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Coherent Elastic Neutrino-Nucleus Scattering (CEVNS)
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CEVNS from reactor (anti-)neutrinos

v, flux [10"? stem2MeV|

Coherent Elastic Neutrino-Nucleus Scattering . _
Nuclear reactors: intense sources of v,

E, < 10 MeV — fully coherent regime
= sub-keV recoils

= Low thresholds
detectors and low
background counting

Trade-off between cross-section and _
rate required

nuclear recoil energy

NUCLEUS @Chooz

Differential CEVNS rate expected for @, = 1.7 x 102 v./s
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CEvVNS, what for? deus

EXPERIMENT
1- New probe for Standard Model (SM) /_\ 3- For Dark matter experiments:
EVNS cross- ioni lean If deviations - )
¢ S cross-sectio .s "f' cled £ SM 2- Beyond the SM Sterile neutrino CEVNS of solar or atmospheric
standard model prediction wr o .
neutrinos: irreducible background
Standard Model of Elementary Particles . . . . .
st i Neutrino electro-magnetic properties for experiment looking for WIMPs
(fermions) . .
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The NUCLEUS Experiment cleus

EXPERIMENT

The cryogenic target
detectors (10g) :

Chooz B nuclear power plant:
Thermal power of 2 x 4.25 GW,

Experimental site: the “Very Near Site” (VNS)
102m and 72m from the two reactor cores
Excepted neutrino flux : 1.7x10%2 7 /(s.cm?)

Active and passive
-, cryogenic shields

24 m?room in the basement of a tertiary building
overburden of 3 meters water equivalent
=Ready to welcome the experiment

Active and passive
external shields
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Gram-scale cryogenic calorimeters cleus

EXPERIMENT

1
Crystal :
1 [ e e 1
| I SQUID readout _ !
transition I : o Voltage . Heat pulse measured with tungsten I
sor (W-TES) : I & & transition edge sensors (W-TES) :
I g
_03f :
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: Transition of W-TES :l ---------------------------------------------------------- I
350
: ‘ - ptaeier Ry T HY : s N
| - % ' | Al,O; prototype with threshold
L E : E,, = (19.7 £ 0.8) eV,
I i : — operated at mK temperatures
I B : — very low threshold (20 eV) and
™ I excellent energy resolution
| - | — synergy with light dark matter search:
| e e 11 NUCLEUS is based on CRESST technology Jan
P Tempeturelmd | F iy MO SN
Phys. Rev. D 96, 022009 (2017)
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The NUCLEUS target detectors

cleus

EXPERIMENT

Multi target approach

3x3 array of CaWOQ, (6g): Background + CEVNS ®

18 CaWO, crystals equipped W-TES on CaWO4 detector with
with W-TES have been tested transition temperatures of 12-15 mK

Film Resistance [mQ]

Detector 1
Detector 2 |
Detector 3
Detector 4 |

9 10 1 12 13 14 15 16 17 1€
Detector Temperature [mK]

Inner veto
Instrumented Si holder

— Si wafers equipped with TES
— Reject surface events

— Reject mechanical stress
relaxation-induced events

Holding plates (electrical Si wafer
& thermal contacts)

Full module assembly

3x3 array of Al,03(4g):
essentially background

with 3 cubes

b A W N M O BN W s ow
ABARERARGSRcansResashanesnesas RosnsRan s

* Nominal energy baseline resolutions
achieved on single detector cubes:

« 4eV (Al,0,)
m:i&__ © eV (Cawo,)

* Two detector cubes successfully

L
100

200 operated in silicon holder
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Low energy calibration cleus
EXPERIMENT
4 )
State-of-the-art | — — NUCLEUS 2017 _ _ _
Nuclear-recoil signal: Electron-recoil calibration: prototype data Assumpt|ons to extend it to eV energies:
% 60 - CEVNS events <100eV keV-scale X-rays from *Fe * Detector linearity
- / \ * No difference between NR/ER
-g 40 4
3
20 . .
M = New low energy calibration methods
ST e . developed in the scope of NUCLEUS
k TTF Energy [eV] )
(Low energy X-ray source \(  crAB calibration N\ In-situ LED calibration B
2-stages X-ray fluorescence source (JINST 16 P07032 (2021) CRAB: .
— Successful sub-keV calibration PhysRevLett.130.211802 (2023)) Calibrated ? a
(publication in preparation) = Recoils for g .
Run 48 XRF - Cryolab Energy (Optimal Filter) 45 E_ Comp]ete Model Accurate S
- : T T T ‘6.6days 40F —— Simulated CRAB events BOlOlTletI'y o
M Ky h ~—————— Simulated fast n background
35 o 4 -
% 30 & Model of measured external background = P = % - 5 v
N ¥ 255_ observation of 112 eV Amplitude [mV]
g; S o | CRAB peakinW £ ission of single gamma after * monochromatic LED shines to detector
S ° 154 neutron capture produces a * photon-statistics allows to measure
R 105 nuclear recoil of ~100 eV calibration constant
S o 3 ] i . ] ~ — In-situ continuous stability monitoring
0 » / 100 150 (2(\)/(; 250 300 of detectors during operation
0 2000 3000 4000 50025 6000 7000 8000 9000 nergy e
k”e 08/03/2022 OF Amplitude [eVee - Mn-Ka] j \ j \ j
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High purity Germanium Cryogenic Outer Veto cleus

EXPERIMENT

2.5-cm thick six high purity Germanium Crystals (4kg) Cold and warm acquisition electronic

Active shielding against external backgrounds . Cold J-FET-based

pre-amplification
(300K) + low
noise cold
electronics (4K)

. Read-out in ionization mode

. 4mr-coverage active veto

. Fast detector response

. Anti-coincidence with bolometric detectors

. 1-10keV threshold ¢ Warm amplification

with AMPTEK A250

Rectangular crystals
under tests

Cage structure mock-up ready
for mechanical tests

Cylindric crystals tested and validated, under
integration at the commissioning site
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Cryogenic detector operation cleus

EXPERIMENT

Dedicated vibration decoupling system
Alexander Wex, PhD student, TUM

(patent pending)

300K * >4 weeks continuous operation of cryogenic
detector with 6 eV baseline resolution achieved
using a NUCLEUS CaWO, crystal

* Detector operation largely independent of pulse
tube vibrations

* Successful cooldown of full system to base
temperature achieved repeatedly

M7 03 )00€ wouj ulids onse|3

* RMS reduced by a factor of 30

=)
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Plastic scintillator based Muon Veto éleus

EXPERIMENT

External muon veto ®

28x 5-cm thick scintillating plastics read out with

WLS-fibers and Silicon PhotoMultipliers Cold muon veto

! @800mK

* Data acquisition with struck FADC module
* SiPM control voltage controlled via arduino

10135

Muon veto prototype publication Read-out with a SiPM at 300K

* Allows to reach a 4m-coverage
*  Proof of principle

1600
Gamma

background

Number of events
I
o
o

muon peak

+ |
1200 1400
Charge [QDC]

0 200 400 600 800 1000

Muon Veto assembled and
commissioned at TUM


https://iopscience.iop.org/article/10.1088/1748-0221/17/05/T05020

Passive shielding layers cleus

EXPERIMENT

Differential Rate (.d kg keV")

— Shields against ambient gammas

20cm-thick 5% borated polyethylene o—

— Reduces the impact of secondary neutrons
— Moderates and attenuates atmospheric neutrons SR, o

= 4cm-thick boron carbide layer

— Inside the cryostat
— Captures slow & thermal neutrons reaching the
vicinity of the target detectors

B,C shielding impact on the expected
neutron-induced background

4000
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5cm external B4C (+ 15cm PE + 5¢cm Pb)
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Cryogenic shielding @deus

EXPERIMENT

— Shields against ambient gammas

20cm-thick 5% borated polyethylene e—

— Reduces the impact of secondary neutrons
— Moderates and attenuates atmospheric neutrons SR, o

Cryogenic passive shielding:
* Successful cooldown of PE, Pb, Cu &
Muon Veto (= 50 kg)
— Thermalized to 0.8K in 11 days

o7 A
LA e

e BA4C shielding design on-going
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EXPERIMENT

Commissioning on-going at TUM underground lab @deus

Vibration decoupling rack

!

Support frame




Background estimate through Geant4 simulations cleus

EXPERIMENT

From simulation:

Background contribution CaWO, array Veto cut applied
Rates in kg™ d* (Preliminary) | 10-100eV | 100eV-1keV | 1keV - 10 keV Cryogenic Outer Veto: Eq= 1 keV
Ambient gammas'Y 05153 4.1%17 92 +7 Inner veto: Ey, = 30 eV
Atmospheric muons(®) 1.2%02 2.7%13 9.3+1.9
: T Anti-coincidence target: E;;, = 10 eV

Atmospheric neutrons(2) 56+2.0 14.7 £ 5.3 57 + 20

Total 7.3423 21.5%27 158 21 Muon Veto:

CEuNS signal = 30 =9 - Eyn= 5 MeV

(WFrom measured gamma, muon, neutron fluxes
(2Considering the measured high energy neutrons attenuation of 6.6313:12 from the building

Goal of background level of 100 counts/(keV kg d) in reach

= What about the unknown background(s)?
Excess in the low energy range ?

Chloé Goupy The NUCLEUS Experiment — Rencontres du Vietnam — Aug 8t 2022



Investigate the low energy excess? cleus

EXPERIMENT

Counts / (keV kg days)

A. Fuss, et al. arXiv:2202.05097

Many rare event search experiments observe excess at low energies of unknown origin
e Events have particle signature
e Background seems to have multiple components

1 Nucleus-1g-prototype

10" , [ CRESST-III
: : ; : ] Edelweiss-RED20@surface
{5l e i bl L)L L ] Bdelweiss-RED30@LSM
: : : "' DAMIC_bck_subtracted
107._, ol o i ;7_7.1 **** L44¥4.,
r _IIrﬂ : I - # o
loS__,_f__%_ -l—:___ﬁﬁ,_ﬂﬂﬁ ]| ﬁf__HL L . f )
\ i | e AL L . . .
i e 5 ol fa Iy NUCLEUS’ various veto systems allows to investigate
r—\_r'-]_ i b ] )
10° 4 J\f‘f,: e | o L possible components of the background:
il I Uabee] feinn e T o (L L L HdL [ * Secondaries from atmospheric muons (muon-veto)
i HHH 1 : H | H ﬂrH * Mechanical stress relaxation-induced events (inner veto)
0.0 02 0.4 0.6 08 1.0 . J

o Energy (keV) N .
EXCESS Workshop, Data Repository, https://github.com/fewagner/excess
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https://github.com/fewagner/excess

From blank assembly towards on-site installation cleus

EXPERIMENT

2022 Beginning 2024

Blank Assembly & commissioning On-site installation

—

Design phase
Underground Lab at TUM  siile : D

— Mechanical integration tests Longrun measurement
— Calibrations at sub-keV energies — Background studies at sub-keV
- LED (EXCESS)
- XRF — Validate background strategy

- Neutrons with CRAB
— Detector performances

2024 202...

NUCLEUS-10g physics run
Phase 1: observe CEVNS

time
ime [(lay] 103
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