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Coherent elastic neutrino nucleus scattering

Cross-section x 100-1000 with respect to other
v detection channels = detector miniaturization

Incomingv & v - All
flavors

E <10 MeV - Quantum wavelength
comparable to nucleus diameter
(coherence)

Same outgoing v



Coherent elastic neutrino nucleus scattering

NUCLEUS Signal

Recoiling nucleus
ﬁ

Nucleus recoils as a solid body

' - 0(100 eV) energy deposition: faint signal
m INg L
>ame outgoing - Hard to discriminate against backgrounds

- Not yet observed for reactor neutrinos !
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\_nyileus Reactor Antineutrinos Source
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@c@é‘“ﬁ? CEVNS @ reactor anti-neutrinos

Differential CEVNS rate expected for @, = 1.7 x 10?2 v/s Preliminary
10 E : — : =
- P —CaWo, | -
- i NUCLEUS -
i th ALO
': 103 e R : ............................................................................. == Mg —
5 F : s
* E, <8 MeV - fully coherent regime 3 - E BRI R T
o, E . background level goal
. X, QP prreeiiseneneds T e Gy L e e e LT
* Induced nuclear recoil in sub-keV range o S : E
* Energy threshold and low background < 0‘ 5 i
1 el B e L L T e ]
O = : =
level are key parameters - : :
PN |

e CEvNS of reactor anti-neutrinos has not e e ,

Recoil energy [keV]
been observed yet
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10mk

Cryostat
/

External
Muon

Low & High Z
Passive Shielding
~a
v-calorimeter unit

Y
Si, Ge, Al,O3, CaWO, + TES

Rail System



Deployement Strategy

10mk
Cryostat

Low & HighZ
Passive Shielding

v-calorimeter unit
Si, Ge, Al,03, CaWO, + TES

Rail System

TUTI

MUNCHEN

i UL Garching, TUM CNPE Chooz

Background
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Blank Assembly — Background Validation Neutrino detection + First physics run



~wes - Cryostat Infrastructure (BlueFors)

/Z ‘ mK Cryostat BlueFors LD400

A @ Vibration Decoupling System

‘\

Enceinte du cryostat + support
Armoire de manipulation des gaz

LN2
Trap Dewar

Unité de commande

Cryostat and auxillary systems
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| nuleus Cryogenic detectors

Achieve very low thresholds &

[ thermometer ] Heat pulse measured with tungsten .
( absorber A transition edge sensors (W-TES) excellent energy resolution
crystal 03k 4 _
§ B 3 Measure full recoil energy
> F
% R Independent of particle type
V /}//l/\/'/l' § 0.15?
A 01—
> 005t Wide range of target materials
o
- o020 40 60 o 0 ¥ Synergy with light-dark matter search:
weak thermal link NUCLEUS is based on CRESST technology

Thermal bath
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Target detectors

v" CaWO, and Al,O; crystals read-
out with W-TES

v Based on CRESST technology

v Al,O, prototype with threshold
E, =(19.7 + 0.8) eV,

gl

W-TES

Arrays before cutting with

CEVNS rate [kg 'keV'day™|
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NULCEUS Neutrino Targets
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Multi-target approach
 CaWO0,: Background + CEVNS
* Al,O3: Essentially background-

Phys. Rev. D 96, 022009 (2017)
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wees CaWO4 crystals operated at 15 mK

v’ 18 CaWOQ, crystals equipped with W-TES have been tested:

sensitive TES has low transition temperature due to AT = AE/C(T)

W-TES
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Target detectors enclosed in 41 active vetos

Target crystals: Inner veto: TES-instrumented holder Germanium outer veto
Two 3x3 arrays with a to reject surface backgrounds and for active y/n background
total mass of holder-related events rejection

6g (CaWwO,) + 4g (Al,0,)

_ Si mock-up

h-...- - ll,I

l“z —‘ .

‘
&
r
[~
.

Si wafer
+ W-TES

Ge Outer Veto

Holding plates
with electrical &
thermal contacts

Thierry Lasserre - IAEA 2023

13



Multi-layer shielding background rejection

e Compact passive shielding with footprint of ~1 m?

Passive shielding on
movable mechanical
structure

Thierry Lasserre - IAEA 2023
14



Muon Veto

* Compact passive shielding with footprint of ~1 m?
At 3 m.w.e, a muon veto with € > 99% is needed

Self-made muon veto

v" Prototypes finished
arXiv:2202.03991
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SiPM @ 300K
plate ‘ Cryogenic
muon veto
@ 800 mK

9 WLS fibers, ~1m

v" Proof of principle
shown in first

measurements
arXiv:2205.01718
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Muon Veto installed at TUM (2022)
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" oullais Passive Shielding

e Multiple shielding layers in and outside of the
cryostat:
*scmlead  _ _ _ _ _ _ _ _ _____________

e 20 cm 5%-borated polyethylene

e 4 cm boron carbide
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Muon veto
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Passive Shielding installed at TUM (2022)
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Background forecast: O(100 counts/ (keV kg d))

v Extensive GEANT4 Monte Carlo simulations of the |
full NUCLEUS setup have been performed |
PREL; Muon veto
Estimated rate budget in CawoO, MINARy E, =5 MeV
(10-100 eV)

210Pb™ ambient y’s™* Outer veto

atmospheric s Eip = 1 keV

atmospheric Inner veto
neutrons E,, = 30 eV_ o

Anti-coincidence | :
Eth = 10 eV L

* 1 kBq/kg

** v-bck based on measurements @ VNS
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The Critical “Excess” at very low energy (<100eV)

1 Nucleus-1g-prototype

10" 1 CRESST-III
[ Edelweiss-RED20@surface ».
109 "1 Edelweiss-RED30@LSM /}(r -
' DAMIC_bck_subtracted - =55 Workshop,
& B N ee08
.;2” 8 Iy = b 1_]'_ "‘L . https://indico.cern.ch/event/1013203/
£ 10% .
2 TR LT Challenge: many observations
S 10° SEArHEIHE T .
. LI A of a background rise at E<100 eV
~ IR Unknown origin...
0.0 02 0.4 ' 0.6 0.8 1.0
f Energy (keV)

Recoiling nucleus
ﬁ

CEvNS signal
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D
eployment at the Chooz Nuclear Power Station
gy
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Chooz Powe tation, Fr
2 x PWR reactors
2 x 4.25 GW

Double Chooz
experimental facility

New ”ythNrvang@rWSite" - VNS
-85 m-3 mwe,

_flux: 3.1022cm2 s
-2017-19: characterization
EurPhys.), C79 (2019) no.12, 1018
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Very Near Site at Chooz Nuclear Power Plant
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Deployment at the Chooz Nuclear Power Station

VNS room almost ready — Integration in 2024
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Deployment at the Chooz Nuclear Power Station

VNS room almost ready — Integration in 2024
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_nullets Target Detector Calibration

sitl LED Calibrati &\ Nuclear recoil calibration .
N-SITtU altoration . 7
&2 with CRAB )
* LED bursts with N photons of E, =4.9 eV e sub-keV nuclear recoils induced caiibrated recoils for
. . . . icci _ ccurate Bolometry
* Calibration based on Poissonian photon by the emission of MeV y-rays
statistics following thermal neutron capture
. o : : )
Cross-calibration with new X-ray fluorescence £ O few MeV) 0.76¢ CaWo,
source planned v 2
\ \ £ — Multiy
s g N A S PR
313” ,’/ ) > N/ T
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51:% § ; i ]IIL'|.||..TfrI \'L
gm = IEERe H{
: -D'n-(‘; 20‘”40H 60‘”8‘0 ‘."1?)0 120 140 16m0 200
0 20 40 DI 0 20 40 60 Energy [eV]
Signal [a.u.] Mean p [a.u.]

L. Cardani et al, Supercond. Sci. Technol. 31 (2018) 075002
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(et XRF Calibration

* Commonly used:
» >>Fe with lines at 5.9 keV and 6.4 keV

* Heater pulses of different amplitudes
used to extrapolate

e cosmogenic activation of ¥W with
lines at 2.6 keV and 11.3 keV

e LED calibration system

e X-ray fluorescence sources with broad line
spectrum between 677 eV and 6.4 keV

Counts/10eV/s

1072

10°*

10°°

K. von Mirbach, master thesis (TUM, 2021)

h Spectrum measured with a SDD Mn Ka
Al Ka & KB
Ca
Mn Kf
Si EL
Si Ka & K Mn Ka
« R/
SiELCa Ti
\"
S
|
1 = 1 l 1 L L 1 l 1 L l | =9 | L L I L 1 1 L l L L L L l 1 1 1
0 1000 2000 3000 4000 5000 6000 7000
Eneray [eV]
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(et Schedule

2022-2023
Design phase Blank assembly & Commissioning

%

e Performance
e (Calibration
e Background

2024-2025

Physics Run Towards

NUCLEUS-10g NUCLEUS-1kg

Thierry Lasserre - IAEA 2023

2024

On-site installation
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NUCLEUS Physics Reach e

Phase I: NUCLEUS-10g — 2024-2025

The ELII‘()pC'dn I’ll}'SiC;\l T()Ul‘lml volume 79 - number 12 - december - 2019
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The CRAB Calibration & Collaboration
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The CRAB Concept

Calibrated Recoils for Accurate Bolometry

Excitation ,
Energy
Target Compound
nucleus nucleus
YRR
ng, T e ik, = = - Initial state
(5-10 MeV) S P - T ===
£ ~IEmeV iy g >' | Key ingredient: simulation code
n -+ 22ME S ———5— | FIFRELIN for prediction of |
D = - : v" signal nuclear recoils :
2 2 | v background induced by multi-y
S < | cascades I
S, — G.S. T { e e e -
single-y Ground state  O. Litaize et al., Eur. Phys. J. A 51, 1 (2015)
L. Thulliez, D. Lhuillier et al 2021 JINST 16
MeV vy leaves the 100 eV scale nuclear recoil E)%
_ E,.= ——
cm-scale detector nr M
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The CRAB Method for Different Targets

- Target nucleus (A) Compound nucleus (A+1) -

gzce)ctor Isotope Y, [%] G,,lbarn] L[%] S, [keV]  Recoil [eV] FoM
f 8w 265 2032 13.94 6191 1125 7506 | | g
Cawo, 8w 143 987 583 3 7411 160.3 3353'
186\\/ 28.4 37.89 0.26 5467 85.8

28S; 8473 1330
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Proof of Concept at TUM: simulation

CaWO4 200 A|203 ; hres0

> | .g C Entries 56827
Q 20| —— Res 5V 8 E| Resoution=soev | "= =
@ - : : H : E CL:78¢ 22/ ndt 40.72/36
g P00 (| SRNSRSE — - JUUS RTINS SUUUORROS SURTRTRRRR O Res 1 Oev 150 Eamp 4.227 +0.359
Q - é : : r Tau  -0.001042 £0.000315
o - ; : : _ : ; E Amp 2203+283
150 .___\ ..... s isassssssas , ...... .............. .............. .............. C Mean 1139+ 6.0
B i : i ' ' : : 1005 Sigma -43.15+5.24

100 :_ ......................... a— (R |- ;

50 ::_. ........................................................................................................... 50:_*

:l 1 ' i il ' 1 i 1 1 1 i 1 1 L i ' 1 L i 1 L ' i 1 1 1 i 1 ' 1 [ L 1 1 i ' L L E

0 20 40 60 80 100 120 140 160 180 200 £ ; . s 1
Energy [eV] % 500 1000 1500 2000 2500 3000

E(eV)

Target nucleus (A) Compound nucleus (A+1)

Isotope Y. [%] Gny[barn] I;[%] S, [keV] Recoil [eV]
182\\/ 26.50 20.32 13.94 6191 112.5
277 100 0.23 26.81 7725 1145
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Proof of Concept at TUM — few days of data

Two data sets were
acquired:

Counts/d4eV

Background data
(lifetime 18.9 h)

252Cf source data
(lifetime 40.2 h).

GEANT4 MC simulation for 0.76 g CaW04

100 6h with 3.7 MBq
- placed 35cm

0" from detector

250F o j -+ —— Res 5eV
2000 — Res 10eV
150E e =

r 183W + 6.2 MeV

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

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

0 20 40 60 80 100 120 140 160 180 200

From F. Cappella et al.

Energy [eV]

d=80cm

Optimized portable neutron calibration source

i.d ii.e

/ several layers of graphite
fT.C

..........

Cawo,

) detector setup :

Thierry Lasserre - IAEA 2023

. ii) neutron source

configuration

-ii.b

""“ii.a/ PE CUbe

252Cf neutron source



Proof of Concept at TUM - results

10°
- — Data
B ~40° — KOL/I3 fit
10* 3 — Baseline
S ‘ --- Gauss fit
§ 10°E 310
2 LI T T
€ 10%E 240 20 0 _ 20 40
o E Energy E (eV)
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104
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] I I | | L1 1 1 | L1 1 1 | 1 1 1 | 11 1 1 | 1 1 1 | 11 1 1 | L1 1 1
0 1 2 3 4 5 6 7 8

Energy E (keV)

FIG. 2. Energy spectrum recorded during the source mea-
surement. The two peaks from the °°Fe source are used to
set the energy scale of the detector (see text). The inset shows
the distribution of filtered baselines after quality cuts.

arXiv:2211.03631

[ ]Data
40 [ ] Background (scaled)
—— Exp1 + Exp2
S —— Exp1 + Exp2 + Gauss
® 30
N
2 | 30 — ish significance
§ 2017 20% uncertainty on the E — scale
100 W
: Mol L
O 1 1 1 :I—‘I 1 1 ||_| I—I 1 1 1 I—II {:f-l rl .}I-mj i|II 1
100 150 200 250 300

Energy E (eV)

FIG. 3. Energy spectra (from 60 to 300eV) measured by
the NUCLEUS detector for the source and background (scaled
to source exposure) measurements. The error bars represent
the Poissonian uncertainties. The red solid and blue dashed
lines illustrate the best fit with and without the Gaussian
contribution, respectively.
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* Recoil spectrum measured with the

Counts / (4 eV)

neutron source in place (black points)

Expected spectrum built from the
measured ambient background and
the simulation (red line)

 The simulation (red) is fitted on the data in the

IIIIIIIIIIIIII

i. [ L e L 1 i L il 07 A AE LA

1 I 1 1 1

Energy E (eV)

Thierry Lasserre - IAEA 2023

60 — 300 eV range with free normalization,
energy scale, and energy resolution



Final Calibration at Vienna TRIGA-Mark-Il reactor gz

Event rate in cryo detectors

Monochromator limited to O(few Hz)

Vienna TRIGA-Mark-Il reactor
Low Power: 250 kW

Thermal

neutron beam 1-100 n/cm?/s

2\°
&
O

Detector to be
calibrated

N

Detector crystal

Dilution

: Low-mass
refrigerator

detector holder

£ On-going
* beam line construction
* neutron simulation

Low-power
research reactor
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Final Calibration at Vienna TRIGA-Mark-Il reactor gz

FIFRELIN
: i — Total
— Multi-y
Initial S, state g 6000 - ReaCtOF OFF
e =1

(Ev Jv T[l)
=1
Eydm) ——F—— | = D) A0 it
GS. LT

Counts/1eV
N
(@]
(@]
o

e Full GEANT4 simulation of the exp. setup
coupled with FIFRELIN 2000

* Run: 3.4 days with 270 n/cm?/s

* Detector performance and background as _ _ . . i .
taken in surface lab (Phys. Rev. D96, 022009 (2017)) Q 7100 120 140 160 180 200
Energy [eV]

* Energy resolution ¢ = 5eV
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CRAB as a facility for the community

33g Ge crystal (0=20eV),
7 days with 6 n/cm?2/s

"Ge+n — Total
15000 e = = Multi-y
: | 5 . |- - Reactor OFF

> I
3 70Ge+n
= 10000
§2!
[
=
(@]
(@)

.
| I
.

% é § : : § ;
G Iq I_IJ_I_l Ll Ll l L Ll l Ll Ll l |- I Ll L J
100 200 300 400 500 600 700 800

Energy [eV]

EDELWEISS R&D Phys. Rev. D99, 082003 (2019)

Count/capture/2eV

6619 g Si crystal (c=50 eV)

0.001
0.0014 Prefip, inay
0.0012 f \ y
0.001 /#W/ \\’.
0.0008
0.0006 / \
0.0004/ \
0.0002 \
O~ ""500 1000 1500 2000

Energy (eV)
https://arxiv.org/pdf/2110.02751.pdf

§ - = 5eV resolution
b ] 5 = 2 .
E 10 E ——— 5@9/' @shlp’l??na
§ = — 100eV resolution r}
o I~ : : :
104 -
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lllilllilllilllilllilll:
0 200 400 600 800 1000 12
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NUCLEUS 0.4 g Al,O; crystal
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Improvement using gamma-tagging

Event rate in cryo detectors

Monochromator limited to O(few Hz)

Vienna TRIGA-Mark-II reactor
Low Power: 250 kW

Thermal
neutron beam 1-100 n/cm?/s

Detector to be
calibrated

2\

Detector crystal

Dilution

) Low-mass
refrigerator

detector holder

Low-power
research reactor

3”x 3” BGO
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Improvement using gamma-tagging

NUCLEUS 0.76g CaWO, + (5.47 + 0.2) MeV coincidence 33 g Ge detector + [7.2-7.6] MeV coincidence

150—
; — Total
1001 - - Multi<y
.24
_ 80 e
5 [ L e
2 60 =
= [ ‘ - 2 s
8 s s i L s s s s % I :
4ol e b 3 | 1 n+79Ge
1 3 P 3 : s s — (510 it ERREEEERE PEREETORESPPPPH PRI phe e
i I 4 i l l 15000+ :
6000 il 3 A SlEsE 5 f !
AT =T = L TR B ‘f \;-:I"\-' ‘\-- ey = s o ‘ : |
L 020 40 60 80 100 120 140 160 180 5 I I T ] I
Energy [eV] 10000 j O 1 Jod L] 3 l 1 AN |0 .

100 200 300 400 500 600 700 800
Energy [eV]

Counts/1eV
N
o
o
o
Countsrruev
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Energy [eV]

Energy [eV]
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CRAB Timeline

2022-2023 >2024
* Calibration of NUCLEUS * Study linearity
TUT] detectors (CawO, & Al,0,) * Application to other materials beyond CawoO,
e * Measurement of quenching factor at sub-keV
@ cleus ‘/ * Sensitivity to lattice defects
Installation & . Solid state &
! Proof of principle 1 first measurements { Upgrade: y-tagging Nuclear physics

@TU Wien @100 eV

60 hd ‘:.sa:‘,_ 1
80 100 1l A ap
120 10 il
AR Energy ey 145 1603,
oy
~400 500 600 700 800

2024 0‘60 2 30 Energy (V]
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