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The search for coherent elastic neutrino-atom
scattering and Y magnetic moment in Sarov
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...the 2020-2026 result is a major achievement of our research ...

National Center for Physics and Mathematics

in the &th direction "Hydrogen Isotope Physics"
«Study of coherent scatterin on atoms and nuclei and

electromagnetic pro erties o using an intense

®2) measurement of the magnetic moment
with record-breaking accuracy O
&

.two orders of ma%mtude better than from

exnstmg measuremen

tritium source of (anti neutrmos»
@ 1) verifying the validity of the Standard Model
O s of reactorV fluxes .
L



Studies of (electro)magnetic properties

e ... background
® .. results
e ... prospects

e SATURNE project at
National Center for Physics and Mathematics
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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

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

cace ol mixing betwoeen d

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 i ity (TR LTI P
= - 1-= Fla T, (2
Y Ry2a? migd 2 _ !
[
. 1 2 20 In s
flay =S|+ — - — - ——|
I—ay {1 — {1 —
where U7, iz the neurrine mixing marriz. The
COFTEEHInG rezinll i Lhe nhescnoe ol mixing was
confirmed in 3,8], A Majorana nentrino may also
b transition inoment of Uhe vilue 12— 22

[goe [2] for o detatled discussion and references).

For Lhe dingonal snagnelic momnent of e Dicac
neutrino, from (21 i the lmit a; « 1 the resule
T1] e b obainesd

o BeCrmg 1 xa 4y
i = (| s 2wl )@
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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magnetic moment M,



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...’
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M.E. Nahmias, ... earlier yearsof V ...
An attempt to detect the neutrino,
Math. Proc. Cambridge Phil. Soc. 31 (1935) 99

AN ATTEMPT TO DETECT THE NEUTRINO

By M. E. NAHMIAS, Pr.D. (Vicrt.)

[Communicated by Mr P. M. S. BLACKETT]
[Received 6 December, read 10 December 1934] ‘ .. 290 yéars @
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.1.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

F. Reines and C. Cowan (1956 ) %\




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,



7

. Why )/ electromagnetic properties are important

-Why v em properties to new physics ?

. How does it all relateto VY oscillations .

> m,#0 e

magnetic moment ﬂv 0o

The Nobel Prize
ArthurMcDonald  in Physics 2015  Takaaki Kajita

o «for the discovery
- of neutrino
oscillations,
which shows
that
neutrinos
have mass»

in Standard Model
O m\) =0




V electromagnetic properties

e _ U ““““““““

-

.. a window to new physics



...abitof W electromagnetic
properties theory ...



\)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 ) |

C\. formfactorsat 4 = O : fM(O) :>/uv magnetic moment P




In general case matrix element of J.™ can be considered between
different initial v:(p) and final +;(v') states of different masses

|< & OEM [a(p) >= 1,(9) M) ()| f":‘ﬁ“k‘_‘
. beyond\/
and SM
Aula) = (Fala®)is + Faa®)is ) (%9 — g f) +
fM(QZ)@j’iUWC]V -+ fE(C]2)z'jUWC]V’Y5

@ form factors are matrices in \) mass eigenstates space.

®  Dirac V ( _off-diagonal case i 7& J) Majorana V
B g

— _—
1) CEi
u,ff = 2,(;&5 and eff =0 or

... quite different
EM properties ...

oes not apply
S,

1) Hermiticity itse

restrictions on form fac ariance + hermiticity

2) CP invariance + Hermiticity

M _ M _ oD
pi; =0 and €; = 2¢;

fo(d®), fM(qz)@ fe(a®). fald®)

are relatively real (no relative phases) .




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




Karlsruhe Institute of Technology

‘m,, < 0.45 eV | <=
Direct neutrino-mass measurement

based on 259 days of KATRIN data

Alexey Lokhov
on behalf of the
ATRIN collaboration

A XXXI International Conference on
NO Neutrino Physics and Astrophysics

Karlsruhe Institute

of Technology,
; German%

Milano (Italy) - June 16-22, 2024



Experimental constraints

( from studies of terrestrial and astrophysical ) ﬂuxes)
on M, q 5 and .

]/

magnetic moment  millicharge

Particle Data Group
Review of Particle Physics 2024, update 2025

5. Navas et al. (Particle Data Group Collaboration)
Phys.Rev.D 110 (2024) 030001

... next addition July 2026



Experimental (laboratory) constraints on the
magnetic moment of neutrinos

from elastic neutrino scattering on target particles

e ohelectrons

=
Elastic Neutrino-Electron Scattering ) EV E5
\

e onatomic nuclei
Coherent Elastic Neutrino-Nucleus Scattering CEVNS

- oh atoms  Coherent Elastic Neutrino-Atom Scattering CEVAS

SATURNE project !



(2005 - 2012 - running)
erm‘amum xpemment for 4 easurement




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




Magnetic moment contribution dominates at low electron

recoil energies when (j_;) o (

d
)

and

<
me  GEm? Ho

) ... the lower the smallest measurable electron recoil energy is,

smaller values of 1> can be probed in scattering experiments ...

I's.f_\q(ﬂ

I
+

1S

do

drI’

- 5,4.5 mean NMM values
\ in units 107" Bohr magneton

(v+e V+€)—(d0) +(dg) ®
aT ) ' \dT ),

v

L

(]
[

................................
.........................

(]

........

do /dT)(10 ®cm?*MeV 'f

... courtesy of 10°°
A.Starostin...

weak ////

.
.
B
*a,

10

Clectron reciol T (@




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 2

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



Bounds on millicharge 0[ from
(GEMMA Coll. data) two not seen contmbutﬁgv @

( )
dT

(), +<f§—;> D@ )

BOunds on q fr'om unobser‘vea effects of Ne

Studenikin, Europhys. Lett.
(d_o) q_u 107 (2014) 210011
R dl'/q, 2 e €O i New bounds on neutrino electric millicharge
— [do - from limits on neutrino magnetic moment,
(ﬁ)ﬂg
Particle Data Group,
Expected new constraints from GEMMA: Constraints on q
—11 ,
now u, < 2.9 x 10 KB ( T~ 28 keﬂ/) ® | 0 | < 1.5 % 10~12¢
2027+ few years data taking inV Table of Particle Data Group e
V GeN experiment ... low threshold ... since 2016

g, < 1.1 x 10—1360‘

0 ty ~ (5—9) x 10" ug T ~ 200 eV




(AuP,, 200 . A ) JULICH

and Underground Physics
FORSCHUNGSZENTRUM

Mitglied der Helmholtz-Gemeinschaft

Livia Ludhova
on behalf of K.
the Borexino collaboration =

IKP-2 FZ Jiilich, 4=
RWTH Aachen, EEe
and JARA Institute, Germany 2




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
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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



V electromagnetic interactions

V
V4<
V decay, 7

WV Cherenkov radiation,
spin light (SLV)

external

source

\) spin precession
and oscillations

€ /N e /N
Scattering




= Main steps ¢nV oscillations GO years l
early history of

V oscillations

®© v ES T, B.Pontecorvo, 135t

- vac T 2.Maki, M.NMakagava
@ Ve \j“ > S.S.\kxh,ﬂsza

G VG L Wolfenstein 1938

matter, $# comst i S.Mikheev
@ v, <-——>\j.. A.szrfagv: 1385

® vesohahces th \) {?avauro:ci??d‘l‘-‘ohs =>

- < 1u+\' )) W L1 .
MSW e:f‘ t, so gt '["; é?s:::osezw Bruno Pontecorvo
O @ \%" «— \)‘R i M. VD.,O.S."N.rgN. %s;‘bka. rars-199s

L.Okun, 1386, Vg

o =
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W. Marciano, 1938
. vesonances in V spin (spin-flavour) matter at rest
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Astrophysical boundson s,



@ Astrophysical boundon M,  GRaffelt, PRL1 993

comes from cooling ofred giant stars by
plasmon decay K:;V \Y, y*

neutrino
1 flavour

Lint = 7 Z (,U@jbl/)@()'uywb + €a7bwa0'w/y5¢b> states

2 J.Bernstein et al
1963 V) : [, ~ 107"up V

solar

a,b

Matrix element
[M|* = Mosp™p”, Mug = 4 (2koks — 2kt es — k*Gap), €ak® =0

Decay rate /LQ (wQ — k2)2
quew? — =0Oinvacuum o =L
247 W

>
In the classical limit K— like a massive particle with w* — k* = w,

, d°k
Energy-loss rate per unit volume |, = ¢ / w el y—up
o (2m)° ¢
LLQ - Z (|)u(1..b|2 + |€a.,b|2) /
a,b

distribution function of plasmons




= Astrophysical bound on S, 1@ =9 / (ggﬁgwfmfw

Magnetic moment plasmon decay Energy-loss rate
enhances the Standard Model photo-neutrino per unit volume

cooling by photon polarization tensor x /
more fast star cooling J’
slightly reducing the core temperature '”@\)
delay of helium ignition in low-mass red giants

(due to nonstandard Y losses)

\ astronomical observable

C can be related to luminosity of stars before and after helium flash

... inorder not to delay helium ignition in an unacceptable way
(a significant brightness increase is constraint by observations ...)

... best | 5
astrophysical v S 3 X 10 B GRa'H:CIt, PRL 1990
limit on D+M

magnetic moment... u2 Z (|Ma,b|2 n |€a’b‘z)
a,b



Experimental (laboratory) constraints on the
magnetic moment of neutrinos

from elastic neutrino scattering on target particles

e onhelectrons
Elastic Neutrino-Electron Scattering EV E5

e ohnatomic nuclei

e
Coherent Elastic Neutrino-Nucleus Scatteringy CEVNS
\

® oh atoms  Coherent Elastic Neutrino-Atom Scattering CEVAS
SATURNE project !



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
vanzados del IPN,

; . —p ” Stua10s
Apartado Postal 14-740 07000 Mezico, Distrito Federal, Mezxico
bYAHEP Group, Institut de Fisica Corpuscular — CSIC/ Universitat de Valéncia,

Parc Cientific de Paterna, C/Catedrdtico José Beltrdan 2,

E-46980 Paterna, Valencia, Spain

L-mail: omr@fis.cinvestav.mx, dipapou@ific.uv.es, mariam@ific.uv.es,

s

valle@ific.uv.es

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
Q o, < 1.2 x I{Fn\'\
XENONNT (71) Jty, < 9.0 x 10712 ‘w 2022
1 < 13 x 10z
sy, < 1.3 x 1071
Q LUX-ZEPLIN 74) + | plF <75 x 1071 2023
PandaX-4T (78) + jty, < 1.0 1071 D
XENONNT (71) s o, < 16 10711
Core-collapse supernovae 1y S (2-8) x 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



Experimental (laboratory) constraints on the
magnetic moment of neutrinos

from elastic neutrino scattering on target particles

oh electrons
Elastic Neutrino-Electron Scattering EV E5

on atomic nuclei
Coherent Elastic Neutrino-Nucleus Scattering CEVNS

e
Coherent Elastic Neutrino-Atom Scattering ) EVAS
— ‘

SATURNE project

on atoms
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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

T FICClaus, an
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We propose an experimental setup to observe coherent elastic neutrino-atom scattering (CE©AS) using
electron antineutrinos from tritium decay and a liquid helium target. In this scattering process with the
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 cloud
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 cylindrical tank, one
could observe the existence of CELAS processes at 3o 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 sin? 93 _(0/2. This would represent the lowest-energy measurement of sin® 9y, with the
advantage of being not affected by the uncertainties on the neutron form [actor of the nucleus as the
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
limit of about 7 x 10734y, at 90% C.L., that is morc than one order of magnitude smaller than the current
experimental limit.

DOT: 10.1103/PhysRevD.100.073014

et 0
tudenikin

1

L. INTRODUCTION

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].

“matteo.cadeddu @ca.infn.it
‘francesca.dordei @cern.ch
‘carlo.glunti @ o.infn.it
fkouzakov @ gmail.com
‘emmanuel&picci au@ca.infn.it

studenik @srd.sinp.msu.ru

Published by the American Physical Sociely under the terms of
the Creative Commons Auribution 4.0 Internaiional license.
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the author(s) and the publiahgd article’s title, journal citation,
and DOI. Funded by SCOAP".

2470-0010/2019/100(7)/073014(9) 073014-1

This observation (riggered a lot of atlention [rom the
scientific community and unlocked a new and powerful
tool to study many and diverse physical phenomena:
nuclear physics [6,7], neutrino properties [8—10], physics
beyond the Standard Model (SM) [ 1 1—-17], and electroweak
interactions [18,19]. The experimental challenge related to
the CEvNS observation is due to the fact that in order
to meet the coherence requirement gR << 1 [20], where
g = |G| is the three-momentum transfer and R is the nuclear
radius, one has to detect very small nuclear recoil energies
Eg, lower than a few keV.

At even lower momentum transfers, such that
GRyom < 1, where R, is the radius ol the target atom
including the electron shells, the reaction can be viewed
as taking place on the atom as a whole [21]. This effect
should be visible for gRuom ~ 1, ie. lor momentum

Published by the American Physical Society

— CEWNS === = 107'2 yp add. term

1
000} ~ T CBAS =00 CEVAS (ut,= 107" pp)

0.100¢
0.050¢

dN/dTx [meV™!]

0.010¢
0.005F

0.001

1

In our paper we have proposéd an
experimental setup to observe coherent
elastic neutrino-atom scattering
(CEVAS) using electron antineutrinos
from tritium decay and a supefluid “He
target.

In this scattering process with the 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.

SU~ 1071

supefluid “He target technology (HeRALD) for direct detection of sub-GeV DM has been recently
proposed in: S.Hartel et al., Phys.Rev.D 100 (2019) 9,092007



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

CEVNS: Coherent Elastic Neutrino-Nucleus Scattering

predicted by D. Freedman, PRD O (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

If conditions for CEVAS are met, then so are the conditions for CEVNS,
but there is screening effect —- reduction of numbers of events ...



Measurements of CE VAS process in SATURNE a

E;,) = 12.9keV

tritium
4.

helium target

|
CEVAS

V elastic scattering on He-4 atom:

Ve + He > He+Vv,  o¢=186kev
Cross-section (T - recoil energy of the atom)

CEVAS CEVAS CEVAS
do _ dosw™™ | doy, t, = 123 yrs

dT dT dT
Contribution of the weak interaction (SM)

d CEVAS G2A4 Mu. T
GZI\; _ 2F e a4 _ 2292 , CV=Z(%—Zsin26W>—%N+Z<%+ZSin29w>Fe1(|a|),
T v

Z=N=2 number of p and n in He-4nuclei, My, = 3.728 GeV for He-4 atom

F.;(Iq|) atomic electronic form factor (Fourier transform of the normalized
electron density in a He-4 atom)

Contribution of the magnetic moment /U,

dofiy "™ _ a2 (k) (11 TN e qanp
dT ~ m2 \uz) \T E,  4EZ el\




Atomic recoil energy scale in CEVAS

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

T Is atomic recoil energy Aggg_ilazrj(\)ge\;aslg%t e;l-ih ]
. . arxiv. . vV ep-ex
m = A GeV is atomic mass ’

~

200
o 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



Detection method to study CEVAS

Titanium Tritid TiT,

TES
Bolometer array

Free He atoms

£ %

Helium tank

Shield
+
Cryo system

- -
------
- ..

Al
St

Tritium neutrino J

T

Elastic neutrino-atom J
scattering

4

He atom recoil
(1-185 meV) _

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



The basic idea of SATURNE :

1) recoil energy of the atom *He v
(from V3 He approximately 100 meV) |

_Phonons

N Rotons
) o 9
&S

%\ Secondary ¥
Phonons He recoil

2) the main channel of energy loss

*He — is collective excitations (phonons+rotons)

3) collective excitations (phonons + rotons) ballistically

to the surface - quantum evaporation of *He
4) adsorbed on the bolometer (detector) substrate
5) due to adsorption - Van der Waals enhancement

&) a signal of tens of meV is measured by microcalorimeters

based on TES (transition edge sensors)
65



He Il detector concept to study CEVAS

Tritium neutrino source (TNS)

o TES Dilution 1-4 kg, 10-40 MCi
Dilution refrigerator A.Yukhimchuk et al. Fusion Science & Technology 48,
refrigerator (bo'imete'”s array) \ ’ No.1(2005)731-736
\ . .
<] ] - Tubular elements with TiT, titanium tritid
4\ X Y — e
e c Passive shield o Y2 model
X< r X .
X Yy
>< S % 1 1 >< _— //
i He Il (1 m°) é TiT,
>< e /
o Ll ” I @  The tritium source design includes
o T'|T|° 4 V flux: F,_ ~1x10"cm2 s (1kg)
flux: F__~2x10"cm? 571 (4k
&XX XX% V max ( g)
2 Helium Il detector (1000L)
I_I - Liquid He-4 at 40-60 mK
| l - Arrayof 1000 TESs (transition edge sensors)
, Q) Q) / , - 1000-channel SQUID readout
WD EOIIIRI A RIROBTIIOTIO OV ROIIPS

Expected results after 5 years of data collection:
- number 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"° n, at 90% C.L.




Differential cross section CEVAS (solid line), averaged over the
spectrum of tritium neutrinos, in the case of an atomic He-4

targetfor p.v =3x10" B g

1049 -

-51 L N‘. \
10 E \ !

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

[

f

(I
1
|

|

10-52 ; : : . e gl "
2 10 100

T, maB
@ Theaveraged cross-section sets (up to a dimensional factor)

the spectrum of recoil atoms at CEVAS
@ Complete screening of spectrumin SMat T~ 9 meV -
when atomic effects are considered, electrons screen the weak

charge of nucleus
@® The M, contributionleads toa strong deviation from the SM prediction



Opportunity to observe CEVAS
(~ 2 times fewer events than with only the mode at

CEVNS, without atomic electrons)

1 CEVNS e 1= 10712 5 add. term 1
0.500f — ~ CEVAS(=0) ... CEVAS (iy= 10712 yip)
T oy S
% 0100 o~
| § L K
~ 0.050t \
= | \
— \
2 v
0.010} \ _
0.005| \ /500 kg of “He :
 NCEAS=6.7 || 60 g of 3H |
0001‘ NCEWS = 146 \l ” 3o to CEVAS (5 vrs)‘, |
R 5 10 50 100
Tk [meV]

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



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 paspadamoibaem UGN PAH

70



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 ... implemented at JINR

- . 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 ...implemented at INRRAS

Abdurashitov, Vlasenko, Ivashkin, Silaeva,

Detector Sinev, Phys. Atom. Nuclei 85 (2022) 701
Magnetic and Weak (v-e) cross section
assembly
EE — Weak
S 0 .. }1\.\-\%1.9'"#, - —Magnetic |
Layers of e b msde St LU |
modules 10— RN
| i L 17‘ | il X%
DEtECtO r Kinetic energy, 1(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

I el — .y Tritium mass is
H O v T -V .
¥ OB 1 kg (10 MCi)
/ OISR N\
T BORON
| — 2
J AXZ = Xz Amin
/ 2
E A (NSM — N)
 Nsm
] N = Ngy + N,
1 year of 5 layers, 7.5 kg 7 layers, 10.5 kg
takingdata 1099058 2003B 3003B 4003B 10038 2003B 3003B 400 3B
Nom 1248 | 11.53 | 10.52 9.50 15.71 1451 13.24 11.96
llv; 10-12"18

2.31 2.66 Z2.91 3.11 2.18 2.51 2.15 2.95
90% CL



Conclusion

® The main goal of the SATURN project is to perform the first-ever coherent elastic
scattering of neutrinos on an atom.

® Search for the electromagnetic properties of electron neutrinos in laboratory
experiments with record sensitivity M, ~ 3 x 107*3 y (90% CL)

® a high-intensity tritium source of electron antineutrinos with activity 20 MCi

(40 MC)
® adetector based on superfluid helium-4 with a detection threshold 1-10 meV

® deep-level low background neutrino lab with Infrastructure for working with large
numbers of ... first measurements at Baksan in 2026 ..

Intermediate stages
of alow-temperature Csl scintillation detector (registration threshold of 100-200 eVY):

M, ~ (2-3) x 10722y, (90% CL)  INR RAS

® cryogenic Si detector with thermal amplification effect
(registration threshold 1-10 ev) M, ~ (1.5-2) x 107*2 p; (q0% CL) JINR



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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spin oscillations probabilities accounting for damping due 1o the wave packet separation are obtained for

the case of a uniform magnetic field. It is shown that terms in the flavor oscillations probabilities that

depend on the magnetic field strength are characterized by two coheren 5. One of the coherence

lengths coincides with the coherence length for neutrino oscillations in vacuum, while the second one is

proportional to the cube of the average neutrino momentum p;. The probabilities of flavor and spin

oscillations are calculated numerically for neutrino interacting with the nonuniform Galactic magnetic

®  (Received 29 December 2024;

epted 5 May 2025;

published 2 June 2025)

Department of Theoretical Physics. Faculty of Physics,
Lomonosov Moscow State University, 119992 Moscow, Russia

les

Alexander Studenikin®
Department of Theoretical Physics and Department of Physics of Particles and Extreme States of Matter,

field, Tt is shown that oscill o ceuiiin T = 3 on the Galactic scale duc 16 the Faculty of Physics, Lomonosov Moscow State University, 119992 Moscow, Russia
neutrino wave packets separation. The flavor compositions of high-energy neutrino flux coming from the
Galactic center and ultra-high energy neutrinos from an extragalactic source are calculated accounting for The evolution of neutrinos in a fluctuating classical axion-like particles (ALPs) field is investi-

neutrino interaction with the magnetic field and decoherence due to the wave packet separation. It is shown
that for neutrino magnetic moments ~10~"%u; and larger these flavor compositions significantly differ
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[Future Neutrino Experiments]
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