ~ 1072! e from neutrality of the hydrogen atom

« ¢, < 10 e from astrophysical limit (from the impact of
the neutrino star turning mechanism)

* (, < 15x10 e from reactor neutrino constraint

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

Even if a neutrino millicharge is vanishing, the electric form
factor can still contain nontrivial information about neutrino
electromagnetic properties.

dfg(q*)
<r12;’> = _6 .ffq |q2_=n

For a massless neutrino the neutrino charge radius is the only
electromagnetic characteristic that can have nonzero value.

l?
mj

— 2 lﬂg —2] .

s

s g
(2 )en = s |3
SM 4 /22 =

{2 by = 4.1 % 107% cm®

{2 gy = 2.4 % 10~ em®

Ir"lu.

2 K 33 .2
Mo dgy = 1.5 x 107 em®

The best constraints (in cm?)come from CCFR and
CHARM-II: _a3 : 33
=52x 1077 < {ry, ) <68 x 1077

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

The theoretical and experimental investigation of
neutrino electromagnetic interactions can serve as d
powerful tool in the search for the fundamental theory
behind the neutrino mass generation mechanism.

®  DMiti chged LIRS SUSY Spn sy Hosyun

Anomalous electromagnetic properties of charged
leptons and neutrinos can be correlated.

BNLES21
Fermilab ‘21

BBN
=
)
£
g TEXONO

LHC (f},z E 170 §
£ 3 g
7L LEP4 N 160L=
1077k l?’z : , ] 0.1 05 1 5 10 50
1 10 102 103 10? 108 Hy,ve [1%m]
my (GeV)
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