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MAIN MESSAGE

* neutrinos can have parametrically
enhanced polarizability

® probe nonminimal neutrino models
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NEUTRINOS AND NEW
PHYSICS

e neutrino masses = potentially a sign of new see saw scale
e Majorana neutrinos <& Weinberg operator

LDy (L{HTHTLj)/A.

PRGNS

e however, could as well be Dirac

® renormalizable interactions, no new scale

LD Yij (ﬂRiHTLj)

e in the remainder of this talk assume v are Majorana
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NEUTRINO-PHOTON
INTERACTIONS

e situation different for v—photon
interactions

e if discovered = immediately imply
existence of a new scale

v dipole
moments /—\
(5)

X € 1% 1 — — 1%
LEFT D Z j\J Q2 VZO"u PLVj)F/,Ll/ + 5 Z (ViPLVj)F;u/FM

1>7 1,J -
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| A73] . (%PLI/J')FMVFMV +h.oc.+---,

(v polarizability)

L aecamamtesssma
\ o ——————SeSSSERTTCC
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NEUTRINO DIPOLE
MOMENTS



NEUTRINO DIPOLE
MOMENTS

¢ somewhat more conventional notation

Lot D Z V)i (Bio Prv;) F, + h.c.,
1>
e La complex 3x3 antisymmetric matrix
., ¥ T yelect. dip. mom.
A\ = M — 1d e
v magn. dip. mom.\_/“‘"
e relation to EFT notation o)
_ 135 €
S
e Borexino bound ' < 2.8 - 107! Bohr magneton
o for CP)=A 2 10°GeV

e sounds impressive, but A really an effective scale
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NEUTRINO DIPOLE
MOMENTS

e generically the same loop contributes to neutrino masses

e NDA scaling

(5)
Cl,z’j € N YiY; v?

A 4x2 "~ 1672 M3

2
YiY; v YilYj
~ = 0.05 eV .
1672 M ' (M/7.7-109 TeV)

Yils
(M/2.4 TeV)®’

=28 x 107 up

my

e = for v dipole moments to be observable in the near future

e loop contrib to v masses need to be suppressed
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n , e e 4 ?
e generically the same loop contributes to neutrino masses

e NDA scaling

5
C£z)g € Neyiyj v
A 4rn? 1672 M3
2
YiYy; v YiY;
L~ = 0.05 eV :
" 1602 M T (M]7.7-10° TeV)

YiYj

=28 x 10711 ,
" (M)2.4 TeV)?

e = for v dipole moments to be observable in the near future

e loop contrib to v masses need to be suppressed
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ENHANCED NEUTRINO
DIPOLES

e the Voloshin mechanism Voloshin, Sov. J. Nucl. Phys. 48 (1988) 512

e use the symmetry properties under flavor exchange

1 o
LD —§(m,,)7;jl7iPL1/j + h.c.. Left O Z ’&J (Dio PLVJ)FMV + h.c.,
z>J
B anaamai e

e mass term symmetric: V;P;v; = + U;Pry,

. . e = MD TR (2 —_ MU
o dipole antisymmetric: ;P 0""v; = — U;P1 o™y,

e explicit realization: approximate SU(2)u Babu, Mohapatra, PRL 63, 228 (1989)

. Babu, Jana, Lindner, 2007.04291
* (v,,v,) doublet, v, singlet

i i D.oMY ]
e alows for nonzero v, — v, dipole, ;6" Pv;e

e neutrino mass term vanishes, Dv,c¥ = 0

® U,, U, neutrino masses proportional to SU(2)x breaking
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NEUTRINO
POLARIZABILITY



POLARIZABILITY

e the name borrowed from physics of NR nucleons
* nucleon polarizability signal of its composite nature

® two photon interactions given by

e similarly define for nonrelativ. neutrinos

. — . - magnetic scalar
LNR = 27 aEl,iEQ + BMl,z’Bz) ®1,,. polarizability
Mx
electric scalar o )

polarizability apli = Bmii = 5533501
i —

* nonzero neutrino polarizability a signal of new off-shell states

coupling to neutrinos

® loop level or tree level
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e similarly define for nonrelativ. neutrinos

. — . - magnetic scalar

LNR = 27 OzEl,iE2 + ﬂM1,¢B2) X 1,,2.. polarizability

electric scalar ',Z”‘?
polarizability apli = BMii = 242 A3 Cl,z‘z"

e nonzero neutrino polarizability a signal of new off-shell states

coupling to neutrinos

® loop level or tree level
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ENHANCED POLARIZABILITY

e two crucial differences with respect to v dipole moments

e v polarizability exactly the same flavor symmetry
structure as m,

e = v polarizability always suppressed by m,

e only way to enhance it by lowering effective scale A

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

e sample toy model

Q0 c ~ 1 ..
¢F,, F* — S—Wf—;quWFW + 56 (7iPrvj) ¢ + hee..

@ Cy

Lint D —
nt 127T qu

J. Zupan Neutrino polarizability 11 6th Trilateral, Ljubljana, Dec 20 2022



Vg
ENHANCED POLA > y
e two crucial differences with rest

Vo
e v polarizability exactly the satve e —

structure as m,,
e = v polarizability always suppressed by m,

e only way to enhance it by lowering effective scale A

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

e sample toy model

/

« C a C ~ 1 ..
Lint D — LoF, F* — —LoF,, F*" + ~c (7; PLy; h.c..
e e
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NEUTRINO POLARIZABILITY

e for heavy enough ¢ masses

e ¢ integrated out = EFT description

(7) (7)
Clij _ g, 1 Cajij _ dig Lo
A3 g ’Yméfqb A3 Y Vm?bfqg

® in concrete models expect ¢, « m,

o effective scale A small if m light and/or f, small

e whether EFT description appropriate depends on
the typical energy of the process
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NEUTRINO POLARIZABILITY

Process Cg) /A3 (GeV™3) EFT thr. (GeV)
BBN — ~ 1073
v decay 1.2 x 101! ~ 10710
v self-interaction — ~ 107°
HB star 1.9 x 106 ~107°
SN1987a, — ~ 107}
Borexino 1.5 x 103 ~ 1074
Xenon-nT 0.5 x 103 ~ 1074
MiniBoone 4x 1073 ~ 1
BaBar 0.2 ~ 10
0 = yy = vr 4.7 x 103 ~ 0.1
BY = vy — vv 3.7 x 10* ~ 9
h —~yy — vv 1.2 ~ 10?
). ZUpan INeutrmo-pererZanITTy—— > OrtrIATeratEubLana, Lec U 2022




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

U(1), x U(1)
® exp. constraints
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MINIMAL SINGLET MAJORON

_ 1 _
o SM+ NptS5: [ — —LyNRH — §N§)\NRS—I— h.C.,

e spontaneously broken L number S = ( fo+ 0+ i®)/ V2

e pNGB ¢ : majoron — T

® mass term introduced as free parameter, explicit breaking

® tree level coupings to neutrinos

1P _
LoD o (my)igliysvy + -
2f¢

B ———
e one loop to quarks, leptons = requires large f,

Heeck, Patel, 1909.02029

e two loops to gluons, photons + additionally suppressed by mq%/ mfl2

e leads to highly suppressed neutrino polarizability
a mim,

5)
C5) ~
3
12 my fg
W
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MAJORON AS A QCD AXION

color octet scalars

color octet fermions color singlet scal
L=0, ew. doublets oM alar

L =1, ew. singl. ) -—-—i-—-—- /\ L=2, ew. singl

o SM+ ¥4 + ®*+S
e = U(l); anomalous under QCD

Ma, Ohata, Tsumura, 1708.03076

® majoron is the QCD axion ,, » ~ 6keV x ( 11ev )

fo/ (3an)

e couplingsto i _ (M) SR

neutrinos still fo

M

e couplings to photons
from QCD anomaly

7_20><3an
oo

* neutrino polarizability Z

7

cé,z)] . (mV)Zijy . 1 J 1 (’I’)’I,l,),,,.7 ______
— =~ X X .

A3 f¢ 81 GeV ny 0.1eV

?qa-—-—-—--—f e Va
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MAJORON AS A QC IR NY

color octet scalars

color octet fermions color singlet sc
L=0, ew. doublets oM 5

>
L =1, ew. singl. ) —-—i—«-—.. /~ L=2, ew. sing] L° A
IRRRRsm—————

o SM+ ¥4 + ®*+S
e = U(l); anomalous under QCD

w

® majoron is the QCD axion  m, ~ 6keV x ( 11ev )

fo/ (3nw)

neutrinos still fo

W

e couplings to photons
from QCD anomaly

v =

. ~20 X% 3nyg.

* neutrino polarizability Z

7

cé,z?y . Z(ml/)wcfy ~ 1 J o 1 « (mv)m ______
3 2,.,2 .

A femy 81 GeV ng 0.1eV

RS —sestanmsteEp@ERTT Vo
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INVERSE SEE-SAW MAJORON

: 0 Mp O
o gt
mver?e see-saw . M = Mg uR M]—Vr |
neutrino mass matrix
0 (MN pr
® majoron coups. -
to v still ¢ = —i (”}”)” . xS = ¢
¢

e however Jf can be small, even O(eV')

e if extra L = — 1 states that couple to S
e = majoron couples to photons

e e.g. for extra ew triplets that obtain mass from ()
(7)
C

2,ij .(mv)ijclv .9 (mu)ij”\l'sgu

=1 =1
3 2,02 2.2
A fomi 8 fgmy

_ 1 °/100GeV\? [1keV\? (my)s;
~1 X X Ny X .
7.3 GeV fo Mg 0.1eV

e Emmaeee

e note: this requires f, 2 few 100 GeV
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U(l); X U(l)' INVERSE
SEE-SAW MODEL

e two global groups U(1); X U(1)’
e —>two pNGBs
® ¢ couples to U's
® ¢’ couples to y's

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

e for my, <K My,

57 ] 1 \*/100GeV [1keV [ 1keV > (mw)ig
~ X Ny ChSy X .
A3 16 MeV fqlb f¢ meg, 0.1eV

"o note: that Jo < J,now allowed
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PHENO CONSTRAINTS

1 T T T T T T T T T T T gqb,y — ’Y
2T fo
L acaamateamama
0.01F |
c,) = 1€y, 04j,
10~k 8 ———e
Terrestrial
Cy 10_6_9 Star Cooling -
2
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10—10_
$
10—12 : l : l . | : | .
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PHENO CONSTRAINTS

My = 1 keV /
l——r I T T T T T T T T Iy = a C’)’
7 2T f¢
0.01F 0.01F . e st
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PHENO CONSTRAINTS

My = 1 MeV C,
l_l' 1 X 1 I | : : : . I —_7
. \ r fc,b
0.01F 0.01F 0.01F Cosmo ———
8 %’
10~4F 1074k 104+ y
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g 3
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PHENO CONSTRAINTS

m¢ — 1 GCV
1_,. 1_'_ 1_ 1 T T T T T
001k 0.0l1F 0.01F 0.01}
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TERRESTRIAL CONSTRAINTS

0.01 0.01

z ~ i
g ”
10—10 """"""""""""""" 5 B : IT B
U(1), x U(1Y g | U1y, x U1y E
region | 2 , region | : ¥ :
10_12 . Dhppeeeeeenminy L) L . L ' . L I "
10712 1071 10 10® 10* 0.01 1 1074 0.01 1
oy (GeV1 24y (GeV ™D
B e e e
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FUTURE

e future improvements/questions in
direct searches

® MiniBoone anomaly from neutrino
polarizability v — N transitions?

¢ improved XENONNT constraints

® searches for neutrino polarizability at
DUNE
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CONCLUSIONS

* neutrino polarizability an interesting
probe of light NP

e can be enhanced in non-minimal
neutrino mass models
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MAJORON AS A QCD AXION

: Ma, Ohata, Tsumura, 1708.03076
color octet fermions

L = 1, ew. singl.
color octet scalars

o SM—l— \PA -+ @A_l_s L=0, ew. doublets

color singlet scalar
L=2, ew. si

e = U(l); anomalous under QCD
® majoron is the QCD axion

* neutrino masses loop generated,
m,, f(ﬁAM(%/M(%

o My ~ ygf,=f, 2 O(1TeV)
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