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A review is given of the theory and phenomenology of neutrino electromagnetic interactions, which
provide powerful tools to probe the physics beyond the standard model. After a derivation of the general
structure of the electromagnetic interactions of Dirac and Majorana neutrinos in the one-photon
approximation, the effects of neutrino electromagnetic interactions in terrestrial experiments and in
astrophysical environments are discussed. The experimental bounds on neutrino electromagnetic
properties are presented and the predictions of theories beyond the standard model are confronted.
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A shatt review on A nentring magnetic mament is presented.

Nentrino magnetic moment: a window to new physics

Todvoifetiore Experimental oo Lheorelical
stucies of flavewr conversion in solar, atman-
spheric, renctor ol aceclerator nenleing Dixes
glve strong evidence of non-zero nentring mass,
A massive neutring can have pon-Lrivial clectoo-
magnetic propertics (1, For a recent review an
renbring eloc renmgnelic praporties see (2]

The neurrino dipole magnetic moment (along
wille Lher elecieie dipole mmmenl) is U meos) waell
studied among neutrino electromagnetic proper-
Vivs, Ul ellective Lagrangian, thal is inchoe of
a neutrino coupling T the electromagmetic feld,
e i wrillen in Lhe foein

1 R
Line = ¥l + cigis iy FEI e (1

where the magnmetic moments g, in the pres-
[Crent nenlbring st

cace ol mixing betwoeen d

are agsociabed with the neatring mass sigenstat
e lae interplay Between magnetic moment
nrpertant, Note
i o alse con

and nentring mixing effects
that clectele (transition) mome
tribute to the conpling

A Dirac neutrine may have non zero diagonal
elen moments momodels where O F braariance
is violotod, For o Mojorana neuteine the diagonnl
magneric and electtic momenrs are zera, There-

Tore, neutrine maguelie moments cau be wsed Lo
dlistinguish Tirae and Wajorans nenrrines (see [3]
and also 2] for a cetailed diseussion).

Neweheina anagre e numend in o neivimal ere

. 2 .
actly accounts for a; = 49 il = e, p, 7}, leads
i

the folloring vesalt [1]

It

o ,m,(l Dy N i, 2)
i = 7 (- Fla UG T, (2
By2a? m,-) ¢ R
=1t I 2w Zefine

l—a {l—a)E {(1—a)? ]’
where U7, iz the neurrine mixing marriz. The
COFTEEHInG rezinll i Lhe nbesenos ol mixin
confirmed in 3,8], A Majorana nentrino may also
b transition inoment of Uhe vilue 12— 22
{see [2] for a detailed discussion and references)

For Lie dingonal smagnelic moment, of the Dirac
neutrino, from (21 i the lmit a; « 1 the resule
[1] enn e obained

o BeCrmg 1 xa 4y
i = (| s 2wl )@
e

e

The magnetic moment for hypothesical heavy
nenlring wiws shcied i 6 T perticular, i was
obtained

. elipmn |31 b
e = Ho 2w L, wits
Note that the LEF date set a limit on mumber of

light weulrines coupled o 2 boson.
The numerical value of the Dirac neutrine mag-

nelic morment willin wominirml cxtension ol te
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After a brief historical background on the first steps and the latest achievements in the study of
the electromagnetic properties of neutrinos, the flavor, spin and spin-flavor oscillations of
neutrinos in a magnetic field and moving matter are discussed in detail.
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Neutrinos are neutral in the Standard Model, but they have tiny charge
radii generated by radiative corrections. In theories Beyond the Stan-
dard Model, neutrinos can also have magnetic and electric moments and
small electric charges (millicharges). We review the general theory of
neutrino electromagnetic form factors, which reduce, for ultrarelativis-
tic neutrinos and small momentum transfers, to the neutrino charges,
effective charge radii, and effective magnetic moments. We discuss the
phenomenology of these electromagnetic neutrino properties and we
review the existing experimental bounds. We briefly review also the
electromagnetic processes of astrophysical neutrinos and the neutrino
magnetic moment portal in the presence of sterile neutrinos.
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v exhibits unexpected properties (puzzles)
Ww. Pauli, (930

neutral “neutTron” :> V S
o probably /U, # O ? ?

e

Pauli himself wrote to Baade:

“Today | did something a physicist
should never do. | predicted something
which will never be observed experimentally...’



MATHEMATICGAL " M.E. Nahmias, ... earlier years of W ...
PROCEEDINGS ,
An attempt to detect the neutrino,

Math. Proc. Cambridge Phil. Soc. 31 (1935) %

AN ATTEMPT TO DETECT THE NEUTRINO
By M. E. NAHMIAS, Pr.D. (Vicrt.)

[Communicated by Mr P. M. S. BLACKETT]

ENCAMBRIDGHE
[Received 5 December, read 10 December 1934] Cgo years a@

1. EXPERIMENTS WITH A SOURCE OF RADIUM D AND E

It has been shown by Chadwick and Lee(1), using a high-pressure ionization
chamber, that if one neutrino is emitted by each disintegrating Ra E nucleus,
then the neutrinos do not produce more than one pair of ions in 150 km. of air at
N.T.P. Calculations based on the wave mechanics show that the ionization due to
a neutrino having a magnetic moment of one Bohr magneton would be very
easily detectable(2), whereas it has peen estimated that if the neutrino has no
magnetic moment at all its encounters with nuclei will be as scarce as one in
10 km. of water(3). I have investigated the matter again, using two Geiger-
Miiller counters, instead of an ionization chamber. The counters have the advan-

An attempt to detect the neutrino 101

one primary encounter in 10,000 km. of air at N.T.P. Our results then show that if
@ the neutrins possesses any magnetic moment it is certainly not greater than
1

eh
-3




> 70 years aqo ...

C. L. Cowan, F. Reines and F. B. Harrison,

® Upper limit on the neutrino magnetic moment,
Phys.Rev. 96 (1954) 1294

WV electromagnetic properties

and possibility of measuring M,

raised before experimental discovery of WV

= «3a dokasamerbembo cywecmbobarus Helimpuro»
(®.PaiiHec, K.KoyaH, 1956) e

A




problem and puzzle

\% electromagnetic properties
up to now nothing has been seen

... inspite of reasonable efforts ...

e results of terrestrial lab experiments
on s, (and v EM properties in general )

e as well as data from
astrophysics and cosmology

o are in agreement with “ZERO”
V EM properties i

... However, in course of recent development of
knowledge on ) mixing and oscillations,
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\)electromagnetic vertex function e 9 b/

\

<), JU(p) >=a(p )\ (q. Du(p)

V

Matrix element of electromagnetic current P P V
is a Lorentz vector

AH» (Q’7 l) should be constructed using O

~

matrices 1, V5, Y V5 Vs Ouvs
tensors (v, €uvon

vectors QM and lu Lorentz covariance (1)

® and electromagnetic ~>
gauge invariance (2)

9, = 1y — Pus b = 1), + Dy




"™ Matrix element of electromagnetic current between
Neutrine SLates [ e v = ) A, ()

where vertex function generally contains 4 form factors
o A @) =Fola®) v+ iu(a®)io g —fu(q?)ou,q"ys

Telectric. 5 magné:;ic/ FGTNG Y= qud) Vs
ﬁ

dipole 3 clcctric

4. anapole

. , . EM ,
@ Hermiticity and discrete symmetries of EM currentJ put constraints
onformfactors —

Dirac \) Majorana
1) CP invariance + Hermiticity =>fr = O, 1) from CPT invariance
ga at zero momzntum transfer only electric (regardless CP or S ).
arge fo(0) and magnetic moment [/ (0 _
cont?ibﬂ%(e 1):0 H,,, Ng J M ALK fut® 0 Jo= f"ﬂ“r': Ie io
3) Hermiticity itself =—> three form factors g
arereal: [pf, = Imfy = Imfa—= 0 ...as earlyas 1939, W.Pauli...

| EM properties=> a way to distinguish Dirac and Majorana ) |

E—

E!Q hopm-pakmopbl npu g = O: f(0)= /u » MazHumHoll MOMeHD




In the easiest generalization of SM

D BGGFm 3 2 _19( M. ) Fujikawa, Shrock,
L= L~ 3.2 x 10 —& )

if ‘my < .45 QV‘ {:__ new KATRIN limit arXiv: 2406.13516, 19 Jun 2024

then ﬂg ~ 1.8 x 107" LB ? 0

many orders of magnitude smaller than present experimental limits:
o 1, ~ 107" up reactor YV limits GEMMA 2012
o1, ~ 107" = 1072, Astrophysical (V... .\, , DM)limits
Borexino 2017 - XENONnT 2023, LUX-ZEPLIN 2023
o M, isnoless extravagant than possibility of q v-‘,‘ O

® limitations imposed by general principles of any theory are very strict

® g, <3 X 107%'e| from neutrality of hydrogen atom

® slightly weaker constraints are imposed by astrophysics =T
Studenikin, Tokarev, NPB, 2014 |¢, < 1.3 x 10 eo




IKcnepumeHmabHole (AadopamopHvie)
02paHUYEHUS HA MAZHUMHDIU MOMEHM HElMPUHO

no ynpyaomy paccesHuro HeumpuHo Ha
yacmuyax MuuieHu

® Ha aAeKMpoOHax
Elastic Neutrino-Electron Scattering EV E5

® HA AMOMHDIX 0pax
Coherent Elastic Neutrino-Nucleus Scattering CEVNS

® HA amMOMAX Coherent Elastic Neutrino-Atom Scattering CEVAS

B TTpoekm CATYPH '



KaAUHUHCKAa amoMHasa cmaHyus

(¥9omns, TBepckas odracmb)
o OJ’béauHeHHblu UHCIL




Studies of V~-€ scattering
- most sensitive method for experimental

investigation of “v

Cross-section:

&)

do T\ 9 5 M
® (d_T)SM 1 - E_y) + (92 — 9v) ZRE
T isthe electron recoil energy and
— 2
. d_o- — Tem ! T/EV @ lu’l/ v, L E Z ) Z Ui 6—3E o Hji
arj,. m? T
( (1 — |1ij — €
1
2 sin® Oy + 3 for v, 5 for ve, -
gv = | ga = | i for anti-neutrinos
2 sin® Oy — 3 for v,,v;, —3 for v, v: ga — —ga

\

\

® toincorporate charge radius: 9v — gv +|2 Mg, (r?) sin®

P07




GEMMA (2005 - 2012 - running)

Germanium Experiment for Measurement
of Magnetic Moment of Antineutrino

JINR (Dubna) + ITEP (Kurchatov Inst., Moscow)
at Kalinin Nuclear Power Plant

World best experimental (reactor) limit

@ ty <2.9x 107" ug| June2012 @
A.Bedaet al, in:

Special Issue on “Neutrino Physics”,
Advances in High Energy Physics (2012) 2012,
editors: J. Bernabeu, G. Fogli, A. McDonald, K. Nishikawa

... quite realistic prospects for future ...
® GEMMA-2/ VGeN experiment @

... searchingfor M, and CEVNS unprecedentedly low threshold |1 ~ 200 eV

Ly, ™~ (5 — 9) X 10_12MB ~ few years in future ¢

... courtesy of Alexey Lobashevsky, first results of VGeN were reported at TAUP 2021...



BkAad om MU, doMuHupyem npu MaAbix 3Hepausx

2
omdauu € (d_"> . (d_f’) L T .
dT'/ p, AT/ sm me  Gimi
. ¢ YMeHbweHUeM uamepsemoi sHepauu omdavu €

Bospacmaem uybemBumenvrocme k ﬂ\,_

" 3,4,5 mean NMM values
&= in units 107" Bohr magneton
|
>
S da(y+e v+e)= do + do
& dT - \dT Jgyy  \dT ), ®
& f o
G 107 /
3
I
o weak
—
o0
© "\

1072 10"

Electron reciol T (MeV)



OzpaHuyeHue Ha MUAAU3ApA0 qv HelUMmpUHo

(d_0> _ (d_(f) N (d_ff) (d_ff) Studenikin, “New bounds on

dT'/v—e \dI'/sm  \dI'/p,  \dT'/q neutrino electric millicharge

i — / from limits on neutrino
d_T)qy i magnetic moment’,

Europhys Lett. 107 (2014)

OzpaHu4eHue Ha q, u3 ycaobus 21001

Particle Data Group, '
2016-2016- 2020 2022-2024

OezpaHuyeHue Ha U, OzpaHudeHue Ha Q v
GEMMA & < 2.9 x 10‘”uB(T~2.8 keV') = 15 x 10 26| 2014

20272 (oxkudaemcs) ||T ~200 eV| .. decnpeyedeHmHo HU3Kuil hopoe ...

g, < 1.1 x 107 ¢,

| @

(s~ 0.7 x 107" pg

Studenikin, 2016
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BOREXINO Collaboration (201 7)

#) )0LICH

NEW - MM results from Phase 2 < toucn

Data selection:

Fiducial volume: R<3.021 m, |z| <1.67 m
Muon, *14Bi-?14Po, and noise suppression
Free fit parameters: solar-v (pp, "Be) and
backgrounds (85Kr,~19Po, #10Bj, 11C, external
bgr.), response parameters (light yield, *19Po
position and width, !'C edge (2 x 511 keV), &
energy resolution parameters)

Constrained parameters: 14C, pile up

Fixed parameters: pep-, CNO-, 8B-v rates
Systematics: treatment of pile-up, energy
estimators, pep and CNO constraints with LZ
and HZ SSM

A Likelihood

Without radiochemical constraint
Ugsr< 4.0 X 1011, (90% C.L.)

With radiochemical constraint
Uggr< .6 X 1011y, (90% C.L.)

Moz < .8 1011, (90% C.LY

Profiling u. with og,, for pp & Be
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Livia Ludhova: Limiting the effective magnetic moment of solar neutrinos with the Borexino detector TAUP 2017, Sudbury



Effective V magnetic moment in experiments

(for neutrino produced as /) with energy E
and after traveling a distance L)

/"LIQJ(VZJLJEV) — > 36_?’E Lﬂﬂ-
j [
l 7
where |neutrino mixing matrix | Hij = | — Ey”|\

magnetic and electric moments

Observable [, is an effective parameter that depends on neutrino
V .. [\
flavour composition at the detector.

g )

Implications of v limits from different experiments
(reactor, solar ®°B and "Be) are different.




... comprehensive analysis of V-€ scattering ...

PHYSICAL REVIEW D 95, 055013 (2017)

Electromagnetic properties of massive neutrinos in low-energy
elastic neutrino-electron scattering

Konstantin A. Kouzakov'

Department of Nuclear Physics and Quantum Theory of Collisions, Faculty of Physics,
Lomonosov Moscow State University, Moscow 119991, Russia

Alexander 1. Studenikin'

Department of Theoretical Physics, Faculty of Physics, Lomonosov Moscow State University,
Moscow 119991, Russia

and Joint Institute for Nuclear Research, Dubna 141980, Moscow Region, Russia
(Received 11 February 2017; published 14 March 2017)

A thorough account of electromagnetic interactions of massive neutrinos in the theoretical formulation
of low-energy elastic neutrino-electron scattering is given. The formalism of neutrino charge, magnetic,
electric, and anapole form factors defined as matrices in the mass basis is employed under the assumption
of three-neutrino mixing. The flavor change of neutrinos traveling from the source to the detector is taken
into account and the role of the source-detector distance is inspected. The effects of neutrino flavor-
transition millicharges and charge radii in the scattering experiments are pointed out.

DOI: 10.1103/PhysRevD.95.055013




o Short-baselin C&SC‘L <L Ly = 2E,,/|(5mik,| ‘ — B_i(émikf/zEV)L — 1

® PVg—H/e (L7 Eu) — 5@6 Ayg—wgf(Ln EV)Aig—)VEH(L? El/) — 566’5812”

effect of ) flavor change is insignificant
(v¢(L) is asinthe source)

. 2
Cy = (gv + d¢e + Qee)z + Z (1 — d¢p) ‘QE’E Cy = (QA + 526)2

V=e,u,T
g Cs = (gv + 00e) (94 + 0ee) + (9.4 + 00e) Que
weak-electromagnetic interference term contains only
flavour-diagonal millicharges and charge radii

e Effective magnetic moment

(L, B,) Z Z UnUsie (1)ie(i)ie = D 1m)ed”  where

i=1 k k=1 U'=e,u,t
3

()ee= ) UnUei()ir is the effective magnetic moment in flavor basis
jk=1



effect of decoherence

C11 — gV + 2gVPI/g—>Ve + Pw—)»ve + Z |U€k| ij: + 29V Z |U€j|2QJJ+2 Z |U£k|2Re {Uer @Jk}

7.k=1 i.k=1

02 — gA + QgAPVgﬁue + PVE—H/Q

3 3
Cs = gvga+ (9v + ga + DPov, + 92 D UG1P Qs+ 2 > U *Usi Uz Qi

J=1 J.k=1
where the flavour transition probability v = Z’UM Uerl”

does not depend on source-detector distance and V energy

3
* Effective magnetic moment |u,(L,E,)1> =Y |Uul®|(1t)jul’

is independent of L and E A



CEvNS potential in studies new physics

[E. Lisi, Neutrino 2018]
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Probing neutrino transition magnetic moments with

coherent elastic neutrlno-nucleus scattering

0.G. Miranda,* D.K. Papoulias,” M. Tértola’® and J.W.F. Valle
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ABSTRACT: We explore the potential of current and next generation of coherent elastic
neutrino-nucleus scattering (CEvNS) experiments in probing neutrino electromagnetic in-
teractions. On the basis of a thorough statistical analysis, we determine the sensitivities
on each component of the Majorana neutrino transition magnetic moment (TMM), |A;],
that follow from low-energy neutrino-nucleus experiments. We derive the sensitivity to
neutrino TMM from the first CErNS measurement by the COHERENT experiment, at
the Spallation Neutron Source. We also present results for the next phases of COHER-
ENT using HPGe, LAr and Nal[T]] detectors and for reactor neutrino experiments such as
CONUS, CONNIE, MINER, TEXONO and RED100. The role of the CP violating phases
in each case is also briefly discussed. We conclude that future CEvNS experiments with

low-threshold capabilities can improve current TMM limits obtained from Borexino data.

® Neutrino, electroweak, and nuclear physics from
COHERENT ... with refined quenching factor,
Cadeddu, Dordei, Giunti, Li, Zhang, PRD 2020

coherent \) scattering

L/
[
.I‘ ..I’”‘

'] I_r,‘__'
constrains Lx:_

on
fundamental
hysics

COHERENT data have been used
for different purposes:

@ nuclear neutron distributions

Cadeddu, Giunti, Li, Zhang
PRL2018&

® weak mixing angle

Cadeddu & Dordei, PRD 2019
Huang & Chen 2019

oV electromagnetic properties
Papoulias & Kosmas PRD 2016

@ V non-standard interactions
Coloma, Gonzalez-Garcia,
Maltoni, Schwetz PRD 2017
Liao & MarfatiaPLB 2017



Limits for the neutrino magnetic moments obtained in laboratory short-baseline experiments

Method Experiment Limit (ug) CL Year

Reactor v, EVES Krasnoyarsk My, < 2.4 x 1010 90% 1992

Rovno y, < 1.9 x 10710 95% 1993

MUNU ty, <9 x 1071 90% 2005

x 10711 90% 2006

90% 2012

iy, < 7.5 x 1071 90% 2022

Accelerator v, EVES LAMPF ty, < 1.1 x 1077 90% 1992

Accelerator v, i, EVES BNL-E734 Iy, <8.5x 10710 90% 1990

LAMPF Iy, < 7.4x 10717 90% 1992

LSND Iy, <6.8x 1070 90% 2001

Accelerator v;, v; EVES BEBC (58) fy, < 5.4 x 1077 90% 1991

D x 10~/ 90% 2001

Accelerator v, v,, U, (COHERENT 61,62) | wuy, <42x107 90% 2022
6’&‘1\“ LS prr—< 1.8 X 10_9‘

eactor 7, CEVNS + EvES | Dresden-II (65)> iy, <2.1x10°19 A 90% 2022

eTe” — viy (Dirac v) ASP, MAC, CELLO, py <4 x 1070 90% 1988

MARK ]
TRISTAN wmy < 8.0 x 1070 90% 2000

Giunti, Kouzakov, Li, Studenikin, Neutrino Electromagnetic Properties,
Annu. Rev. Nucl. Part. Sci. 2025. 75:1-29



Method Experiment Limit (pg) CL Year
Solar elastic neutrino—- Super-Kamiokande ;.t.hHF* < 1.1x10710 90% 2004
electron scattering Borexino pkP <285 1071 90% 2017
fy, < 3.9 1071
Fus o, < 5.8 % 1071
XMASS-1 uE® < 1.8 x 10710 90% 2020
XENONnT ukt < 6.4 x 10712 90% 2022
LUX-ZEPLIN ukt <136 % 1071 90% 2023
PandaX-4T ukt <22 %1071 90% 2024
LUX-ZEPLIN (74 pkf < 11 1071 90% 2022
jty, < 1.5 1071
fo, < 2.3 x 1071
L I
( XENONRT (71) pkt <63 x 107" 90% 2022
iy, < 8.3 % 1071
fy, < 1.4 x 1071
o, < 1.2 I{Fn\'\
XENONNT (71) Jty, < 9.0 x 10712 ‘w 2022
1 < 13 x 10z
o, < 1.3 % 1071
LUX-ZEPLIN (74) + | plF < 7.5 x 107" 90% 2023
PandaX-4T (78) + jty, < 1.0 1071
XENONNT (71) s o, < 16 10711
Core-collapse supernovae 1y S (2-8) % 1012 1988
iy < (1-4) x 10712 1998
i (11-2.7) x 1012 2009
q Tip of the red giant branch e 3 % 10-12 ﬁ} 1989
ST x10 - 1993
iy < 4.5 x 1071 95% 2013
iy $2.6 x 10712 2015
< 1.2 % 10712 95% 2020
sy < (1-5) x 10712 2020
sy <6 x 10712 2023
Solar cooling sy <4 x 10710 1999
Cepheid stars e <2 x 10710 2020
White dwarfs sy < (7-9) % 10712 2014
e <5 x 10712 95% 2014
Big bang nucleosynthesis iy < (1-2) x 10711 1981
e <62 1071 1997
sy S4 % 10712 2023
Cosmological Negr y < 2.7 x 10712 95% 2022
iy < 2.6 x 10712 95% 2022
y <5 x 10712 68% 2023

Astrophysical

limits on
heutrino
magnetic /D( v

moments

Giunti, Kouzakov, Li, Studenikin,
Neutrino Electromagnetic Properties,

Annu. Rev. Nucl. Part. Sci. 2025. 75:1-29



CEVNS vs CEVAS v.Gaponov, V.Tikhonov, Yad.Fiz. 26 (1977) 594

CEVNS: Coherent Elastic Neutrino-Nucleus Scattering

predicted by D. Freedman, PRD 9 (1974) 1389; V. Kopeliovich & L.Frankfurt, ZhETF Pis. Red. 19, No. 4
(1974) 236; observed by D. Akimov et al. (COHERENT Collab.), Science 357 (2017) 1123

(CEVAS: E, S 1/Ryiom~ 1 — 10 ke

Ecnu peanusyetca pexum CEVAS, To peanusyerca u CEVNS

4



UaMmepeHus npoyecca CEVAS
6 akcnepumenme CATYPH

Ynpyzoe paccesHue \) Ha amoMe He-4:

Ve + He > He+Vv, 0=186kev
CeveHue (T — aHepaus omdadu amoma)

CEVAS CEVAS CEVAS
do _ dGSM n dGu\, t12 = 12.3 yrs

dT dT dT
BkAad caadozo B3aumodeiicmbus (CM)

CEvAS 2

M My, T

dG(S:% _ GFMpe C& (1 _ 2‘2'92 )) Cy = z(%— 2 sin? ew> —%N+Z<%+ 2 sin? 9w> Fe1(1dD),
T v

7 [(E5,) = 12.9 keV|

mpumueboie V
+

2eauebBas MmuweHo

l

Z=N=2 ducro p u n 6 a0pe He-4, My, = 3.728 3B Macca amoma He-4

Foi(Ig]) amomHblil arekmpoHHbIl popMakmop (dypbe-odpa3
HopMupoBaHHol Ha ed. anekmpoHHOU nAomHocmu 6 amome He-4)

BKAaD MazHUMHO20 MoMeHma U,

o™ _me?Z? () (11 TNy g qabp
dT  mZ \pz/) \T E, " 4E2 el\




Atomic recoil energy scale in CEVAS

From conservation of energy and In the reactor CEVNS
momentum: experiment CONNIE:
2EZ Threshold is 15 eV,
I'p < - (with CCD sensors)

T Is atomic recoil energy Ac;?_ilazr;%e\;aslg%t a1/-ih ]
. . arxiv. . vV ep-ex
m = A GeV is atomic mass ’

~

200
fE,~10keV: Tg S —— meV

For the lightest atom (A=1): Tr < 200 meV

J

Light atomic targets, such as H or He, and new detector technologies
are needed to observe CEVAS
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Potentialities of a low-energy detector based on *He evaporation to observe
atomic effects in coherent neutrino scattering and physics perspectives

M (Received 14 July 2019; published 29 October 2019) —— CEvNS -—- 41,= 10712 yp add. term

We propose an experimental setup to observe coherent elastic neutrino-atom scattering (CE£AS) using — — CEvAS (l-l =0)
electron antineutrinos from tritium decay and a liquid helium target. In this scattering process with the 0500 - v
whole atom, that has not been observed so far. the electrons tend to screen the weak charge of the nucleus as
seen by the electron antineutrino probe. The interference between the nucleus and the electron eloud
produces a sharp dip in the recoil spectrum at atomic recoil energies of about 9 meV, reducing sizably the
number of expected events with respect to the coherent elastic neutrino-nucleus scattering case. We
estimate that with a 60 g tritium source surrounded by 500 kg of liquid helium in a ¢ylindrical tank. one
could observe the existence of CEvAS processes at 3¢ in 5 yr of data taking. Keeping the same amount of
helium and the same data-taking period, we test the sensitivity to the Weinberg angle and a possible
neutrino magnetic moment for three different scenarios: 60, 160, and 500 g of tritium. In the latter
scenario, the Standard Model (SM) value of the Weinberg angle can be measured with a statistical
uncertainty of sinzl‘i‘?ﬁ'j{‘,’f}:; This would represent the lowest-energy measurement of sin? dy, with the
advantage of being not affected by the uncertainties on the neutron form factor of the nucleus as the 0 0 1 0
current lowest-energy determination. Finally. we study the sensitivity of this apparatus to a possible - /
clectron neutrino magnetic moment and we find that using 60 g of tritium it is possible to set an upper 0 005 \

—— CEvAS (= 1072 up)

b~

———
-~ ——— e ——

0.100} /,‘A‘:" )
0.050F \ ,
\ /

\ /

dN/dTg [meV™"]

T
-
-~

T
—
-—

limit of about 7 x 107"y, at 90% C.L., that is more than one order of magnitude smaller than the current
experimental limit, \ !

DOT: 10.1103/PhysRevD.100.073014 t l

L L L
0'0011 5 10 50 100
L INTRODUCTION This observation triggered a lot of attention [rom t
scientific community and unlocked a new and power! TR [meV]
tool to study many and diverse physical phenomena:
nuclear physics [6,7], neutrino properties [8-10], physics
beyond the Standard Model (SM) [11-17], and electroweak
interactions [18,19]. The experimental challenge related to a
" matteo.cadeddu@ea infn.it the CEuNS observation is due to the fact that in order nOqueHue PeKOP Hozo
“francesca.dordei@cern.ch to meet the coherence requirement gR << 1 [20], where

carlo.giunti@to.infn.it 4 = |4 is the three-momentum transfer and R is the nuclear 0 ZP a Hu quuﬂ ( 60 2 3 H )

Ikml”km @gmailcom radius, one has to detect very small nuclear recoil energies
emmanuele.picciau@ca.infn.it

studenik @srd.sinp.msu.ru Ep. lower than a few keV. —_— 1 3
At even lower momentum transfers, such that
Published by the American Physical Sociely under the terins of GRom < 1, where R, is the radius of the target atom v N /’L B

the Creczrr_ve Commons A_[.frrbrmon 4.0 In_rern_anona_[ .l.r?en.s'e. including the electron shells, the reaction can be viewed
Further distribution of this work must maintain attribution to

the author(s) and the publishfd article’s title, journal citation, as taking place on the atom as a whole [21]. This effect
and DOL. Funded by SCOAP”, should be visible for ¢R,,, ~ 1. ie., for momentum

Coherent elastic neutrino-nucleus scattering (CEvNS)
has been recently observed by the COHERENT experi-
ment [1,2], after many decades from its prediction [3-5].

(uAu odHapyxeHue M, )

2470-0010/2019/100(7)/073014(9) 073014-1 Published by the American Physical Sociely



AudeperyuaroHoe ceveHue CEVAS (CnAOWHAS AUHUS), YCpedHeHHoe
no cnekmpy mpumueboix HelimpuHo, 6 cayuae amomHoll He-4
MuwieHu npu py- =3 x 10713 pp

1049 ¢ — : . — ——r

100 ¢

10 .-

doCEvAS/dT, cm?/maB/pacnan/aTom

f

(I
1
[}

10-52 ; ; T : . sl
2 10 100

T, m3B
@ YcpedrenHoe ceyeHue 3adaem (¢ MOYHOCMBIO DO PA3MEPHO20

KoagppuyueHma) cnekmp amomob omadauu npu CEVAS.

@ TToAHoe 3aHyAeHue cnekmpa 8 CM npu T~ 9 MaB - akpaHupoBke caadozo
3apsada 90pa noreM caadozo B3aumodeiicmbBus amomHbix arekmpoHoB .

® Bkaad S, npubodum K CUAbHOMY OMKAOHEHUHD om npedckasanus CM .



Detection method to study CEVAS

TES
Bolometer array

Free He atoms

£ %

Helium tank

Shield
+
Cryo system

- -
------
- ..

Tritium neutrino J

T

Elastic neutrino-atom J
scattering

4

He atom recoil
(1-185mev)

4

Phonons and rotons
(0.7-1.2 meV per q. p.)

L

Quantum evaporation
(0.6 meV per atom)

L

Adsorption onto TES
(6-50 meV per adatom)

L

Signal J

38



He recoil

Phonons
)
. )

Rotons

UcxooHasa udes CATYPH : Ph/\é%%

\

1) aHepzus omodauu amomMa *He | a, %%
“He
om \):,,,H , npumepHo 100 maB (Z%‘ - Soconcry

> Rotons

Phonons He recaoil

2) ocHoBHoOU kaHaAa nomepu
sHepauu *He — koarekmubHoele Bo30y>xdeHus (dpoHOHbI+pOMOHDI)

3) daraucmudecku do noBepxrocmu—kbBarmoboe ucnaperue *He
4) adcopdupyromces Ha nodAoxke doAoMempa (demekmopa)
5) 3a cyem adcopdyuu — BaH-dep-Barbcobo ycureHue

6) cuzHaA 6 decamku MaB usmepsemcss MUKpOKAAOpUMEMpPaMU
Ha ocHoBe TES (transition edge sensors)

42



He ll detector concept to study CEVAS

TES (bolometers array)
Kpuopegpuxepamop  L[Oopka Kpuopegpuxepamop
pacmboperus oanomempob  pacmbopeHus

[
|
\ C [laccubras 3awuma / <
e r <]
i y M
& Y %
5 — — ——
f He Il (1000 1)
4 . i
l
a Il o
e TiT <
e I <
RIXX X
| |
: @) Q ,
TIPS AL A i 2 L AR I LTRSS

Tritium neutrino source (TNS)

1-4 kg, 10-40 MCi
A.Yukhimchuk et al. Fusion Science &
Technology 46, No.1 (2005) 731-736

- Tubular elements with TiT,
.

1
Y2 model mpumudmumaHa

%

TiT,

Helium Il detector (1000 L)
- Liquid He-4 at 40-60 mK
- Array of 1000 TESs (transition

edge sensors)
- 1000-channel SQUID readout

Expected results after 5 years of data collection:
- nhumber of CEVAS events within SM: 60 for 1 kg of T, and 200 for 4 kg of T,

- sensitivity to neutrino magnetic moment: pu ,~(2-4)x10"° u; at 90% C.L.

43



Bo3MoXHocMb HadArodamb CEVAS

(~ 8 2 pasa mMeHbwie codbiMmuil, YeM MOADKO C YHeMOM pexXuma npu
CEVNS, 0e3 yuema amoMHbix aAekmpoHob)

1 CEVNS e 1= 10712 5 add. term |
0.500f ~ = CEVASGHEO) oo CEVAS (uy= 107" pp)
T o~ e ———
?é 0.100f >~
| < 0.050k" \
= _ \
= \
= y  f
0.010} \
—_— \ /500 kg of “He

NEAs=67 | [ 60 gof 3H
NN =14.6 1 I 30 to CEVAS (5 yrs)
| B Tl il &
Tk [meV]

M. Cadeddu, F. Dordei, C. Giunti, K. Kouzakov, E. Picciau, A. Studenikin, PRD 100 (2019) 073014

.

0.001




Atomic 1onization channel

Incoming neutrino

Qutgoing electron
o —

Outgoing neutrino
World leading laboratory constraints on x,, like those from

XENNONNT and GEMMA, are obtained by studying the
atomic ionization channel (elastic v — e~ scattering)

In SATURNE we develop

»Si crystal detector «puozenroiii kpemuuii Ha dase ONAU

=Csl(pure) scintillation detector

HU3KomemMnepamypHoli
CUUHMUAAIUUOHHDBIU ye3uli-tod paspadameibaem UGN PAH

46



Differential cross sections for ionization of Si by tritium v,

do 2
oG 1
dT T

daSM

At small T values: o¢ const, and

'lll L] T l'll'l"ll L L I'lI'llll

01 L

do/dT (10*® cm?/keV/decay/electron)

: 1x107"% g 4x107"% pg g
: 2x107"% pg 5x10°"% pg :
0,01 1 I ]
: 3x107"% pg ———10x107" g :
0,001 ol el M|
1 10 100 1000
T (eV)

| The detector’s energy threshold is to be as low as possible



Si detector concept Ha daze OUNAU

- . F — :‘
Dl|u.thn 1/zmy Tritium neutrino source (1-4 kg)
refrigerator ~ " -tubular elements with TiT,

TiT,
Silicon cryodetectors (T=10-50 mK)

(14-28)x125 cm3, M=2.9-5.7 kg

with TES or CEB mounted on each
Si crystal

Si

The Si detector with an ultra-low
threshold E,, ~10 eV or even E, ~1 eV
owing to the Neganov-Trofimov-Luke
effect (heat amplification of ionization
signal)

B. Neganov and V. Trofimov, USSR patent no.
1037771, Otkrytia i Izobreteniya 146 (1985) 215;

P.N. Luke, J. Appl. Phys. 64 (1988) 6858.




Projected p,-sensitivity of Si detector

Ap? = 7% — Foen
2
5, [Nsm—N
JNsu
N =Ngy+N,

1 year of 14 cylinders, 2.9kg 21 cylinders, 4.3 kg 28 cylinders, 5.7 kg

taking data 13B 10 3B 13B 103B 13B 10 3B
N 7.96 7.94 11.52 11.49 14.61 14.57

, 10-12
i = 1.76 2.03 1.61 1.85 .51 1.74

90% CL

Tritium mass is 1 kg (10 MCi)



Csl(pure) detector concept paspasamebaem nam pax

Abdurashitov, Vlasenko, Ivashkin, Silaeva,

Detector Sinev, Phys. Atom. Nuclei 85 (2022) 701
Magnetic and Weak (v-e) cross section
assembly
EE — Weak
S 0 B }1\.\-\%1.9'"#, - —Magnetic |
Layers of 0 eS0T <] _3
modules o RN
| il 17‘ | il X%
DEtECtOf Kinetic energy,l(ev
module

15x15x25 mm?3 Csl(pure) crystals
at T=77 K, total mass is M=7.5-10.5 kg

- SiPM readout (two SiPMs per each crystal)
- Light collection at a level of

~30 photoelectrons/keV
- Energy threshold is E,, ~100 eV




Projected p,-sensitivity of Csl detector

T ey — T Tritium mass is
- " T VPN ]
= \‘ SRV 1 kg (10 MCi)
DX, - NG
D@\
= .
= Bt =gt — g
/ 2
K A (NSM—N)
v Nsm
] N = Ngy + N,
1 year of 5 layers, 7.5 kg 7 layers, 10.5 kg
takingdata 10058 2005B 3003B 400358 1003B 2005B 3003B 400 3B
Ngy, 1248 || 1153 1052 9550 1571 1451 1324 | 1196
My, 1072,
231 266281 D ail D zig st 275 26
90% CL



3akAr0UeHuUue

® OcHobHoli yerbro npoekma CATYPH sbasemcs npobBederue bnepBoie 6
Mupe peaucmpayuu KozepeHmHozo ynpyaozo paccesHus HellpuHo Ha
amome

® Mouck arekmpomazHumHbix cBoticmb anekmponHozo HelimpuHo 6
AQOOPAMOPHBIX IKCnepuMeHmax ¢ pekopdHou vybecmBumeroHocmoro

S, ~ 3 x 107*3 ug (0% CL)

3adavu

@ BvicokounmeHcubHolll mpumueboiti ucMOYHUK 3AEKMPOHHBIX
aHmuHetmpuHo ¢ akmubrocmoro 10 MKu (40 Mku)

® demekmop Ha ocHobe cBepxmekyuezo zeaus-4 ¢ nopozom
peaucmpayuu 1-10 M3al3

® Hu3KogoHoBas HelimpuHHas Aadopamopus 2AY00K020 3aA0XKeHUS ¢
UH@Ppacmpykmypoli OAs padomel ¢ doAbUUMU KoAudecmBamu

ﬂpo MeXymouHble amandol - nepBoie usmeperus Ha BakcaH 6 2026 200y...
® HUBKOMEMNEPAMYPHBIU CUUHMUAATUUOHHBIU Csl demekmop NN PAH
(nopoz pezucmpayuu 100-200 3B): M ,~ (2-3) X 10712 puy (0% CL)

® KpuozeHHwbIl Si demekmop ¢ adpgpekmom menaobozo ycurerus ONAU
(nopozom pezucmpayuu 1-10 3B): M, ~ (1.5-2) x 107*? g (90% CL)



Progress of experimental sensitivity to u,

1.0E-09

(3] e [4] [1] Savannah River, first observation
/? /\% S (1976)
Losmi— il =il =40 mm [2] Vogel & Engel (1289)
6] N+ 1o [3] Kurchatov Institute, Krasnoyarsk
1) * \
v (8] ay  (1992)
ciaah j [4] Rovno NPP (1993)
[12) f [5] Super-Kamiokande (2004)
—_— Sarov, Csl detector [6]MUNU (2005)
. Sarov, Si detector = [7] TEXONO (2006)
L7 [8] GEMMA (2007)
Sarov, He detector
1.0E-13 [9] BOREXINO (20086)

1960 1980 2000 2020 2040 [1 o] GEMMA | (201 2)
Year
[’l ’l] BOREXINO (201 7)
['l 2] GEMMA-2 (VGEN) (202?)
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M.U.Bricouxwuit, unen-kopp. PAH, ®UAH; B.H.I'aBpun, axkagemux, AN PAH,

C.I1.JlenncoB, axkamemuk, MU®BD; A.B.Jlepoun, a.d.-m.u., IMHAD, K.-A. M. acmpodausuKa»
Jlxkunkubaes, a.¢.-m.u., UAU PAH; 10.I' Kynenko, unen-xopp. PAH, MU PAH;

B.A.Margees, akanemux, OVSHW; J1.B.HaymoB — VYuenslii cexperapr Hayunoro

cosera, 1.¢.-M.H., OUAU; A.I'OnbmeBckuii, a.¢.-m.u., OUAU; A Allerpyxun,

n.¢.-m.H., MUDU; I"N.Pybuos, unen-kopp. PAH, S PAH; B.A.Ps6oB, 1.d.-M.H.,

®UAH; M.J.Ckopoxsaros, ma.¢.-m.H., HUIl K1, A.N.CryneHukus, a.¢.-M.H.,

MI'Y; N.H.TkaueB, akanemuk, MAM PAH; C.B.Tpouukuii — Ilpencenareins

Hayunoro cosera, uieH-kopp. PAH, NS PAH;

6) M.M.Bsnkos, MI'V; JI.C.I'opOynos, wien.-kop. PAH, WA PAH; A.Il.MBauikun,
K.p.-m.H., AW PAH; K.A.Kyzako, a.d.-m.H., MIY; ®M.Jlazapes, MI'VY;
A.JLITankparos, a.-¢.-m.H., HI'TY; A.P.Ilonos, k.¢.-m.H., MI'Y, K.JI.CrankeBuu,
K..-M.H., MI'Y; A.A.IOxumuyk, 1.1.H., POAL-BHUNDD.
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1) K.A.Ky3axoB (MI'Y), «lIpoext SATURNE: o6mmii 0630p»,
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PeikoanoB T'H. (I'K  «Pocatom», BHHMHUT®D), Cepreee AM. (HILIDOM),
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[Future Neutrino Experiments]
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https://www.nu.to.infn.it

ANNIE Neutrino Interactions (Home, INSPIRE, Wikipedia) Q References
DUNE Accelerator LBL Oscillations, Atmospheric and Supernova Neutrinos, Proton Decay (Home, INSPIRE, WikipediA) [ References

ECHO Electron Neutrino Mass (Home, INSPIRE) [} References

ESSnuSB Accelerator LBL Oscillations (Home, INSPIRE) [ References

GRAND High-Energy Astrophysical Neutrinos (Home, INSPIRE) [} References

HOILMES Electron Neutrino Mass (Home, INSPIRE) [ References

HUNT High-Energy Astrophysical Neutrinos (Home, INSPIRFE) [, References

H}p er-Kamiokande Accelerator LBL Oscillations, Atmospheric and Supernova Neutrinos, Proton Decay (Home, INSPIRE, WikipediA) [ References

JSNSz Accelerator SBL Oscillations,  Experiment (Home, INSPIRE) [ References

JNE Solar, Geo and Supernova Neutrinos (Home, INSPIRE) [ References

JUNO Reactor LBL Oscillations, Atmospheric, Solar, Geo Neutrinos (Home, INSPIRE, WikipediA) [ References

LEGEND Neutrinoless Double Beta Decay (76Ge) (Home) [ References

P-ONE High-Energy Astrophysical Neutrinos (Home, INSPIRE) [ References E OQuHe W\eeHHbla CEVAS
SATURNE Coherent Elastic Neutrino-Atom Scattering (INSPIRE) 7 References 3Kcnep :(MGHW\

SBN Accelerator SBL Oscillations, and Experiment (Home, INSPIRE) [ References yHu KAABHBIL nomeH UuaA a AS
TRIDENT High-Energy Astrophysical Neutrinos (Lome, INSPIRE) [ References noucka IM cbBolicm8 Hell MpuHo

WATCHMAN Reactor Anti-Neutrino Monitor (Home, INSPIRE) [ References

Cnacudo 3a BHumaHue!



