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We don’t know if neutrinos are Dirac or Majorana!
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Neutrino electromagnetic interactions

Lee, Shrock, 77°, Petcov, 77’
Effective interaction vertex between a photon and a neutrino:

Mu(q) = (vu — aug/a?) [fo(a®) + fa(@®)a*ys| —iouva” [fa(a?) +ife(d?)ys]

féi(O) =ey; charge
For ultrarelativistic neutrinos (ys — —1),

FLo) = 1 o i
fag (0) = py;  magnetic moment the charge and anapole form factors are

1 'Ei(()) =e€yf; electric moment equivalent:
fAi(O) =ay; anapole moment "2y =6 dfg (zqz) s
Majorana: e;; = pj; = €; =0,¢;; =0 T lgr=0
t€i =0
Cross section:
dﬁ;;pme ~ dj]f" after redefinition of sin® By, — sin® Oy, (1 - %qu%‘/av)

4/20



Expectations and constraints on electromagnetic multipoles

The values of the anapole and moment in the SM are small
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Current constraints lie ~ 7 orders of magnitude away from the magnetic
moment prediction, but only ~ 1 order of magnitude away from the anapole
moment
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Dark matter direct detection experiments are great

Ahlen, Avignone, Brodzinski, Drukier, Gelmini, Spergel, 1987’
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e The first dark matter direct detection experiment was able to
constrain a WIMP-nucleon cross section of ~ 10737c¢cm?
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Dark matter direct detection experiments are great

XENONNT, 24
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o Remarkably, in ~ 35 years, these experiments have improved
their sensitivity by 10 orders of magnitude!
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Anapole moment of neutrinos at dark matter experiments

We propose to maximize the sensitivity to the anapole moment of
neutrinos by combining a >'Cr source and a large volume dark matter
detector — e.g PandaX, XENONNT, XLZD

Herrera, Huber, 24’
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Anapole moment of neutrinos at dark matter experiments

We propose to maximize the sensitivity to the anapole moment of
neutrinos by combining a >'Cr source and a large volume dark matter
detector — e.g PandaX, XENONNT, XLZD

Herrera, Huber, 24’

The neutrino flux from a >!Cr source placed at 1m from the detector is
~ 20 times larger than the solar pp neutrino flux

Half-life of 3'Cr is 27.7 days — Source run of ~ 2 months
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Anapole moment of neutrinos at dark matter experiments

Herrera, Huber, 24’

! Cr source, Simulated XENONnT data, 60 tonne x source run
EXONO

|

Number of events (keV X 6t x sourcerun)~1

sin%6yy

o In absence of systematics, signal events grow linearly with exposure as
&, while

e 1-20 level sensitivity for a 60 tonne detector and a single source run,
robust against uncertainties on weak mixing angle
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Dark neutrino anapole moment

What if the measurement of the anapole moment does not agree with
the SM expectation? — a new window to new physics

Herrera, Shoemaker, In progress
Herrera, Huber, 24’
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A light millicharged dark sector allows to enhance (or suppress) the anapole
moment of neutrinos, for parameters yet untested by complementary probes.
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Dark neutrino magnetic moment
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Dark neutrino magnetic moment

Why? Magnetic moment has same chiral structure as neutrino mass operator
LD uyvrou vrRF* +m, Vi vr

Babu, Jana, Lindner, 20’
Herrera, Shoemaker, In progress

o A millicharged light sector can
enhance the magnetic moment
prediction

e Sum of neutrino masses imposes
a strict bound

107 p xmy 1 Ky me.v.x
T Dark moments 0.1eV e \10 5 Gev
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However, sizably larger values than in the SM are technically possible
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Coherent Elastic Neutrino Nucleus Scattering (CEvNS)
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Coherent Elastic Neutrino Nucleus Scattering (CEVNS)

However, for small momentum transfer g < R~ ~ 30 MeV, CEYNS

dominates over elastic neutrino-electron scatterings
XENONNT, 24’
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Word of caution: Quenching factor uncertainties

e The Lindhard model becomes unreliable for nuclear recoils
below ~ 1 keV,.

e Recent from thermal neutron capture,
photo-neutron sources and filtered monochromatic neutrons
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Current uncertainties can affect the sensitivity to light new physics by
about one order of magnitude
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New physics from CEvNS

Novel quark-neutrino interactions mediated by a new scalar or vector
— present in motivated extensions of the SM, e.g U(1)g or U(1)p_

Pospelov, 11’
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Blanco-Mas, Coloma, Herrera, Huber, Kopp, Shoemaker, Tabrizi, 24’
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XENONNT and PANDAX-4T provide similar constraints than COHERENT
for mediators heavier than ~ 100 MeV

World leading constraints for lighter mediators down to ~ 2 MeV
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Migdal, 1939
In nuclear collisions involving large energy transfer
there must occur ionization of the recoil atoms. If the velocity
acquired by the nucleus is not too large, then it can carry its
electrons off with it, and ionization takes place only in the outer,
weakly bound shells, For large velocities, on the other hand, the
nucleus recoils right out of its electronic shells instead of carrying

them with it.

Dolan, Kahlhoefer, McCabe, 17’
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Light dark matter may induce nuclear recoils below the experimental threshold,
but leaving a detectable ionization signal via the Migdal effect
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The Migdal effect in dark matter direct detection

Ibe, Nakano, Shoji, Suzuki, 17’ Baxter, Kahn, Krnajic, 17°
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e The electromagnetic signal occurs at larger energy than the
nuclear recoil signal

e Current experiments probe some thermal light dark matter
models via the Migdal effect only
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Herrera, 23’ "
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e The Migdal signal from neutrinos can overcome the nuclear recoil
signal and the electron scattering signal at certain energies:

S2 (ionization) — Migdal can dominate for energies below ~ 0.4 keV

S1+S2 — Migdal never dominates, but can induce O(1) corrections in
the range ~ 0.2 — 1 keV

17720



Blanco-Mas. Coloma. Herrera. Huber. Kopp. Tabrizi, 23’
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o The Migdal effect induces O(1-10) events in the energy region of
interest of XENONnT and PANDAX-4T
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Herrera, 23’
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The neutrino floor is ~ 4 orders of magnitude away from current
sensitivity to the Migdal effect from light dark matter

However, BSM interactions of neutrinos may induce a distinct peak
compared to the SM expectation

This peak arises from the ionization of electrons in the n = 4 shell due
to pp solar neutrinos

19/20



Conclusions

e Placing a radioactive source near a liquid xenon detector may
allow to measure the neutrino anapole moment

A 60 tonne detector required to achieve 1-20- sensitivity with one
source run

e Solar neutrino CEvNS observed leads to world-leading
constraints on new mediators coupled to quark and neutrinos

e Migdal effect already induces O(1 — 10) events at experiments

It’s a distinct channel to probe new physics from neutrinos
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Herrera, 23’

Projected Migdal rate induced by solar CEvNS in XENONNT, 5 tonne X yr
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The neutrino floor is ~ 4 orders of magnitude away from current
sensitivity to the Migdal effect from light dark matter

The Migdal ionization signal might be detectable with 5 yr exposures
at liquid xenon experiments and S2-like threshold and background

However, this relies on being able to separate the nuclear recoil and
electron ionization signal at energies of 0.1 — 1 keV
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Migdal effect from neutrino electromagnetic interactions

Herrera, 23’
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e The scattering rate has the same shape as the weak rate

e The magnetic moment interaction has an ionization rate with distinct shape,
due to the enhancement of the cross section at small neutrino energy

o A future observation of the Migdal effect may allow to reach the SM value for
the anapole moment, and to set strong constraints on the magnetic moment 20/20



Neutrino non-standard interactions:

new light mediators

o Scalar mediator:
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Migdal effect from neutrino non-standard interactions

Herrera, 23’

107

XENONIT (S2-only data)
10°

XENONIT (S2-only background

10

10!

107!

Rate [keV,.Xx tonne X yr]‘l

107%{ [==="Migdal effect from scalar mediator, g,g, = 107'%, m, 1 MeV
—— Migdal effect from vector mediator, g5, =5 x 107, mz = 0.1 MeV

Migdal effect from CEvNs

107°

107! 10°

Eet[keVe]
o For light mediators, the spectrum differs from the weak interaction one

o Couplings allowed by current experiments would induce a Migdal ionization
signal larger than the weak interaction one 20/20



Dependence of the ionization rate with mediator mass

Herrera, 23’
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e The ratio of momentum transfer and mediator mass determines the shape of
the spectrum g2/ m%/,

o For light mediators, the dominant rate arises from the pp neutrino flux, while
for heavy mediators the 8 B contribution dominates, which smoothes out the

peaks in the spectrum 20/20



A peak in the spectrum at ~ 0.1 keV

Herrera, 23’
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e New physics can induce a distinct peak in the ionization spectrum around 0.1
keV, arising from the ionization of n = 4 electrons by pp neutrinos, which is
absent in the weak interaction spectrum

e It can be hard to discriminate among different models in most cases
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