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Coherent Elastic
Neutrino-Nucleus Scattering

1s a process in which neutrinos scatter off a nucleus
acting as a single particle

¢ Predicted in 1974 by Freedman
D. Freedman, Phys.Rev. D 9 1389 (1974)
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If there is a weak neutral current, then the elastic scattering process v + A —v + A should
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
energy-independent. Therefore, energies as low as 100 MeV may be suitable. Quasi-
coherent nuclear excitation processes v + A —v + A*provide possible tests of the conservation of
the weak neutral current. Because of strong coherent effects at very low energies, the

nuclear elastic scattering process may be important in inhibiting cooling by neutrino
emission in stellar collapse and neutron stars.

There is recent experimental evidence! from important to interpret experimental results in a
CERN and NAL which suggests the presence of a very broad theoretical framework.? We assume
neutral current in neutrino-induced interactions. a general current-current effective Lagrangian

A primary goal of future neutrino experiments is .
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Wh at i S Coherent Elastic

Neutrino-Nucleus Scattering
CEVNS ® is a process 1in which neutrinos scatter off a nucleus

acting as a single particle
Vx

A
0
£ ¢ Predicted in 1974 by Freedman
D. Freedman, Phys.Rev. D 9 1389 (1974)

A ¢ Measured for the first time in 2017 by COHERENT
D. Akimov et al, Science 357 (2017)
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Wh at i S Coherent Elastic

Neutrino-Nucleus Scattering

Py
CEVNS ® is a process 1in which neutrinos scatter off a nucleus
acting as a single particle

Vy A
e . .
¢ Predicted in 1974 by Freedman
D. Freedman, Phys.Rev. D 9 1389 (1974)
Uy A

¢ Measured for the first time in 2017 by COHERENT
D. Akimov et al, Science 357 (2017)
¢+ Dominant process for E, $ 50 MeV

Deep Inelastic
Interaction with Scattering

nucleons inside

nuclei, often
disruptive,
CEVNS hadroproduction

keV MeV GeV TeV




Wh at i S Coherent Elastic

Neutrino-Nucleus Scattering

P
CEVNS ® 1s a process 1n which neutrinos scatter off a nucleus

acting as a single particle

¢ Predicted in 1974 by Freedman

D. Freedman, Phys.Rev. D 9 1389 (1974)

A ¢ Measured for the first time in 2017 by COHERENT
D. Akimov et al, Science 357 (2017)
¢ Dominant process for E, $ 50 MeV

¢ Cross section increases as N2

f . dosa G% ., |. 2Er (Er\> MEg \
or (B, = SEQh |2 0+ MIF(q)f

g-R<<1 dER Ep, — \ Ej, E3,
q = three-momentum transfer _ _
R = nuclear radius Qw = N — (1 — 4sin” Oy ) Z for: sin yy ~ (= 0.22)
4
q = \/QMET Gr = Fermi coupling constant Ev = neutrino energy F(q) = form factor

Z = atomic number of the nucleus 0 = weak mixing angle =~ M = mass of the nucleus
N = neutron number of the nucleus ~ Qw = weak charge




Wh at 1 S Coherent Elastic
1s a process in which neutrinos scatter off a nucleus

Neutrino-Nucleus Scattering
CEVNS?
acting as a single particle

Vy A
7 . .
¢ Predicted in 1974 by Freedman
D. Freedman, Phys.Rev. D 9 1389 (1974)
Uy A

¢ Measured for the first time in 2017 by COHERENT
D. Akimov et al, Science 357 (2017)
¢ Dominant process for E, $ 50 MeV

G2
. . F 2 172
¢ Cross section increases as N-=2 OSM ™ N El/
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Neutrino cross sections
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Strongly enhanced

coherent scattering |
cross-section

No energy 10-7- inverse beta decay

threshold
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0 2 4 6 8 10 Raimund Strauss — Magnificent CEVNS 2018
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Coherent Elastic
Neutrino-Nucleus Scattering

1s a process 1in which neutrinos scatter off a nucleus
acting as a single particle

Large cross section...

...but hard to observe due to tiny nuclear recoil energies:

2 (B, /MeV)?
E, >—
< > 3 1

keV

¢+ Energies below the typical detection threshold of conventional
neutrino experiments

* Now low threshold and background detectors available thanks
to the efforts done for dark matter experiments.



Why I Background for DM experiments
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What 1s
CEVNS

good for?

Fundamental neutrino i1nteractions

& Precision test of SM
& Beyond SM physics
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What 1s
CEVNS

good for?

Fundamental neutrino i1nteractions

& Precision test of SM
& Beyond SM physics

Nuclear physics

€ Nuclear form factor
& Neutron distribution radius (Rn)

Supernova neutrinos

& Energy transport in supernovae: all neutrino flavors
with E ~ tens-of-MeV

& To detect SN neutrinos (tonne-scale DM detectors)

Reactor physics

& Reactor fluxes & monitoring (below IBD threshold)
& Application for non-proliferation
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Neutrino
sources

for CEVNS

Requlirements:

¢ High flux

¢ Neutrino production well understood
¢ Low background rates

¢ Multiple flavors

¢ etc
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NeutrinO Requlirements:

¢ High flux

S Ourc e S ¢ Neutrino production well understood

¢ Low background rates

for CEVNS ¢ Multiple flavors
¢ etc
Pulsed beam /'
P — Hg
» Stopped-pion beams ~.

Pion-decay-at-rest neutrino source:
nheutrinos are produced from the decay of pions
and muons

¢ intermediate neutrino energies (~ 30 MeV)
¢ slightly incoherent
¢ pulsed beam for background rejection




NeutrinO Requlirements:

¢ High flux

S Ourc e S ¢ Neutrino production well understood

¢ Low background rates

for CEVNS ¢ Multiple flavors
¢ etc

~ 1l ﬁ
> 1 <.,
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» Nuclear reactors =407, e,
? A
§1023r \~\~\“\~~
Neutrinos are produced in beta decays of fission  §,,¢ \\\\;\
| > E 238 .
vd.) t U . N )
fragments Frol ——-— = N
g | “'Pu N
é>10-5§ _ _ 29p, \\\ \\\\
¢ high flux ~ 1020 y/s (power reactors) " o) U n-capture v\
PPN B : . : o )
. 0 2 4 6 8 10 12
¢ Intense (@ MeV energies (up to 10 MeV) E; (MeV)

¢ Clean in background, active and passive shielding
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Stopped-pion beam
experiments
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stOpped— COHERENT Experiment SNS ((C‘Qﬂ@@\ /4K
plOn beam ¢ Spallation Neutron Source - 1 GeV proton beam
experiments ¢ Pion-decay-at-rest neutrino source

¢ prompt monochromatic ~ 30 MeV
¢ Pulsed beam @ 60Hz for background rejection (factor ~ 104)

¢ Multi-target program to measure N2 dependence

Hg TARGET

SHIELDING MONOLITH
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Stopped-
plion beam
experiments
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Hg TARGET

SHIELDING MONOLITH
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2017 First CEvVNS detection
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M. Green @ Magnificent CEVNS 2019



COHERENT CsI 2020 ¥3§§X

“N N

pion be am & 2020 More statistics! +2x
. & Better signal reconstruction
experlment S o 306 + 20 events observed (333 + 11 (th) * 42 (ex) predicted)
@ No CEVWNS rejection: 11.60
« Result consistent with SM prediction at 1o
® Flux uncertainty dominates the systematic uncertainties (13%)
J
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D. Pershey @ Magnificent CEVNS 2020



Stopped—- || COHERENT in Argon
pj_on beam e 2020 first results with he CENNS-10 detector

3
(e QXW”%E 9

& Active mass 24 kg at 27.5 m from the source

experlments o Single phase only (scintillation) with a threshold at 20 keVqr

& 2 1ndependent blind analyses

@ 30 CEVNS detection significance
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Cross section = (2.3 £ 0.7 )10-39 cm?

L N T T ]
---CEVNS Cross Section Prediction
Bl Flux-averaged Prediction with Uncertainty

40

+ COHERENT (Analysis A)
4+ COHERENT (Analysis B)

W
o

1 T 1 | 1 1 1 | 1 1 1 | I | T
®
[ | I I Y | |

)\
o

v, Flux
__|v, Flux

1 _
0 v, Flux

lllllll

-
-
-
-
-
o=
-
-
-
-
--

]

COHERENT, Phys. Rev. Lett. 126, 012002 (2021)



Stopped- || COHERENT in Argon c Q‘&W’@%/‘SNS

pion beam e 2020 first results with he CENNS-10 detector
& Active mass 24 kg at 27.5 m from the source

experlments o Single phase only (scintillation) with a threshold at 20 keVqr

¢ 2 independent blind analyses

@ 30 CEWS detection signhificance

s‘ﬂe\/' s ta\k First confirmation of SM prediction of N2 dependence !
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StC)pped— Ongoing and new experiments
pion beam esg) ) Lo
experiments

European Spallation Source

SOURCE

€9 Gaseous detector for Neutrino
physics at the ESS (GaNESS)

& Other proposed projects
ex: JHEP 2020,123 (2020);
arxXiv:1911.00762

L]

Lujan Center @ LANSCI]

Coherent Elastic Neutrino-Nucleus Scattering at the European Spallation Source
» Los Alamos

NATIONAL LABORATORY
EST.1943

D. Baxter,! J.I. Collar,':* P. Coloma,?' ' C.E. Dahl,>* I. Esteban,®* P. Ferrario,® 7%
J.J. Gomez-Cadenas,®7* ¥ M. C. Gonzalez-Garcia,> %% ** A R.L. Kavner,! C.M. Lewis,*
F. Monrabal %7 " J. Mufioz Vidal,® P. Privitera,! K. Ramanathan,! and J. Renner!®

!Enrico Fermi Institute, Kavli Institute for Cosmological Physics,
and Department of Physics University of Chicago, Chicago, Illinois 60637, USA
2 Instituto de Fisica Corpuscular, Universitat de Valéncia and CSIC,
Edificio Institutos Investigacion, Catedrdtico José Beltrdn 2, 46980 Valencia, Spain
® I Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208, USA
C h t CAP TA I N M l 1 C C M 4 Fermi National Accelerator Laboratory, Batavia, Illinois60510, USA
’ O e r‘ e n - 1 S ®Departament de Fisica Quantica i Astrofisica and Institut de Ciencies del Cosmos,
Universitat de Barcelona, Diagonal 647, E-08028 Barcelona, Spain
® Donostia International Physics Center (DIPC),
Paseo Manuel Lardizabal, 4, Donostia-San Sebastidn, E-20018, Spain
7'Ilcerba.s;que, Basque Foundation for Science, Bilbao, E-48013, Spain
® Institucié Catalana de Recerca i Estudis Avancats (ICREA) Pg. Lluis Companys 23, 08010 Barcelona, Spain.
9C.N. Yang Institute for Theoretical Physics, Stony Brook University, Stony Brook NY11794-3849, USA
0 Instituto Gallego de Fisica de Altas Energias, Univ. de Santiago de Compostela,
Campus sur, Ria Xosé Maria Sudrez Nirez, s/n, Santiago de Compostela, E-15782, Spain

» 10-ton liquid Argon detector

» Energy threshold ~ 50 keV

» To be improved to 20-30 keV
by LAr purification

» Data taking since 2021

The European Spallation Source (ESS), presently well on its way to completion, will soon provide
the most intense neutron beams for multi-disciplinary science. Fortuitously, it will also generate
the largest pulsed neutrino flux suitable for the detection of Coherent Elastic Neutrino-Nucleus
Scattering (CEvNS), a process recently measured for the first time at ORNL’s Spallation Neutron
Source. We describe innovative detector technologies maximally able to profit from the order-of-
magnitude increase in neutrino flux provided by the ESS, along with their sensitivity to a rich
particle physics phenomenology accessible through high-statistics, precision CEvNS measurements.

-det] 3 Feb 2020
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Nuclear Reactor
experiments

Silicon
Charge Coupled Devices (CCDs)



Nuclear
reactors

COherent Neutrino-Nucleus Interaction Experiment

CONNIE

¢ Experiment @ 30 m from the 3.9 GW reactor core CO.VNLIE

¢ Reactor-0OFF periods (~1/14 months) for background measurements

e Flux: ~ 10! I, e 2 g1 Angra 2 nuclear pewets
plant in.Brazil«< Wi

¢ 14 CCDs of 6 g each |

¢ Passive shield (Lead + polyethylene)

¢ Energy threshold ~ 50-70 eVee

Event rate (events/day/kg/keV)

CONNIE, PRD 100, 092005 (2019)

- —— Reactor ON
— - Reactor OFF
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Nuclear
reactors

CONNIE — 2016-2018

Reactor ON - Reactor OFF

 CONNIE 95% CL limit ~ 40x SM

10 |

rate with Lindhard QF

10" £ :

Event rate (events/day/kg/keV)

CONNIE, PRD 100, 092005 (2019)

: rate With : ................................... ;
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Energy (keV)

CO/NVN/[e

Active mass 47.6 g.

Reactor ON (2.1 kg-day) vs
Reactor OFF (1.6 kg-day).

Event rates 1n the lowest-energy
bin yield limits on non-standard
neutrino interactions
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¢ First competitive BSM constraints from CEvVNS at reactors

Light vector (Z’) mediator
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Nuc lear CONNIE — 2019

¢ 1x5 pixel hardware re-binning to improve acceptance and CO.VN (e
reaCtOrS selection efficiency at low energy

» Full efficiency reached at 100-150 eV
¢ Low-energy background reduction
» 3 times lower image exposure to reduce the single electron rate

» Improved size-depth calibration
(Large low-energy events and partial-charge-collection layer)

¢ Blind analysis and multiple cross-checks
Reactor ON - Reactor OFF

1000
40000 4 differential rate _:j )00+ H *’ + + + .
o= T VLT AR IR
_if» <+ Reactor off H + + + + H H H ‘} +
= 30000 - :5: —500 * + + + *
= S
§ 20000 - = —1500 - |
= 0 1 2 3 i : 5 . 3 5
= 15000 - - ElkeV]
E_;l 10000 - <
.9’,- ft-o-_"‘ -
?'3'\:' 5{)(1) - == e = o S g *a’?mtww - ",.
() | 1 | ] L ] ] L
0 1 2 3 4 5! b 7 N 0

ElkeV] CONNIE, JHEP 05, 017 (2020)



Nuc lear CONNIE — 2019

: . : _ CO.VN (e
reaCtOrS ¢ Rate difference at low energies yields upper limits at
95% CL on the measured neutrino rate

10° | ]
’ "" i - ; - - - - -
ey - X
= | .
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.
= 10! . 22
2 B E— EUTRING 225
. & ' : \otornation®! - 2“22
°::' 1 ! 1 L 0- \.“-\e L"
- ] 05% CL ——_— »\?a\éja\seou\ 6—556
~ 10( E T ceaC TO
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- —_——————
@ —  Expected Limit
-~ 10! - Sarkis
’_‘2~ ) ———
= —  (Chavarria
0.0 (.2 0.4 0.6 .8 1.0
EylkeV]

CONNIE, JHEP 05, 017 (2020)

¢ Results compatible with previous analysis

» Expected limit in in the lowest-energy bin ~35 times the
SM prediction (agains ~ 65 times in previous analysis)




Nuclear
reactors

CONNIE — Skipper-CCDs

¢ Skipper-CCD technology COVNLIE
» Allow multiple non-destructive charge measurements of each pixel
» Significant readout noise reduction reaching single-electron
resolution!

o Reduce detection threshold
o Improve efficiency at low energy 1000[F

PRL 119 (2017)

¢ Skipper-CCDs @ CONNIE since July 2021

» 2 skipper-CCDs (1022 x 682 pixel each) 800 &8

» new Low Threshold Acquisition (LTA) readout
electronics

» Data taking in ongoing 600

o Readout noise: ~@.15e- RMS
o Single electron rate: ~ 0.05 e-/pix/day

200

0 100 200 300 400



Nuc lear CONNIE — Skipper-CCDs
reactors

Rate (DRU)

¢ Background and efficiency

CO/VN([e

? §_ . CQNNIE 2019 - JHEP 17 (2022)
P _ 2 "E
: gg‘m‘fgg;g - R i""i""l""'f'L'-'f;'.'.'f'.'.'.'i'.'.ﬁf.L'.f.';'.'%L'.'.'f.'.'j'.'.ﬁ%'L'j".'.'%L".'i'.'.'f.'f%' JJJ * ".'.'f.".'{".f"f.'{'"
105:_ 0.6;—} * -----------
E = : 0 : : Energy (keVe1e)
i —4—
1m§— ________ j\&azJg . » Energy threshold 15 eV
e 'R"}&Tfa;# Sl SO RN %;'%1%4 » CEWNS rate increase
B -8 e o 2.2 times compared to
i CONNIE 2019 run
Energy (keVee)
¢ Considering 4 kdru of background and Q;
a future detector of 1 kg at the o

CONNIE site, it should run for 9 days S

(if Lindhard) or 2 months (Chavarria) |
to observe CEVNS at 90% C.L. ”g

04F

- Lindhard
~ Chavarria
- Sarkis

—— Sarkis (preliminary) :

Exposure (kg-day)



Atucha II plant
in Argentina

Nuclear Skipper-CCD @ Atucha
reactors

¢ 1 skipper-CCD ~ 0.68 g
6144 x 1024 pixels of 15 pm size
> 675 um width
¢ Detector threshold ~15 eV

¢ Installed at 12 m of a 2GW nuclear reactors

o Flux: 2.10% ﬁecmn_Qs_l

) 1|08 | mws |
,nhil;

Nucleus-1g-prototype
SuperCDMS-CPD-ROI
SuperCDMS-HVeV-Runl
SuperCDMS-HVeV-Run2
Skipper-CCD @surface @ FNAL
Edelweiss-RED20@surface

-—1 SuperCDMS-CPD

|

Detector image @ Atucha j\

-
M M _I-J.“ - 20000
- L at =
= 5 it T

¢ Readout noise 0.17e- 1mm%\

Counts / (keV kg days)

¢ Horizontal binning of 1wmpb / \M ~
i s 10 columns - VU U

Energy (keV) 5000 —

G. Fernandez-Moroni, et al, arXiv:i2107.00168 o b e e N

Electrons




Nuclear Reactor
experiments

P-type High Purity Germanium



Nuclear | CONUS
reactors

Experiment @ 17 m from the 3.9 GW reactor core

.
¢ 24 m.w.e overburden, muon reduction ~ 3.5 times
o Flux: 2-10% v, em™ 2 s

¢ Four 1lkg-HPGe detectors (low-background crystals)
.

Passive and active shield (1064 fold suppression)

]

lllllllllllll llllllIIIIIIIIIIIIIIIIIIIIIII

—, 5k ¢ Lead + polyethylene
%10

no shield ¢ Active muon-veto (plastic scintillators)

o /
1 | lllll

¢ Energy threshold ~ >200 eVee (full efficiency)

cts [d"kg '(2.5k
<A

f passive shield
0

1

1o}

active shield

llllllllllllllllllllllllllllllllllllllllll

50 100 150 200 250 300 350 400 D rokdorf .
energy [keV] rokaorr nuclear power

34 _ » Q% Ve N NN, - — plant in Germany
J. Hakenmiller @ Magnificent CEVNS 2020
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Nuclear j CONUS
reaCtOrS ¢ Best limit on CEWS in the fully coherent

regime as a function of the quenching factor
parameter k

¢ Quenching factor: k = 0.162 + 0.004

7 an Measurement spectra
— [ ,,1,7FN\83°‘ ) k < 0.27 desfavorece by data ¢ 100
< 1 05 0 I | T = D\raC. ' > H C1, RUN-1
()] : > 140 - [78 — 88 K Ge tempj § - —data reactor ON
ﬁ% no shield %’; 80:—— —data reactor OFF (scaled)
o 190 - € |4| o —CEVNSU.L.k=0.18
E?Hf ° I
x=J £z 100 - 60
Q 3 Q>) B _I_
©10 > 80+ / - b
C£ 40f— |
. . S 60- I I
. passive shield ) &
10 - "
. - 40 - !
| |
; 20 - A —— 90% C.L. limit
10 : —— theory pred. g
1 I 1 1 o
active shield - ’ 0.15 0.20 0.25 0.30 3
1 |||||||||1111||11||||11||||1||1|||111||1|11 k(mOd Lindhardtheory) | | | | | . |
50 100 150 200 250 300 350 400 I
energy [keV] CONUS, PRL 126, 041804 (2021) 03 035 04 045 05 085 05 Ogﬁergg,,?(ev

3> J. Hakenmiiller @ Magnificent CEVNS 2020



Nuclear | CONUS )

C&VUS
reaCtOrS ¢ Constrains on neutrino physics beyond SM

° , ° . .
Light vector (Z’) mediator Light scalar (¢) mediator

1072 . 107 —~

-~ COHERENT (Csl) -~ COHERENT (Csl) N

—— COHERENT (Ar) —— COHERENT (Ar) N

CONNIE (Si) CONNIE (Si) O

107%4 —— NCC-1701 (Ge) 3 CONUS (toy MC): Al

CONUS (toy MC): 10724 — k=0.12 ~

— k=0.12 — k=0.16 Lﬂ

~— T T T[T T[T T[T T[T T[T T [TTT T[T TTTT S = =k S1 —1;1=o.t20 0]

— 5k a0 10744 — k=0.20 op |~ Electron o
> 1 0 = _,S- Electron 71

D R 5 L 2 10 Lﬂ“
e ' . - :

5 no shield : S

, ~‘:““' P - >
pa) ) - o
' - = 10°°

:\?) 10 LI § 1076 _1

O § L o X %)

— - 90% C.L. 90% C.L. -

‘(e 107 : : ' 107 2 "4 "6 "8 10 Z

O 3 107 10* 10° 10° 10'° 10 10 10 10 10 O

1 0 Vector mass mz [eV] Scalar mass m [eV] O

] 1 lllllll

. Passive shield ¢ First limits on neutrino electromagnetic properties
0

1 E NEUT%\OR‘:&PW‘;;
] et 120
i s G e MTO5 20
@) I
10 ¢ Background measurements (2022) FX,\aQ-Xorana.
- , TN oTas 3k
active shield : ¢ 20% reduction of the background @ sub-keV cF Diret
lllllllllllllllllllllllllllllllllllllllllll ° ° ° ° °
50 100 150 200 250 300 350 400 » PSD (pulse shape discrimination) that selects events via
energy [keV] shape of readout pulse
36
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Nuclear j nuGeN
reactors 1.5 kg HPGe detector

~ 10-11 m of the 3.1 GW reactor core (distance can change)
Flux: 5-10% 7, cm™2 7!

Reactor-0OFF periods (~2/18 months) for background measurements

*
*
*
*
¢ Overburden ~ 50 m.w.e

¢ Passive and active shield

¢ Copper + B-polyethylene + lead + B-polyethylene

o Active muon-veto

+ Reactor ON
¢  Reactor OFF

—
o
N
[T TTTII

©

=

Kalinin Nuclear Power
Plant in Rusia

Counts per 10 eV per kgd

+ .............................................. T S .............................................. ..............................................

5 ﬂgﬁaﬁﬁﬁﬁﬁﬂﬁﬁﬁgﬁﬁﬁﬁ

—

I |l||||l|

| No signal excess
" b kN observed

. e
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Nuclear CEVWNS @ Dresden-IT
reactors

3 kg of P-type point contact (PPC) Ge detector
Located @ 8 m of 2.96 GW (BWR) boiling water reactor

.
.
o Flux: 8.1-10"7 v, ecm™ 2 s !
.
.

o Detector threshold: 9.2 keVee
- Passive (lead + cadmium sheet) and active (scintillator) shield
” T Dominant background: epithermal neutrons
4001 iy e _7
) * Best-fit epithermal neutron background
S0r . (model)
K I et e
—g 200%{ .:;+ ; = oof | e W*HH+ ..
o S, Bx-ON @7 d) +'7:' = 50} H H 1
. P o4 ,, - | .
= |, S “ ol °ﬁ’ MWfﬁ\mﬂwﬂW_
ook 26 i > 40] _
2 Moy JxON (20, +1" HDPE) " = 80f 050 06000 T80 06010 ]
: CEVNS " hn aatdl ...\ 2 20 \‘ ? 7
CONNIE =2 0 DS— | [ E— ' | g \ (X .
10 . (Si CCD) ; g 30 — 1 | 1 ] ¥ § 10- \'\\\ + + +
: = : S | - = ot 51T %e-le® |
___________ =*" NCC-1701 _ o = | + -
(this work) - ¢ b 'g 10, * . . , ‘ : |
e P AT~ Smm— L 4P | 3 N ~ 020 025 030 035 040 045  0.50
' ionizati keV.
MZ, GeV) _ + mﬂﬂ o ; ) | ionization energy (keV..)
fome “
| | oL P et o o e /TR Lower background and threshold needed !!
J. Colaresi, et al, arXiv:2108.02880 0z 04 06 08 1 1z 14

38 1onization energy (keV..)
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Nuclear j REDI1OO NS
re aCt ors ¢ Two-phase Xe emission detector ~ 100 kg NN

» sensitive to single ionization electrons (SE)
¢ 19 m of the 3.1 GW reactor core

¢ 160 kg detector with passive shield

Il

» building & infrastructure for muons

» water tank for neutrons

A

_—
_—
_—
_—
-—
_—
-
_—
-y
-—
—_—

» 5 cm of Cu for gamma

¢ Veto after muon or gamma signal

Kalinin Nuclear Power

¢ Multi-electron events (ME) are the main Plant in Rusia
instrumental background of a two-phase emission detector

ionization electrons
. _ 4 4?. ? ,55. - ?' | .Sf.
3 ¢ Data until: March 2022 & .f
* o -
X . S w4 4 Background
> 107 T * ¢ CEVNS: 3-6 SE region 2 a5t
S * ! 3 300
E 1004 b o o -
% 1 I i @ Analysis 1in progress 25
-3 x . o o 20
19 ] navecit ¢ Preliminary: No reactor o —+-
10 h R correlated background e —4- |
107 20 25 30 35 40 45 50 55 6.0 § e T,

2
]

130 140 150 160 170 180 190 200

40 number of SE cluster integral, PE



Neutrino Detection with Xenon

Nuclear | NUXE
reactors

NUXE

Neutrino Detection with Xenon

¢ Single-Electron Sensitive Liquid Xenon Detector

» Produce: prompt scintillation & delayed ionization

¢ Ionization-only: single electron sensitive

» Nuclear recoil threshold ~300 eV

¢ Detector system under construction at UCSD

» R&D efforts to reduce the single-and-few electrons background

Photosensor Array
e — NI ¢ Background estimation based on Xenonl@/Xenonl00
------------- A ddg--ccccccccnaa Gate

104 | | | | | | | |

. — = ERNMM
— - = CEVNS
nEUtrIno :__ —_— St};l:iarr(\iln:ldn.l vn ‘
...... 3 0P I P .
e €€ .-~ g
- o 0
S 10
CEvVNS =
o' o
d = 102 .
l' Q) |
‘ -‘_, L
2 104 ey _|_\_\_
" ].O [ - | 7
’ . - --l
; Liquid Xenon == -
! J Cathode 106 | 1 1 | | L e I 1
. 1 3 5 7 9 11 13 15 17 19
4 Number of electrons

41

» 10-kg active LXe detector 1is expected to achieve 50 CEVNS detector

Universe 2021, 7, 54

10 1
8_ -
B
8 6 i
-
(o} e [ ol = - ———————————————— -
AS
G—
E 4_ —
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) — 3-10e- |
e 4-10 e-
5-10 e-
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Nuclear j NUCLEUS cleus
reaCtOrS ¢ g-scale CaWOs (CEVNS) and Al.0s (Bkg) crystals @ mK temperatures

wi’
i

¢ 2 arrays of 3 x 3 cryogenic crystals (gram scale)

Detector threshold ~ 20 eV

Target background 100 events/kg/day/keV

102 m & 72 m of 2 reactors of the Chooz-B plant of 4.25 GW each
Flux: 1.7-10% 7, cm %57}

®¢ & o o

¢ Multi-layer passive shield + active vetos

¢ Muon veto with plastic scintillators

= It 5 -

I

. —— — e Y e vk /
ey sEE ¢ 20 cm 5%-borated polyethylene Chooz—B plant
_li.l.i.lilj ¢ 4 cm boron carbide in France
¢ Cryogenic outer veto (COV) - HPGe crystals (4 kg)
2
0 2022 : :
gUTRINGD.- ; ¢ NUCLEUS 10 g 50 observation of CEVNS in < 1 year
ﬁ\n“' aons! " une L, 2“22 |
Vituat seo N\T16'158 52 1o
N\aXO\’ana' 66 g § Background contribution CaWoO, array Al,O; array
F ‘rac pTob-? 5 ; ~ Rates in kg d* (Preliminary) | 10-100eV | 100eV-1keV 1keV-10keV | 10-100eV | 100eV-1keV = 1keV-—10keV
oF D\_ 3 | D1 06’7?’8 1 Ambient gammas 1.7+0.2 53+04 = 45 3.9+0.4 10.4+ 0.6 ~ 90
O i N [P E——— SO LT T
7F Drd™ %% A  EEEEEE COHERENT 2017 Atmospheric muons <1.9 <1.9 <1.9 €2.9 €2.9 0.4-2.3
Els | —— NUCLEUS-10g Atmospheric neutrons
=) ] ; = — — — — .
| — NUCLEUS-1lkg threshold assumi (with a factor 5 from VNS building) g £ 64 1.5 15 44
17 =y — Total =~ 10 =30 ~ 110 =6 = 30 ~ 140
43 time [day] CEUNS signal =30 =9 = = 2 = 4



Nuclear
reactors

44

Ricochet

//
///////////

A Coherent Neutrino Sccmermg Program

¢ Cryogenic phonon detectors with an energy threshold < 100 eV

¢ Neutron-Transmutation-Doped (NTD) thermistors

¢ Transition-Edge Sensors (TES)

¢ 8 m of the 58.3 MW ILL reactor core @ Grenoble, France

¢ 15 m.w.e of overburden,
o Flux: 1.2 x 10* v,ecm2%s™1

muon reduction 2-3 times

¢ Cycles of 50 days with time for background characterization

NTD Sensor

lonization/Heat Sensors

A =
Germanium
h+ !

*—— Heat

e/ \e-

lonization Sensors

TES Sensor e

Heat Sensors

l Zinc
o

———

/
— ™ —_ Promoted Heat
/ \ \ Delayed Heat

Neutrino

Detector Array

Example: Nuclear recoil spectrum inside 1kg Ge target at ~ 8 m of the 58 MWth ILL reactor

04

—

v-flux: 1012cm2s-1

L

-

f
K "/'

Event rate [evis/kg/keV/day]

arXiv: 1805.01798

|||||1|| | ||||||||“. |

il e
107 1072 10 1 10
Recoil energy [keV]

[ 1 11111

107 :

T. Salagnac @ GDR Neutrino 2020
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Nuclear || NeON

¢ Neutrino Elastic-scattering Observation with Nal
reactors
¢ Detector threshold < 0.3 keV
¢ 13.5 kg (comercial detectors: 3x 1.6 kg & 3x 3.4 kg) QINO 2022
UTRIT e

¢ Located @ 23.7 m of a 2.8 GW nuclear reactor %&gﬁmmma 8
_ — — \Jif val 5e0° o- 9

o Flux: 7.1-10* 7, cm™?s™! 7FD\rac.DDTT°06_76go

.

o
Passive shield (polyethylene, B-polyethylene and lead) LF Dira
¢ Active shield (liquid scintillator)

& Sensitivity:

Polyethylene Castle

Borated Polyethylene Calibration access holes

Background of ~ 7 dru (thanks to the veto)
Light yield of 22 NPE /keV
Threshold 5 NPE (200 eV)

Acrylic Box 3-inch PMT

Hanbit nuclear
plant 1n Korea

Acrylic Box

S Bk + Single -+— Multiple . + Single -+- Multiple
20 “0
> " o > rfv W
0 “ w . M v 10 .
Lead Castle o ) %b 15 . ’ W “ fb
quwdﬁS"(:cr;tlllator i " w‘.‘ . i
S et e’ S 3
E 10 ¢
. .
8 e ", o " L§) 1 \/\r\/“. ~
5 ..O.. o ....... 0...0 a .\
. e e
arXiv:2204.06318 i o
0 ] 4 | " | A | N ] N ‘0 1 " | N | N ] L
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Nuclear || NeON

reaCtOrS ¢ Neutrino Elastic-scattering Observation with Nal
¢ Detector threshold < 0.3 keV
¢ 13.5 kg (comercial detectors: 3x 1.6 kg & 3x 3.4 kg) CINO 2022
¢ Located @ 23.7 m of a 2.8 GW nuclear reactor Niaoa\w“"—z .
_ — _ \,_“\__ua\seo\-‘ o- 9
e Flux: 7.1-10'? U, CI 2g—1 7FD\rac.DDTT°O6_76go
c
¢ Passive shield (polyethylene, B-polyethylene and lead) 77 DI
—_— ¢ Active shield (liquid scintillator)
arXiv:2204.06318
@ Phase-2
® CEVNS detection significance 4 + 1 ¢ B [0 Timimmmommememeeeetes » New encapsulation
g 2200 errerbibern ettt
» Background of ~ 7 dru (thanks to the veto) 3 15\ j;}+*1+++
» Light yield of 22 NPE /keV £ A\"* ~+ Reactor On ,
sl i —4— Reactor Off >
» Threshold 5 NPE (200 eV) RN .
_“E 5,\_’1‘ NN — CEVNS Signal
» 1 year Reactor ON data E , ol
Z, O : ' . ' ‘ = Inside of copper(Teflon frame)
» 100 days Reactor OFF data 5 0471
€ 02k T 4, N
o _\;-; +=+-:t-_ '+' -9
i TR R
025490 15 20 25 30 ‘

The Number of Photoelectrons [NPE] AIO ril 2022

47 Copper shield with crystal
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Color Center Passive Detectors



PAssive Low Energy Optical Color CEnter Nuclear rEcoil

Nuclear PALEOCCENE

¢ Room-temperature, passive and robust detectors
reactors |
» gram-kilogram range detectors

¢ Nuclear recoils result in damage to the crystal lattice
and some of these damage sites can become optically active

. o » Few tens of eV
CaF; crystal with different radiation doses

» Optical detection of the fluorescence of single color centers
¢ R&D efforts to investigate the feasibility of this concept

¢ CEVNS detection at 30 of a 3 GW nuclear reactor during 1 year

S (it I uu'm.l... ....u‘nn'n WL 0
i L | | 10°,
3 4 .6 8 L 8 | :
/p)}
<
LLl
o S 10 10
20 S 9
RINO <7 G
NEUE S
v\ll\;‘t"?\s oul MT 16,226 qh, 100_9_
-O(aﬂal '© _
3F M) o 1072}
:'g i 100%_ ~
3 2 2
= 0
10—3 i Y - @ T el R,
107" 10° 10’ 102 10° 10* 10°

49 background count rate 20-1000eV (d" 'kg™") ~aF; crystal irradiated by AmBe source
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ged cross section (10*° cm?)
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CEVWNS: very active field

Exciting moment: new results from different
experiments and new techniques expected soon

New facilities and next generation experiments
being designed

Neutron number

€ Synergy between experiments and theory
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