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ShA History

A CEANS Theory +A Low EneFQy

PHYSICAL REVIEW D

A-The CENS Global Picture A SM Phenomenolog

VOLUME 9, NUMBER 5

1 MARCH 1974

Coherent effects of a weak neutral éurrent

Daniel Z. Freedmant
National Accelevator Labovratory, Batavia, Illinois 60510

and Institute for Theoreticak Physics, State University of New York, Stony Brook, New York 11790

If there is a weak neutral current, then the elastic scattering process v +A4 —v + A should
: N O’ N have a sharp coherent forward peak just as e + A —¢ + A does. Experiments to observe this
peak can give important information on the isospin structure of the neutral current. The
experiments are very difficult, although the estimated cross sections (about 107%® ¢m? on
carbon) are favorable. The coherent cross sections (in contrast to incoherent) are almost

Z(]

It took 43 years
before it was
observed!
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.Coherenth ° N Interaction

A CEINS Theory +A Low Energy = A-The CENS Global Picture A SM Phenomenolog

Nuclear recoil The neutrino interacts with a nucleus containing Z protons and N neutrons, transferring some energy to |

The nucleus, which can be part of a crystalline lattice or free to move (e.g., noble gases), gets perturbed.
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100t NPT :

-----
cmr
.....
-t
-t
i
ek

L - _

- L= = (3 = e -
R W AT L e

L = - - 4

Incoming neutrino

Recoiling nucleus
ﬂ

cC

(ke V]

Outgoing neutrino

max
nr

T,

Qualitatively:
G épm@eVO é pMeVe — p Tt

Mattia Atzori Corona (INFN) - 7 NG N ~ MIAPbPWorkshop



~h N Interactions .

A CEE}NS Theory +A Low Energy A The CENS Global Picture A SM Phenomenolog

OépmAg Y Oépnmpnrem™e 'Y Oépmnme LY

Coherency condition Scattering not totally coherent Interaction with individual
constituents: inelastic process

M.Cadeddtet al
EP1143(2023)3, 34001

100MeV

The process is coherent when the de Broglie wavelength is larger than the nuclear dimensi‘on
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Coherence from a ‘Quantum-Mechanical View

A CEINS Theory +A Low Energy A-The CENS Global Picture A SM Phenomenolog
Smi-classical treatment

Coherencyccurs when an elementary projectile (in this case, the neutrino) elastically scatters off a complex system (fc
the nucleus) made up of A individual constituents (the nucleons). Now, consider the nucleons with specific positions
whQ p8 &

By the principle of superposition, the amplitude of the procE&sk=m) can be written as the sum of the contributions

from each individual nucleoifl =k=m), where the individual amplitudes are weighted by a phase factor that accounts for
the relative phase of the wave at the poisit

When multiple scatterlngs are negligible, we have: MIAPbPDiscussionwhat

— aboutrelicneutrino® z v
F (k) I(-h_)-(— = nae
The cross section is (_.j :
Q, . .
Hne | F (ki) |
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Coherence from a ‘Quantum-Mechanical View

A CEINS Theory +A Low Energy A-The CENS Global Picture A SM Phenomenolog

If1 "L p, the phase factors will be equal to 1. Therefore
Q, . .
=€ 0 | (mbemm)
o6 0 [ i)

Here, we introduce the mean amplitud@ since the interaction amplitude on protons and neutrons is different.

For a quantum system, we cannot define the positions of the constituents of the target. We introduce the spatial density
nucleons’ (o). In this now realistic case, the amplitude will be:

. . v It reduces to the previous case for
|\ ~ J
a

This quantity is the Fourier transform of the nucleon distribution, and it is
what is referred to as th€orm Facto(FF). It describes the loss of
coherence due to the finite structure of the nucleus.

When do we have to worry about form factors?

A De Broglie wavelength € IOI 5

D~
MDn
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The CEhNS Lagrangian

A CEE}NS Theory +A Low Energy A-The CENS Global Picture A SM Phenomenolog

The CENSLagrangianherefore is

Lep(Ve+ N = Do+ N) = 7 S (gt — g a(vgt — 94)dl
! ~~ " — %

Leptonic Hadronic
Sum over current current
aquarks
F/g VE
Vy Uy
70 4 fermion
— interaction
O 1 n
N NN N A
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The CEhNS Cross Sectjon

A CEE}NS Theory +A Low Energy - A-The CENS Global Picture A SM Phenomenolog

Weak charge of the nucleus
Describeshe strength of the

neutrino coupling with the nucleus

V. De Romeri et daHE®4 (2023)035
C. Giunti Phys.Rev.[101 (2020) 3, 035039
M. Cadeddu et aPhys.Rev.D01 (2020) 3, 03300

More detailsin the SupplementaMaterial

’Q J - J -~ M. Atzori Coroneet al. JHEP 05 (2024) 27:
j A} 7 A X o
' Jb - 4 AT 43T "N 1L
ay “ - - EARE
Constants _ _ m Nuclear Form Factor
o Y rermi Kinematics Describeshe loss of coherency for
- Fermi constant Phase space factor increasing neutrino energies
" ° a :nuclear mass D. AristizabaBierraPhys. Lett. B45 (2023)138140

R.R. Rossi et dPhys.Rev.D09(2024)9, 095044

M. Cadeddu et aPhys.Rev.Let 20 (2018) 7, 072501
M. Atzori Coronaet al. Eur.Phys.J.C 83 (2023) 7, 683
X o

*| neglected theaxial contribution, which is O for sphzero nuclei.
See alsdHoferichteret. al. Phys. Rev. D 102.7 (2020), p. 074018 abéd YRomeri et al 2603.05281
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~The'Nuclear Weak Charge

A-The CENS Global Picture A SM Phénomenolog

A CEE}NS Theory +A Low Energy
Let us focus on a fundamental guantity, the weak charge of the nucﬂi%us'l' his is defined as

S O
A | 'andl are the couplings of neutrinos with individual protons and neutrons. They are well predicted by
electroweak theory, and at tree level they are:
The weak mixingangld i P_(a 0 ) 8

> IS responsible for the suppression of thegroton coupling:
QL Q,ie., @0

0.245

¢'li P DmBre ¢ N

AQ -
A Q -

The treelevel couplings are not dependent on the neutriibevor.

RGE Running
¢ Particle Threshold

Measuremen ts ]
3 A]-smc E158 3
3 APV .
0.235 | 3
/ eDIS ]
; LEP! 21 HC ]
sn.c =

Is there a small " PDG 2024
tension? ]

0.240

sinze(,u)

Radiative correctionglay a fundamental role!

104
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The role of Radiative Corrections APV (Cs)

A CEINS Theory +A Low Energy A The CENS Global Picture A SM Phenomenolog

‘\/ Atomic Parity Violation (APV) in autshelt

An electromagnetictransition betweentwo atomicstateswith the sameparity is not allowed
by theselectionrules.

The observable is againe nuclear weak charge )
0 #D p TOEF bbb NI RORNNBSGA 2V a# Pé 1 & ¢t m

o410 8
Theexperimentalmeasuremenis [PDG 2024] !

Qu (33Cs) = —72.41 £ 026 0p. £ 0.33,, % OEGRE- AP T o1 wdtmp Y

Atomic Par!tyVIOlatl(.)n e e e 2602.22466, Flambaum & Samso
An electric dipole transition 7
amplitude between two atomic 7 Theinclusionof longrange RC
states with the same paritysuch :
as the 6S and 7S in cesium, can|bs . s mightsolve theproblem
induced by av boson exchange np) AcEnp ;
between electrons and nucleons. 7 OE(ca A b T8 0 X mp
p (n) ’ p (n) p (n)
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Radiative Corrections to CE NS

A CEINS Theory +A Low Energy A The CENS Global Picture A SM Phenomenolog

Radiative corrections (R@yovide additional contributions to the neutrirpucleus interaction vertex.
Erler & Su, Prog. Paiucl Phys. 71, 119 (2013) | h.' C.A. Ternes Talk on

rn U U O -
gv = _g +20ww +Xww + p(2 KY, + Ry —2RYG —Ry5) ) Thursday

y 1
grr = p (5 _ 250) 2Ry +Oww — 28w +p(2K%L + X%, — 2wl 9%

CERhNS Couplings

M2
Neutrino ChargeRadius (NCR) &,,w = ;r (111 m—‘g” + g) Tree level
! . P iy =z
Q E CIIP?eTISICCXT
. P
WW-box WW crosseebox 0 <
Ay = — 27 {1 _ Ga(Mw) 2oy = 27 [ 4 Gs(Mw) With radiative corrections (RC)
2msy, 27 8752, T "QC )DT8IO YC
3 v (M) 20 )brarc we
A o vy Qg o~ /s
ZZbox =X — _SW%ZE%(QLQQ [1 - = 4 ] QC )Dm8g v v

Q T PP X

Mattia Atzori Corona (INFN) - 7 NG N ~ MIAPbPWorkshop



Fundamental Physics Test h Charge Radius

A CENS Theory +A Low Energy - A-The CENS Global Pictufe A SM Phenomenclog

In general, a neutral particle can be described as a superposition afitarge distributions of opposite signsvhich is
non-zero only for norzero momentum transfers] . This effect is attributed to the series expansion of the charge form

factor. =
dfo(q?) 7\

2 Q4 -

T @

dq?

Fo(q®) =g (0) +q

The charge form factor is thus interpreted as the Fourier transform of the charge distribution associated with the neutrin
interaction.

‘ e sin(qr) .
fola?) = [ o) s = [ o)™

2
The neutrino charge radius is defined as (r?) = 6dﬁg(§ )
q

q*=0
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Radiative Corrections to CE NS

A CEANS Theory +A Low Energy A The CENS Global Picture A SM Phenomenolog

NCRDiagrams The NCR is parameterized as a modification of the neutrino
<), proton coupling through the radiative correction, = that can

be expressed in terms ¢, ):

"Q é cOE+ ¢ e 2 #
p L ’Cul

— OE+ 2 #
¢ © o ("

)

We canlet it free to varyin thefit to
obtain a constraint.

P
G

Qe

_33 9 C.Gluntet al. We can fit for this data using
—4.8x 107 em Rev.Mod.Phys37 (2015) currently available data

)~ —3.0 x 10~ ¢m? 531

—_
‘%
N
=
~
12
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.Neutrino Charge Radius.

A CEINS Theory +A Low Energy - A-The CENS Global Picture A SM Phenomenolog

The neutrino charge radius is a vertex correction to theNsEprocess. The experiment is performedaat

o 2 £ o e
Qe- COE+ < rt} H~H~H2 # —h M, Atzori Corona
O et al. JHEP 05
(i =0 p ol )] (2024) 271
CvQ
L ; 2y — — ¢
00388 === =R : Re(q) fo dzz(1 - z) ln{ e
0.036; Cs ~~. |
/_\0034' _(bWW \\\u\ _
Q,bo < 0. 032r __ ¢ethy 2 TS T This effect needs to be taken into
0.030¢ — account when extracting the neutrinol
0.028! ] charge radius from the datal! ®
0.026 () _
0.001 0.010 0.100 1 10 100

T [keV]
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The Neutrino Microscope for Nuclear Physics

A CEINS Theory +A Low Energy - A-The CENS Global Picture A SM Phenomenolog

The finitesize of the nucleus plays a crucial role in the interaction

1.0 2
0d # _O A The nuclear neutron
~ | symmetrized distribution is poorly known! ~
5:;:’0-6_ Fermi
~04 A Neutrinos can be used a
0.2 microscopeto probe the ,
o N neutron distribution
0 2 4 6 8 10 o
r [fm] VI l n QI
" ST RQu

00 Qw (OQ!
. . o . Neutron skin
o —(Q "Qu=. ) (D. Aristizabal Sierra, , , ,

Phys.Lett.B845 (2023) 138140)
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The Faintest Signal from‘the Strongesth, Interaction

A CEANS Theory +A Low Energy ~  A-The CENS Global Picture A SM Phenomenolog

. Dominant neutrino cross section at P

1 O low energies. ey
: e CS. oo
T Gees i A | | The CEhNS Recipe:

U Low energyneutrinos

U Low threshold experiment

0 Low background
environment

0.100; /"

a[107°% cm?]

0.0104/

P00 40 60 80 100
E,[MeV]
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“What Do Experiments Measure?

A C-EE}NS Theory +A Low Energy ~  A-The CENS Global Picture A SM Phenomenolog

mt*wi

# %4 %8 A0 A0 A QO m

LV CHNS cross V I?etEectorre?qunse ot
- U Energyefficiencyeffects,
section V Neutrino Flux ) T -

U Energysmearingeffects,
U Quenchingactor

A

;

CHNS
Standard Model

Excess countsa(u.)

0.01 1 @?“?Jf 10 A= W
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. Low~-Energyh -

/Low Energy h,\

\ Credits: Dr. Riccardo Ceralli v Y
[ ] [ ] [ [ [ ] [ ]
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Low Energy h Sources

A CE NS Theory +A Low Energyn.  A-The CENS Global Picture A SM Phenomenolog

CHENS has been observddom the following sources

/l Pion Decay at Resq\ /—l ReactorH ﬁ The SUH

h h )
ThE O H +hy " =" %

—
o— @ /3 H —
Proton o
(1 GeV) HOoh Ny m
. A High flux D T T A Neutrinos from alflavor
A Pulsed beam (time structure) 3t @20 m) A Different components
spallation neutron source (SN$) A O 0D 2 MeV due to oscillations
A hJhandfy AO prtMeV A Backgroundfor dark
A m MeV A Neutrinos are produced matter searches

A Observed CIENS in 2017 with throught -decay at a reactor A OF,aD 5-6 MeVfor "
QCsldetector' / volants. / Q O p MeV /
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Low Energy h Sources

A CE NS Theory +A Low Energyn  A-The CENS Global Picture A SM Phenomenolog

(l Pion Decay at Resq\ /—l Reactgrh The Su
Higher neutrino energiesensitive V Lowerneutrino energies full (Lowerneutrino energies full

to the nuclear structure Coherency Regime Coherency Regime
\/ Very powerful background rejectior V Sensitivity to some BSM Physics | V Sensitivity to thef flavor
\/ Two neutrinoflavorsavailable V' Different reactors in the world V' Perfect examplef Serendipity

C R AD X Ton scale experiment
% Few facilities in the world X Underground experiment needed
X Uncertainty on the neutrino flux

X Limited background rejection
X Verylow threshold is required
X Uncertainty on the neutrino flux

Dpmp
(D ub) =08
o >
10 . : )
T 1k -—|<§ 0.6 . . . SB
> 2 PRC.108.055501 :». -
b oy, 2 . ? 0.100- 1 rTlE
Io - Tola : § 0.010 504 ﬁ
3 i _ . '-é . i i ‘OE .
’ N . 5 0 00_ : . =02
i T R 800 e
0 v 60 \ 0 2 4 i [1\6/[ev1 8 10 y = 0.0 5 A 6 8 013 13
i . E, [MeV]
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The CEhNS Global Picture

ﬁ o 2 )
\ Credits: Dr. Riccardo Cerulli Y

,, )
SEW=5 - The CERNS
. Global Picture
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Data Available in the world

A CENS Theory +A Low Energ;h, A-The CENS Global Picture A SM Phenomenolog

/l Pion Decay at Resq\ ReaCtorh The Su
Cesiumlodine Phys. Rev. Lett. 129 (2022) CONUSature 643, 1229233 (2025) @\lONn_ﬁhys. Rev. Lett. 133, 191002

8, 081801 3.7,,0 WL P TTevents observed, (2024)
12, ,0 T @ ¢ Tevents observed, consistent with the SM (1)* 2.73,,ppB § events observed,
consistent with the SM (1) _ @§§ consistent with the SM (1)
SNS
(ce™ = TEXONQ®@hys. Rev. Lett34, 1218042025)
ArgonPphys. Rev. Lett. 126, 012002 (2021) Upper limit: z 8 PANDAXhys.Rev.Letl33 (2024) 19,
3.5,,pu w T a@vents observed, 191001
consistent with the SM (10) Y hGeNCchinese Phys. C 49 053004 (2025) 2.64,,X0 ¢ (events observed,
C&@@ u/st Upper limit:z 8 consistent with the SM (1)
Germaniumphys. Rev. Lett. 134, 231801
(2025) *There is currently a discussion regarding th LUXZEPL|N212-08065
8 low-energy value of the quenching factor. Hefe | 4.5, ,p @ g events observed,
?'9”. ’ CT[.?; th8 2\$ng observedn we focus on analysis relying on the standard consistent with the SM (1)
ension wi € (&) ‘x@ quenching theory (Lindhard).
CQ‘Y\\@ ﬂ/SNS

\ | D 485 CENS eventy |/a \> | D880 CENS eventd I/Q gvents ir(l: ﬂ:ﬁ /
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Low Energy h Sources

A CE NS Theory +A Low Energyn.  A-The CENS Global Picture A SM Phenomenolog

The following neutrino sources have not yet shown K&, but are highly promising.

-

Supernovah

Electron Captur

A — A
s e = gl RESNOVA:

M. Vignati et. al., PRD102(2020)6,063001
Eur.Phys.J.® (2 DarkSide20k Sensitivity:
/ 019)9, 727 JCAP 03 (2021) 043
Am  MeV
A High' flux A m MeV
A Good control on the A High’ flux
flux systematics A CENS can be used to

See Andrei Puiu presentation calibratethe SN intensity
@ Magnificent CENS 2025: A Sensitive to aflavors(but

\CE NS on Li with an EC SOUD knOt flavor-blind) j
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.- The Hunt for CERNS

A CENS Theory +A Low Energy A-The CENS Global Picture A SM Phenomenolog

- AR ;;;)7‘

aQ T% Z -\Q
i FEs ey e / _\ _
LR S (T 3 :
A So i 5»-?’% | ycleus o
<. Cﬂ/\?{\"}o &} EXPERIMENT 34
- - 25 &5 = )
e - Ooid\ij\ XENONNT
&7 LUX - n 4
- Zeplin A Dresdenll RESNOVA
e - =~ My, DarkSide20k
\'W oS Bullkid
. e © (c@S> S !
OAK _
M (ﬂ—v\k ) RIDGE
Z/ \~ : @i
MINEI\? / s
" o Reactor

o Stopped Piorsource
e Underground

COT\'Nfe

hOLETA M. Atzori CoronaPhD Thesis "~ é?
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CEhNS Regimes

A CEE}NS Theory +A Low Energy A-The CENS Global Picture A SM Phenomenolog

CHNS
Standard Model

Excesgounts(a.u.)

/\\

( . .

>
P 7 ) 1 r‘§ - \ e
()O \J}Z,ﬁ COVUS+ 10 maﬁﬂgﬁw 4h U
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The NUCLEUS Experiment

A CENS Theory +A Low Energy A-The CENS Global Picture A SM Phenomenolog

NUCLEUSommissionindRun@ TUM
Phys.Rev.d12 (2025) 7, 072013

NUCLEUS Background asichulation
Phys.Rev.12 (2025) 7, 072013

NUCLEUS LEE paperAgriv today! @
Arxiv. 2603.07687

Mini-workshop after lunch:
"Tackling the LowEnergy Excess to Probe
New Physics with NUCLEUS

CE/RW Recognized
\ .

7 experiment

/ UNIVERSITA DI ROMA

o ‘)é MARIETTA-BLAU-
) SAPIENZA INEN \ TELCHENPHYSIK
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‘The NUCLEUS Experlment

A CENS Theory +A Low Energy A-The CENS Global Picture A SM Phenomenelog

. Internal shielding cryogenlcshleldmgof active External shielding borated
germanium(COV) , 0 #, boratedpolyethylene polyethylenelead andnuonveto.
lead andnuonveto.
Dry dilution refrigeratoratD p ™K

S
Target detectorsD10 g of# A 7 ™

and! 1/ with instrumentedolders N
(innerveto)

The setupwill beplaced
attheVNS,a24a
basementroom.
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Commissioning’Run @ TUM

A CENS Theory +A Low Energy - A-The CBNS Global Picture A SM Phenomenelog

A Commissioningf anessentialersionof the experimentconcludedin summer2024at the shallowUnderground

Laboratory(UGL)at TUM

NUCLEUS Collaboration

A Twomonthsof stableoperationof target detectors withactiveand passivehieldind Phys.Rev.12 (2025) 7, 072013

setup commissioning at TUM

final NUCLEUS setup for Chooz ---commissioning setup at TUM

\\\

cryogenic spring \ Ll AN~

pendulum | b l!i1 /

internal shielding

muon veto
lead
polyethylene

detector box ------

HPGe veto crystal ------ -

double-TES ALO, ------ .

single-TES CaWO, ------ -

separate spring
pendulum rack

dry dilution
refrigerator

10mK coldfinger

external shielding

muon veto

lead
polyethylene

shielding support
cart

rails

Setup:

A One’A'HM “Erystalwith TES and
one’Ai"E double TES readout

A OneOuter Veto Crystal

A Full passive shieldingithout " #

A Fullmuon veto system

1200 4 11352 h — MV —— AlOs target

cov CaWOQy, target l
= 1000
=)
|4
£ 800 -
=
B oe0 4SO
Lé 562.6 h
E 400 1
O

Aug 02 Aug09 Auglé Aug23 Aug30 Sep06 Sepl13 Sep20 Sep27
Date

MIAPbPWorkshop
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Cryog'enic:'Target Detectors * (r@dws

A CENS Theory +A Low Energy - A-The CBNS Global Picture A SM Phenomenalog

Two target detectors were operated , and the measured energy spectra and background simulations (GEANT4) for the

cryogenic target detectors.

20000 Baselingesolutionachieved

| CaWOq | I AlyO3
15000 = H T ?;::lmms - | T Eizla"i"“s ‘A'H FE
g * u , g T®eV
“é’ 10000 = * - I *
g 5000 = Hﬂ{' ! - |||** *** ||* * ‘N "E
A TTTRIRTORRULY [ L TR 0 TES1, ¥ T@eV
T T T T T L T : T T T T T T U TES 2,, UEB) Tl& eV
. |
% || | | |I bl : I | I I | |
Y- '_ll_l_iLull_l_LL||.|Jl|_I__|_'_L|_|.|_||.|_|TI.|+|_,I ___________ ERENNR R R I TR
20I00 40I00 60I00 80I00 IO{I]O{] 12{;00 0 S{I]{] IOI{]{] ISI{]{] 20I00 25I00 30I00 3500 If you are Inte reSted In the
Energy (eV) Energy (eV) SenS|t|V|ty of theexperlment
Low EnergyExcesgLEE) in the presenceof the LEE..
Unexpectedand unexplainedrise of the eventsat low energies Seeyou this afternoon!
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"The First CEhNS Observation

A CENS Theory +A Low Energy A-The CBNS Global Picture A SM Phenomenelog
A 14.3 kg otesiumiodine (Cs) detector, 19.3 m from SNS

Spotting a ghost A 6.7, evidence of CENS ‘SX
I D.Akimovet al. Science 357.6356 (2017) A D X E A 6thresho|d ‘@@@Xj)l /SNS
A Both energy and time information (C& AN

| Beam OFF

S ® A w 30
CICINCC . ] |
c
- . t
| S op *{H fHg 4 +Hj‘r Hi4- ++
Q
< | ! S L
5 15 25 35 45 5 15 25 35 45
Number of photoelectrons (PE)
SPOTTING A B a 60 i . v : :
g asf
‘3 30}
S 15} ++
g FUL FURINNTY JUVY B
g PH H‘ gt

i 3 5 7 9 11 1 3 5 7 9 11




- The COHERENT Legacy: Csl. & Ar

A CENS Theory +A Low Energy - A-The CBNS Global Picture A SM Phenomenolog

Csl2022 (14.4 kQ) @?XX Ar 2020 (24 kg)
12, signifi 3.5, significance
. significance c a@@@;ﬁém g

Phys.Rev.Letl29 (2022) 8, 081801 ([ Z)<.”  Phys. Rev. Lett. 126, 012002 (2021)

T [keV] The[keVi]
SY A L R 2|0 A |3|0 40 0 50 100 150 200
20 4 =|MAC.PhD | 1000 | i —| MAC.PhD |
Thesis 3 : Thesis
15 z
+ Data Residual = « Data Residual
— CEWNS ~ S0
=
(]
-
m

|
|
B A — CEWNS
i
|

Events / PE
o




What Have We Learned?

étandard I\/Iodel\ - —— - —— -
Phenomenology '

,{.B
@\

Q[Gev]
If you're interested in
Oh-BSM the implications for
I/\/ new physicEs R2y Qi

miss the next talk by

\ Valentina De Ro@
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The NeutrinoMicroscope for Nuclear Physics

A CHNS

m ~ v o~
& hiﬂNV oHW
8 f-" Q\

9 )

% oy )
S —J

LL

CEINS

Standard Model Nuclear Physics

>
pu —~ ) r& \ [ 14
0.0z <nu cleus 1 (IOVUS-IE 10 Q\W/ @SNS J||T "[‘l 'ﬁ'il ]

EXPERIMENT
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A Microscope for Nuclear®Physics
A CENS Theory +A Low Energy A-The CENS Global Picture A SM Phenomenolog

e Data Residual

B 2022 T CEVNS best—fit (+ 1 ) Csl 2022 data show ¢,
| ? e T -~ Full coherence ] evidence for the

suppressionof the full

coherence!

*Obtained fixing the weak mixing
angle to its lowenergy value.

Events / PE
(W)
=

10~

= M. Atzori Coronaet al.
Eur.Phys.J.C 83 (2023) 7,
683

o 10 20 30 40 50 60
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A Microscope for Nuclear®Physics

A CENS Theory +A Low Energy

10

8.

6.

I
4

2.
0

A-The CENS Global Picture A SM Phenomenolog

- I ;f 3 = CSl M. Atzori Coroneet al. Eur.Phys.J.C 83 (2023) 7, 683
ERNSMA P \——RNSM(Cs]) ; g - Az
m L ; Y ( #D,eY ) v X T WY
a -] Y @ OF ™ x T Ym
& - Positive and large neutron skin
= P 99% CL
r:? "' -7 - \,.JP\\ =
:é !‘: ) LO‘Q‘/ ) | | Ar M. Cadeddu et al.Phys.Rev.D02 (2020) 1, 015030
o e Qd* 4.( A7) 1 8hY
.’ 20 Upper limit on the neutron radius
s, \ ,7/, / 90% CL =
- 7 Ge
N . COH-Csl | - - ion wi
17 K > =| (e H 8 8 d, in tension with Nuclear
NP J (2017) 10 Shell Model predictyy (' AD 18 dm (averaged for al
) "x..,\ \ / o isotopes.)Small tension still under investigation!
6 8 10 _ -
Solar and reactor experiments are NOT sensitive]{to
R, [fm]

- MIAPbPWorkshop
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The COHERENT Legaey: Ge

A CENS Theory +A Low Energy

A-The CENS Global Picture A SM Phénomenelog

10

2025

ﬁx First COHERENT measurement

Q@@% p/gNg on Germanium

EE O . S S S . S S S S S . ..
y

0 5 10 15 20 % 30 35
CEvVNS counts

PhysRevLett.134.231801

40

A 3.9Qsignificance for the signal!
A Mass: 10.66 kg
A Exposure: 10.266Whkg

A Theory predictiono & 08 events
A Bestfitc ® § eventsC  QGension!

A It can be explained by an anomalous rms neutro
radius:

YC A ¢ p8 p,
M. Atzori Corona et alPhys.Lett.B69 (2025) 139856

Small tension still under investigation, we need to
wait for more datal!

- MIAPbPWorkshop
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Consistency Among CEh,NS Data

A CENS Theory +A Low Energy - A-The CENS Global Picture A SM Phenomenelog

Exploiting thecomplementaritybetweenSNSandreactorson
2 the sametarget:
= A SNSYY  OE+ correlation

> L A Reactorsnot sensitive toY

/{ A Input fromh g scattering

Ay?
QM#/?\WG

0.35;

sin? gy = 0.271+0928. R (Ce) = 7.6716 fm

0.25¢

sinZdy

peactorsit || [  Firstsimultaneousextractionof both O E4+- and’Y A

O R N Theresultisanomalous due to thefactthat COHGedata are in
0.15} It ] slighttensionwith the SM!
lo | M. Atzori Corona et alPhys.Lett.B69 (2025) 139856
010,-/. . , . , . E . E. E
"3 4 5 6 7 8 9 0246810
R,(Ge) [fm] Ay?
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Consistency Among CEh,NS Data

A CENS Theory +A Low Energy - A-The CENS Global Picture A SM Phenomenelog

6 : — w Firstjoint analysis of available CENS data sets at
. COHERENT (Csl+Ar+Ga, Reactors and Solar!
5 R SNS Comb . | -
N N Unified schemefor neutrino flux andtheory input.
A \ """ S Comb: SeealsoM. Atzori Corona et aPhys.Lett.B69(2025)139856
~ & - - XnT (NR) Reactorsh
-
S R COHERENTh, andh,Hkh,H
78!
g _ — CEWNS Comb Solar: thHm‘W
=l .. 90%
2 No flavor dependence is present in the data, indicating
overall agreement with the SM.
N P - M. Atzori Coronaet N o
o al. Arxiv. 2509:22158 Only upper limit on the CENS f-flavor( o @ 90% CL
% T E 4 5 from a combined analysis)

data/SM (v,)
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- Extracting The Weak Mixing Angle

A CENS Theory +A Low Energy A-The CENS Global Picture A SM Phenomenelog

—~ A
=
&
-
3
8 -+
0p] N
§ X Weinberg Angle
% CHENS /
Standard Model '
| | | .
- . i YXK A 04
0.0z @clggg 1 CO\&: 10 ﬂ\ﬁ” 8 J||T "[‘l 'ﬁ‘il ]
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.The Weak Mixing - Angle

A CENS Theory +A Low Energy - A-The CENS Global Picture A SM Phenomenelog

A Key parameter of the electroweak theory,
it describes thelectroweak coupling

QéZ i b AA
A Predicted by th&M with high precision

A Varies with the energy scale

A OE-(NOmMémoywo

A Poorly known atow energies:CE NS
happensat € OAT &A6 O

Csl+Ar+Ge+Reactors
M. Atzori Coronaet

“I i P ( ‘ O ) (_3 8 8 |. y . t.

04!

0.2¢

0.1

IP4T (ER)

XnT (ER)

TEXONOI

CONUS+

P4AT (NR)

IvGeN

COH LAr
N

] E158 |
L

APV '(Cs)

M. Atzori Coronaet

al. Arxiv. 2509:22158

XnT (NR)

o T Qweak ]
COH Csl

COH Ge

0.1

05

N

510
Q [MeV]

50100
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Neutrino Charge Radius:Constraints

A CENS Theory +A Low Energy - A-The CENS Global Picture A SM Phenomenelog

EN

N Weinberg Angle

N
CHENS ) /
Standard Model \

Excesgounts(a.u.

Neutrino
ChaligeRadius

0.1 ( 1 10 ;
n cleus COVUS K aﬂ@gﬁ?}m '| [‘l Iﬁ'il ]
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Neutrlno Charge Radius

O

. 90 % CL
ot
Reon IR S Reactors
5 L CsI+A
o _20-_ sI+Ar
lQ | — Ge
(‘:;1 _40_ — CEvNS
~~ !
~ + SM
_60_

~150 -100 -50 0
(ry ) [107°% cm?]

—h M. Atzori Coroneet
al. Phys.Lett.B69
(2025) 139856

Mattia Atzori Corona (INFN) T

(r2 ) =2.273% x 107°% cm? A
andh g Scattering (r2 ) = —0.19%955 » 10732 ¢m?
Phys.Rev.Lett135 (2025) 23, 231803 Vi mY—0.56
B 2 —32 2
| C.A. Ternes Talk on (720 = {r,)[107 em’] <20 y
qu Wednesday

*

A $M and BSM Phenomeno1ogy

A CENS data provides a very powerful and innovative

method to study the details of thie-nucleon interaction
vertex

A At1, we find
m flavor  (r; ) =(3.2+£4.7) x 107** cm?

?

H flavor <’-'"3“> = —3.972% x 10732 cm?.
W flavor  — 95 < (ry) (XnT — NR) < 35,

(solar) — 105 < (r; ) (PAT — NR) < 46,
2509.22178

Best constraints from a
50 global analysi®of CHNS g
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Conclusions and Outlook

COHCsI COHAr LUX ZEPLIN
) (6.7,) (3.4,) COHGe(3.9,) 4.5,)

1974 43yearslaterH X DH I MT 2020 2022 2023 2024 2025 HAHC X
A g& COHCsl XENONNT & CONUS <>
(™ > (11.4,) PandaX2.7,) (3.7,) U

A TheCHNS erastarted in 2017 from the first COHERENT observatiofstemerging field with a lot of new
data!

A Offersunique insightsinto fundamental physicsveak mixing angleneutrino charge radiusand t is a
microscopefor studying theneutron nuclear structurg as wellas new physics

A Precision er® combination of datasets:complementarity betweerz, DAR, reactor and solar experiments

A Future is bright a very strong sensitivity is expected with fuU@®HERENT experimerigsxiv. 2509.04205),
and look forward to theN\UCLEUS sensitivity

| Before Leaving the to ) ] )
Ohn'BSM floor to Valentina De w https://levsit.ca.infn.it/
w2YSNAX LEVS-f}'

Final considerationThepeakof the CENS era remains unknown, as do the challenges and discoveries ydt to
come.However, this is the ideal time to contribute

Mattia Atzori Corona (INFN)y - . - €€ = N~ MIAPbPWorkshop
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.CONUS+ .Obs.'ervation :

;. arXiv: 2501.05206 CONUS+ Collaboration
COVU S 4 Naturevolume643 pagesl?2 The experiment is located lreibstadf Switzerland
29¢1233 (2025)

. A ThresholdD p EA 6
o €3 C5 C2 Data A Mass: 3.73 kg
|| signal prediction A0 o' 7 h, cw&Ii
A 119 days oReactor ON
A Simulatedbkg- ON Data

A 3.7dObservation(é "Hl "HY! T

20

CONUS+ observation relies on thedhard
guenching at low energies

Excess events [kg' (10 eV)™]

_o0l— + This is in tensiomwith the Dresdenll observation
I I T T (PRL 129 (2022) 21, 21180&hich assumes a
150 200 250 300 30 higher quenching as measured Oyllar et al

lonization energy [eV]
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https://www.nature.com/

CEhNS @ Direct Dark-Matter Experiment

XENONNT 191002 (2024)

COHERENT _
e CsI, 2022
% . I
Z —— | Ge, 2024
|—i—¢—| Ar, 2021
| xenon
% |—o-:—| Xe, 2024 (This Work)
< . | Xe, 2021
P | P | y 3 a2
10—39 10—38 10—37

Flux-weighted ocgyns [cm?]

A 5.9t of Xenon

A Exposure 3.51tx yr

A About 11 events from B neutrinos
A ~ 2.73Qevidence

hys. Rev. Lett. 133,

Siﬂ29W

031

0.1

~=- SBCEvNS
+ Data

L
Ly )"f fode e
1 e

——- SBCEWNS I MD lo

Number of electron in 4 to 8 e

W Cathode lo «  Data

1 1 1 1 1 1 1
4 6 8 10 12 14 50 100
Number of electrons (S2) Counts/0.5us

—e— BI16-AGSS09met (Low Metallicity)
——a— B16-GS98 (High Metallicity)
e+ SNO(2013)
PandaX-4T (2024) | -

I PY | LZ(This Result)
f | L 1 L I L L L 1 i L 1 | L L 1 | L L L
2 4 6 8 10

5B neutrino flux [106 em 25

LOHERENT ]

L CONLS (CsI+LAr)
APV PDG %LA( E158 Standard Model
chak _—E
: LZ (This Result) 1
; L TR SR | Ll L R R | L L \1;
107 107" 10°
Q [GeV]

50 Phys.Rev.Lett c
gig 133 (2024) 19, ap [ANDAM
20 191001

A 2.5t of Xenon

A Exposure 1.04 t x yr

A About 75 events from B
neutrinos

A~ 2.64Qevidence

Arxiv. 2512.08065

A 5.5t of Xenon

A Exposuré.7 t x yr

A About 12.3 events from-B
8 neutrinos

A~ 4.5Qevidence

MIAPbPWorkshop
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: There are many nuclear reactors in the world, about 400. There is also :
|,_ global movement with many experiments searching for kL& at reactors.

O D2 MeV

Neutrinos are produced through thedecay of fission fuels

5h 00 06 5. =
>
Additionally, the neutrons produced can be absorbed by the i _E
or by the reactor walls, triggering further reaction chains. s
Weare dealing with a very intensi_ flux hT wE Q“%]
=)

Reactor FluxPhys.Rev.C08 (2023) 5, 055501
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Statistical Analysis - Example-

We computedthe theoretical CE NS event number in each NR bin as Ne?trmo Flux

J'ma.x
T,

CEUNS Tor Pmasx AN,  _ doy_n
t_ 2 ap B,
nr / 0 T E

min (Tlu') V=, L’# p

EnergyAcceptance EnergyResolution
N stands for the

Time bin .
Energy bin l nucleus(i.e.Cs,] Ar)

o s NEXP I\
Csl data /x%sl =2) > [Y(H%)N%—N?HN?HH (24 ; )] +Z(_z)
ij

i=1j=1 Lz=1 =1 (1 +72)N a=1 \9z
Poissonian
definitionof the... & plglott stands for the CENS theoretical prediction, beam related neutrons \
(BRN), neutrino induced neutrons (NIN), steady state (SS) backgrounds. |, T ¢
; T® U
" T® U
; T8I ¢ P
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The.Weak Mixing Angle

The weak mixing angld, i fD? ,is a key parameter of the electroweak theonyi{ )eS N( )5
It is responsible for the mixing of tiée field (M(p) gauge symmetry), and th® field associated to th&Y )

symmetry.
A, costhyy  sin Yy B,

Z, —sin vy cosVw Wf’)

Q "QOET "QAIT-O In the- 3scheme, it is defined as:
A "Q3 %¢) gaugecoupling O E4¢)
A "QsB(p) gauge coupling L ()

OE+(MN mem@oyPpwo
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The Nuclear Form Factor

The form factor thus takes into account this spatial distribution of nucleons. It can be described analytically
using theSymmetrized 2 parameters Fermi

The parameter c is the half density radius, wiile Tt 071 T .

A The thickness is defined as the
difference between the radius where
the density drops from 90% to 10%
of the plateau valugo & 2.3fm)
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