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Magnetic Moment for Massive Neutrinos
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- ap uv
» neutrinos are massless in the Standard Model
— u,ofﬁ =0

CEHOMRYPY
3 II§

» adding vg to the Standard Model generates .
Dirac mass m,v; vg which generates nonzero v,

dlag 3eGrmy ~ 20 my
Hv 8272 3x 107 (0.1eV) v

» for Majorana neutrinos, only non-diagonal elements are nonzero
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» not testable = more BSM physics required
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Sterile Neutrinos
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Active-to-Sterile Neutrino Transition Magnetic Moment
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Transition Magnetic Moment at Dark Matter Experiments

» detectors like XENONNT and LUX-ZEPLIN can record electron
and nuclear recoils

PRL 2022
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Transition Magnetic Moment at Dark Matter Experiments

» scattering targets and

detection efficiency d® do

7t = Nre(E VIE, dE,

) JepndEs
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N
Transition Magnetic Moment at XENON1T

--- Solarv  ---- BmKr W ER ® Surface = Neutron M AC M WIMP
12ixg
— B 455
---e 125] 1 SRIdata sonolll PRL 2018
10t PRD 2020 2
_ 2000
3 )
£
2 £ 1000
< &
2 12
g S
§
2
&

100)

L o
310 20 0 a0 50 60 70
cS1 [PE1

ENONIT
e

S v, coupling only
nuclear recoil

No,

1077 4

Hy Z 7 X 10_11,“8
Bl is disfavored

10-10 4

__ e
'uB_2me

101 o DARWIN. v

10712 4

Al limits at 90% CL

T T T
1072 107! 10° 10 10* 10*
Right-handed neutrino mass My [MeV]

trino Magnetic Moment Portal

Slovenia, April 2023



.
Recent Results from XENONnT and LZ
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Transition Magnetic Moment at Neutrino Experiments

Nature 2018
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e
The Model

» we consider TeV-scale scalar leptoquark S; ~ (3,1,1/3)
» assumed dominant coupling with the third family of quarks

» benefits: (i) avoiding large Yukawa suppression in radiatively induced p,,
(/i) addressing flavor anomalies

?H £51 on TIQCNR S1+ )2 Qiz’Lic SI + h.c.
ey1y? | m%
R —55—m —-
Hv 87r2m%Q b 108 m%Q

» for myg =1 TeV and y1y» ~ 0.05 we obtain s, ~ 107 15 that is in
the ballpark of previously discussed limits
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Neutrino Mass

» the diagram for u, without a photon gives the radiative contribution to
Dirac mass term m, 7 Ng -

Uy ~ Me Mypn

pg A2
—

» for p, ~ 1071 g and with EW ey 2
scale A = m,n ~ O(1) MeV : m, = M—”A’:’
and type-| seesaw does not yield s /ﬂl(Q
m, ~ 0.1 eV S

Solutions:
» radiatively induced m,n approximately cancels against tree-level y, vy /v/2

» employing the symmetry (Voloshin mechanism)
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B-meson Anomalies
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Bauer, Neubert 1511.01900
Cai et al. 1704.05849

» (i) dominant decay into v, = y; < y» and Rabineon ot al 1807 64753
v ~ O(1) with TeV-scale S; can explain R(D*))

b ———— U, N\g

» (ii) dominant decay into Ng = y1 > y» and

y1 ~ O(1) explains the anomaly : .
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Towards Smaller u,: Supernovae

» in Supernovae, sterile neutrinos can be efficiently N
produced via ve~ — Nre™ v
» properties of detected SN1987A neutrino events 7
impose that N can take as much as = 10% of € €
the total energy output
10 Magill et al., PRD 2018 (see also Chu et al., PRD 2019)
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Sterile Neutrino Production in Supernovae

VB, de Gouvéa, Li, Machado, 2302.10965

active neutrinos (flux x 107)
6p My=1MeV, d=3.56x10""*MeV~!
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> sterile neutrinos are produced in a dense T ~ 100 MeV core and, for
sufficiently small y,, leave the star without further interactions

» N — ~v decay via magnetic moment
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~v-ray Detection
» Gamma-Ray Spectrometer observed O(10%) events in At < 223 sec
following SN1987A neutrino burst

» for the future galactic SN, experiments like Fermi-LAT and
e-ASTROGAM can detect v from N decay

VB, de Gouvéa, Li, Machado, 2302.10965

cooling
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Neutrino Detection
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» no significant excess was observed by
Kamiokande-Il and IMB for E, > 50 MeV

~

» at such energies, both v and ¥ contribute

NESM = Ntargct / dE le/

v qB,dd Bv) o (Ey)
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Neutrino Detection

» constraints from Kamiokande-II and
IMB data, sensitivity projections

VB, de Gouvéa, Li, Machado, 2302.10965
for DUNE and Hyper-K cooling
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VB, de Gouvéa, Li, Machado, 2302.10965

cooling
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» multimessenger BSM opportunities for nearby supernova

» “natural” region of model's parameter space will be probed
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Summary

» Sterile neutrino is a well-motivated extension of the Standard Model
» Interaction with the SM via the magnetic moment portal

» Rich phenomenology: neutrino experiments, dark matter direct
detection experiments, supernovae...

» Leptoquark TeV-scale UV completions simultaneously generate testable
transition magnetic moments and address flavor anomalies
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BACKUP
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More Opportunities at Neutrino Experiments
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» N produced in scattering of solar or atmospheric neutrinos

» subsequent decay to SM particles
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Stellar Cooling Bounds

» in stars, transverse plasmons can decay into v + Ng

2K M2\ M2
FT:%O K2) (1+2F)0(K7MN) K = Vw? — k2

» for My < Wplasma, Plasmon decay dominate; instead, for My 2 Wplasma
ve~ — e~ Nrv is important

> .. | _/ k;zdk/ dbu wlr wT
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Voloshin Mechanism

» Voloshin (1988) proposed a global SU(2)y symmetry in
order to break the relation between m,y and p,
Nro"vy —vFa"™ N SU(2) singlet

(VE»NR) €2 = { _ L
Nrvr +vfNg SU(2) triplet

» to embed this in the leptoquark model
we add R, ~ (3,2,1/6); (§;1/3,51T) €2

» SU(2)y broken by EW gauge interactions

B 2 ,,,,,,,,,,,,, -,
Ly O MeMy N 1071 pg 1TeV
N — — wn ~ O(keV ,
pp  Ar A2 Moy = Olke )< iy A !

» with Voloshin mechanism, amount of fine-tuning
is practically eliminated
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Muon g-2

» S; coupling to both left- and right-
handed quarks is required:
in addition to y» QEL’LC SI interaction,
introduce y{ t5 e S

» due to chiral enhancement from the

top quark in the loop, small coupling
y] ~ 1073 suffices

Hr S MR

BNLg2 —+———@—+

FNALg2 +——@—+

4 420
\ v
—_— +———+
Standard Model Experiment
Average

175 180 185 190 195 200 205 210 215
9
a,x10" - 1165900

Dorsner et al. 1910.03877
Gherardi et al. 2008.09548

Hr, qr. qr MR

PortoroZ, Slovenia, April 2023

The Neutrino Magnetic Moment Portal



Towards Smaller 1,: Cosmology

» relativistic Ng contribute to N
» Ngr — v inject extra photons into the Universe

_ 2 3
TN =~ 3760 sec <10;%) (MM—GA\I/)

VB, Greljo, Kopp, Opferkuch, JCAP 2021
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Towards Smaller 1,: Cosmology

VB, Greljo, Kopp, Opferkuch, JCAP 2021
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» limits are strong but are removed if TRy < Tgec since then Ng have
never been in thermal equilibrium

- 2
Taec =2 128 GeV (1020 )
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Sterile Neutrino Production in Supernovae

VB, de Gouvéa, Li, Machado, in prep.

1 8 8 d./\/’s dn,, p active neutrin()s(ﬂu‘):x I()’T)
— Y = = O0Ne—— My=1MeV,d=3.56x10"""MeV~
4mr2 or ot dEN N dE Mi:l()l) MeV,d=1.55x10""MeV"'
Ls
2 =
» o x =]
My =
N
» data associated to a Garching Z 3
group simulation of a 8.8M, 5
progenitor star is employed 2
o 507100 150 200 250

E[MeV]

> sterile neutrinos are produced in a dense T ~ 100 MeV core and leave
subsequently the star without further interactions
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Sterile Neutrinos Decaying to «-rays and Neutrinos
M= 2 u2M3

2ENE,,, — M¥ (flavor universal)

CoOsty = ——F———
2B,/ EY — My 7 VL? _
s BT
0 e a
At = Ly/B+ Ly — dgn dsx ©
Earth

VB, de Gouvéa, Li, Machado, in prep.
Dgsn = 51.4kpc

My=30 MeV, d=3x10"""MeV~"

1073 My=200 MeV, d=10""MeVv-!

dN’Y/V N e~ Rsn/Lyn _ o—L™*/Ln dN
dE, ,dA "~ 4mdiyEn dEy
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c [ ;
= E/o dz(1+ z)n.(z)

VB, de Gouvéa, Li, Machado, in prep.
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KamLAND
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