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Coherent elastic neutrino nucleus scattering

Incoming υ & #υ - All 
flavors

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

Same outgoing υ

Cross-section x 100-1000 with respect to other 
𝜈 detection channels à detector miniaturization

2



Coherent elastic neutrino nucleus scattering

Nucleus recoils as a solid body 
à O(100 eV) energy deposition: faint signal
à Hard to discriminate against backgrounds
à Not yet observed for reactor neutrinos !

Same outgoing υ
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NUCLEUS Signal



NUCLEUS Collaboration
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Reactor Antineutrinos Source
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MeV energies 
à full coherence
à O(100eV) nuclear recoils

E<1.8 MeV region
à Not yet explored! 
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In NUCLEUS, less

than the 10% of the

neutrino detected

will originated from

Ev<1.8 MeV



CEvNS @ reactor anti-neutrinos 
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A key challenge to study CEnNS of reactor anti-neutrinos
is the detection of sub-keV nuclear recoils.  

• En < 8 MeV → fully coherent regime

• Induced nuclear recoil in sub-keV range

• Energy threshold and low background 

level are key parameters

• CEvNS of reactor anti-neutrinos has not 

been observed yet
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n

Z0
En = 3 MeV

ER,max
(W) ≈ 100 eV

Differential CEvNS rate expected for Fn = 1.7 x 1012 ne/s

See also plenary talk by J. Hakenmüller, Sat. May 21st

σ~N!



NUCLEUS Detector in a Nutshell

VNS
External

Muon 
Veto

Low & High Z
Passive Shielding

Rail System

10mk
Cryostat

Cryo-veto calorimeter

𝜈-calorimeter unit
Si, Ge, Al2O3, CaWO4 + TES



Deployement Strategy

UL Garching, TUM CNPE Chooz

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



Cryostat Infrastructure (BlueFors)

mK Cryostat BlueFors LD400

Cryostat and auxillary systems

Vibration Decoupling System

9



Cryogenic detectors 
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Cryogenic detectors are well suited to detect       
sub-keV nuclear recoils.
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Heat pulse measured with tungsten 
transition edge sensors (W-TES)

üAchieve very low thresholds &          

excellent energy resolution 

üMeasure full recoil energy 

ü Independent of particle type

üWide range of target materials

üSynergy with light-dark matter search: 

NUCLEUS is based on CRESST technology

n

Thermal bath
weak thermal link

absorber 
crystal

thermometer



NULCEUS Neutrino Targets
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NUCLEUS will operate an array of multiple target
detectors with an ultra-low threshold.
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Phys. Rev. D 96, 022009 (2017) 

Al2O3

CaWO4Target detectors
ü CaWO4 and Al2O3 crystals read-

out with W-TES
ü Based on CRESST technology
ü Al2O3 prototype with threshold        

Eth = (19.7 ± 0.8) eVnr

Multi-target approach
• CaWO4: Background + CEnNS
• Al2O3 : Essentially background-

only measurement 

W-TES

Arrays before cutting with 
W-TES  (20x20x5) mm3
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CaWO4 crystals operated at 15 mK
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The CaWO4 crystals have transition temperatures < 21 mK.
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ü 18 CaWO4 crystals equipped with W-TES have been tested:              
sensitive TES has low transition temperature due to DT = DE/C(T)

Transition of W-TES

First 9 CaWO4 detector

5mm

More details by N. Schermer et al., NEUTRINO 2022 poster

W-TES



Target detectors enclosed in 4𝜋 active vetos
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The NUCLEUS concept combines several cryogenic                  
detectors to a fiducial volume detector.
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Target crystals: 
Two 3x3 arrays with a 
total mass of 
6g (CaWO4) + 4g (Al2O3)

Inner veto: TES-instrumented holder 
to reject surface backgrounds and 
holder-related events 

Germanium outer veto
for active g/n background 
rejection

Si wafer 
+ W-TES

Holding plates 
with electrical & 
thermal contacts

Si mock-up



Multi-layer shielding background rejection 
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The NUCLEUS experiment uses a multi-layer shielding for 
passive & active background rejection.
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ü No reactor correlated background expected at VNS 
• The shielding needs to be optimized for VNS: 

• Compact passive shielding with footprint of ~1 m2

Passive shielding on 
movable mechanical 
structure



Muon Veto
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The NUCLEUS experiment uses a multi-layer shielding for 
passive & active background rejection.
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Self-made muon veto

SiPM @ 300 K 
plate Cryogenic 

muon veto

ü Prototypes finished

ü No reactor correlated background expected at VNS 
• The shielding needs to be optimized for VNS:  

• Compact passive shielding with footprint of ~1 m2

• At 3 m.w.e, a muon veto with e > 99% is needed 
@ 800 mK

ü Proof of principle 
shown in first 
measurements

arXiv:2202.03991
arXiv:2205.01718



Muon Veto installed at TUM (2022)
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Passive Shielding
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The NUCLEUS’ passive shielding has been optimized by 
GEANT4 simulations. 
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Muon veto • Multiple shielding layers in and outside of the 
cryostat: 

• 5 cm lead
• 20 cm 5%-borated polyethylene 

• 4 cm boron carbide 

More details by C. Goupy
et al., NEUTRINO 2022 poster



Passive Shielding installed at TUM (2022)
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Background forecast: O(100 counts/ (keV kg d)) 
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The goal of a BI O(100 counts/ (keV kg d)) seems 
to be in reach.
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Outer veto 
Eth = 1 keV

Inner veto 
Eth = 30 eV

Anti-coincidence 
Eth = 10 eV

PRELIMINARY

ü Extensive GEANT4 Monte Carlo simulations of the 
full NUCLEUS setup have been performed 

Estimated rate budget in CaWO4
(10-100 eV) 

CEnNS

210Pb*

atmospheric µ’s

atmospheric                  
neutrons

Muon veto
Eth = 5 MeV 

New results by C. Goupyet al., NEUTRINO 2022 poster

ambient g’s**

* 1 kBq/kg
** g-bck based on measurements @ VNS



The Critical “Excess” at very low energy (<100eV)
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With its various veto systems, NUCLEUS may help                       
to shed light on the low energy excess.
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Many rare event search experiments observe excess at low 
energies of unknown origin
ü Events have particle signature 
ü Background seems to have multiple components

NUCLEUS’ different veto systems 
allow to investigate multiple 
components of backgrounds, e.g.:  
ü Impact of secondaries of 

atmospheric muons (muon-veto)
ü Impact of holder related events 

(inner veto)

EXCESS Workshop, Data Repository, https://github.com/fewagner/excess

A. Fuss, et al. arXiv:2202.05097



Deployment at the Chooz Nuclear Power Station
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Deployment at the Chooz Nuclear Power Station
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Very Near Site at Chooz Nuclear Power Plant 

23

External 
acces

Trapdoor with 
crane

VNS



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



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



Target Detector Calibration
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In-situ LED Calibration
• LED bursts with N photons of Eg = 4.9 eV
• Calibration based on Poissonian photon 

statistics
• Cross-calibration with new X-ray fluorescence 

source planned

Nuclear recoil calibration 
with CRAB
• sub-keV nuclear recoils induced                        

by the emission of MeV g-rays                  
following thermal neutron capture

16.05.22 NUCLEUS (V. Wagner) 17

Extensive calibration campaigns are planned.

Calibrated Recoils for 
Accurate Bolometry
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0.76g CaWO4

Details in parallel talk by L. Thulliez, May 20thL. Cardani et al, Supercond. Sci. Technol. 31 (2018) 075002

Eg O( few MeV)

ENR ≈ 1.0-0.1 keV

bck



XRF Calibration
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Low Energy Calibration Sources

IDM 07/21/22 CRAB (V. Wagner) 17

• Commonly used: 
• 55Fe with lines at 5.9 keV and 6.4 keV 
• Heater pulses of different amplitudes 

used to extrapolate
• cosmogenic activation of 182W with 

lines at 2.6 keV and 11.3 keV

• LED calibration system

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

K. von Mirbach, master thesis (TUM, 2021) 
Spectrum measured with a SDD



Schedule
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We have nearly finished the experimental design and                     
are preparing the NUCLEUS blank assembly. 

16.05.22 NUCLEUS (V. Wagner) 18

Design phase
May ‘22

Blank assembly & Commissioning
@ TUM

On-site installation
@ Chooz

2023

• Performance
• Calibration 
• Background 

2023

ü ü ü

Towards a CEnNS precision measurement
stat+sys

statstat+sys
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Towards 
NUCLEUS-1kg

Physics Run 
NUCLEUS-10g

2022-2023 2024

2024-2025



Phase II : NUCLEUS-1kg – 2026 – SM & BSM 

NUCLEUS Physics Reach
The European Physical Journal

EPJ C
Recognized by European Physical Society

Particles and Fields

The European Physical Journal C
volume 79 · number 12 · december · 2019

volume 79 · number 12 · december · 2019           

123

(Continuation on the reverse page)
Relative precision of the CEνNS cross-section measurement  as a function of live time for the experimental stages 

NUCLEUS-10g (composed of CaWO4 and Al2O3 detectors), and NUCLEUS-1kg (modeled as a Ge detector array). 
The solid lines show statistical uncertainties (one standard deviation) only, for the dashed lines a systematic 

uncertainty of 10% (1%) is added in the case of NUCLEUS-10g (NUCLEUS-1kg). The dotted horizontal line 
indicates the 32% precision achieved by COHERENT (adding in quadrature the 16% experimental 

uncertainty and the 28% uncertainty of the rate prediction.
From G. Angloher, F. Ardellier-Desages and A. Bento et al.

Exploring CEνNS with NUCLEUS at the Chooz nuclear power plant.

The European Physical Journal C
  volum

e 79 ∙ num
ber 12 ∙ decem

ber ∙ 2019          

980 S. Ghosh
Duality between Dirac fermions in curved 
spacetime and optical solitons in non-linear 
Schrodinger model: magic of 1+1 dimensional 
bosonization
Regular Article - Theoretical Physics

981 R.A. Ryutin
Central exclusive diff ractive production 
of two-pion continuum at hadron colliders
Regular Article - Theoretical Physics

982 C. Middleton, B.A. Brouse Jr. and S.D. Jackson
Anisotropic evolution of D-dimensional FRW 
spacetime
Regular Article - Theoretical Physics

983 J.-X. Hou and C.-X. Yue
The signatures of the new particles h2 and Zμτ at 
e-p colliders in the U(1)Lμ−Lτ model
Regular Article - Theoretical Physics

984 K. Meng
Holographic complexity of Born–Infeld black 
holes
Regular Article - Theoretical Physics

985 G. Aad et al.
 ATLAS Collaboration

Measurement of fl ow harmonics correlations with 
mean transverse momentum in lead–lead and 
proton–lead collisions at √–s–

N
–
N
– = 5.02 TeV with the 

ATLAS detector
Regular Article - Experimental Physics

986 D. Musso
Simplest phonons and pseudo-phonons in fi eld 
theory
Regular Article - Theoretical Physics

987 A.H. Abdelhameed et al.
Erratum to: Geant4-based electromagnetic 
background model for the CRESST dark matter 
experiment
Publisher’s Erratum

988 J. Schee and Z. Stuchlík
Profi led spectral lines of Keplerian rings orbiting 
in the regular Bardeen black hole spacetimes
Regular Article - Theoretical Physics

989 Z.J. Ajaltouni and E. Di Salvo
Polarization in (quasi-)two-body decays and new 
physics
Regular Article - Theoretical Physics

990 C. Las Heras and P. León
New algorithms to obtain analytical solutions of 
Einstein’s equations in isotropic coordinates
Regular Article - Theoretical Physics

991 R.J.B. Rogerio, C.H.C. Villalobos and A.R. Aguirre
A hint towards mass dimension one Flag-dipole 
spinors
Regular Article - Theoretical Physics

992 Z. Zhang
Eff ect of gluon condensate on light quark energy 
loss
Regular Article - Theoretical Physics

993 W. Scandale et al.
Reduction of multiple scattering of high-energy 
positively charged particles during channeling in 
single crystals
Regular Article - Experimental Physics NSI

Nuclear physics

Sterile neutrinos

Weinberg 
Angle

. . .
Ge, Multi-target ?

S = 150 counts / year

B < 300 counts / year

9 x CaWO4 + 9 x Al2O3

Phase I: NUCLEUS-10g – 2024-2025 

S > 103-4 counts / year



The CRAB Calibration & Collaboration
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The CRAB Collaboration: 
Calibrated Recoils for Accurate Bolometry

IDM 07/21/22 CRAB (V. Wagner) 4

Calibrated Recoils for 
Accurate Bolometry

First collaboration meeting April ‘22 @TUM

Strong overlap with

See talk by C. Goupy (Mo, parallel 1B) 



The CRAB Concept
Calibrated Recoils for Accurate Bolometry 
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The CRAB Principle

IDM 07/21/22 CRAB (V. Wagner) 5

Ekin ~25meV

!!" =
!#$
2$

MeV g leaves the 
cm-scale detector

based on L. Thulliez, D. Lhuillier et al 2021 JINST 16

Key ingredient: simulation code 
FIFRELIN for prediction of 
ü signal nuclear recoils
ü background induced by multi-g

cascades

O. Litaize et al., Eur. Phys. J. A 51, 1 (2015) 
L. Thulliez, D. Lhuillier et al 2021 JINST 16 



The CRAB Method for Different Targets
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The CRAB Method for Different Cryogenic Detectors 

IDM 07/21/22 CRAB (V. Wagner) 6

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

Cryo
detector Isotope Yab [%] sn,g[barn] %#%[%] Sn [keV] Recoil [eV] FoM

CaWO4

182W 26.5 20.32 13.94 6191 112.5 7506
183W 14.3 9.87 5.83 7411 160.3 823
186W 28.4 37.89 0.26 5467 85.8 281

Ge
70Ge 20.5 3.05 1.95 7416 416.2 122
74Ge 36.5 0.53 2.83 6506 303.2 54

Al2O3
27Al 100 0.23 26.80 7725 1145 616

Si 28Si 92.2 0.18 2.17 8473 1330 36



Proof of Concept at TUM: simulation
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Simulation of NUCLEUS Calibration with portable source 

IDM 07/21/22 CRAB (V. Wagner) 19

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

Isotope Yab [%] sn,g[barn] %!"[%] Sn [keV] Recoil [eV]
182W 26.50 20.32 13.94 6191 112.5

27Al 100 0.23 26.81 7725 1145

Al2O3CaWO4

Preliminary



Proof of Concept at TUM – few days of data
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252Cf neutron source 

PE cube 

several layers of graphite 

Two data sets were
acquired: 

• Background data 
(lifetime 18.9 h) 

• 252Cf source data 
(lifetime 40.2 h). 



Proof of Concept at TUM - results
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arXiv:2211.03631

3σ − ish signi)icance
20% uncertainty on the E − scale



Proof of Concept at TUM – results/simulation
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• Recoil spectrum measured with the 
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 
60 – 300 eV range with free normalization, 
energy scale, and energy resolution



Final Calibration at Vienna TRIGA-Mark-II reactor  
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Experimental Layout

IDM 07/21/22 CRAB (V. Wagner) 8

Low-mass 
detector holder

Low-power 
research reactor

Thermal neutron 
beam

Monochromator

Dilution 
refrigerator

Detector 
(to be calibrated) 

Thermal 
sensor 

Detector crystal

g-detectors

sh
ield
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(not to scale) 

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

Few 104
n/cm

2 /s

1-100 n/cm2/s

⚙ On-going
• beam line construction
• neutron simulation

Event rate in cryo detectors 
limited to O(few Hz)



Final Calibration at Vienna TRIGA-Mark-II reactor 

38
Thierry Lasserre - IAEA 2023

Nuclear Recoil Spectra for a 0.76 g CaWO4 Detector 

• Full GEANT4 simulation of the exp. setup 
coupled with FIFRELIN

• Run: 3.4 days with 270 n/cm2/s
• Detector performance and background as 

taken in surface lab (Phys. Rev. D96, 022009 (2017))

• Energy resolution s = 5eV

IDM 07/21/22 CRAB (V. Wagner) 9

FIFRELIN

&
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CRAB as a facility for the community
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Nuclear Recoil Spectra (2) 
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70Ge+n

74Ge+n

33g Ge crystal (s=20 eV), 
7 days with 6 n/cm2/s 

NUCLEUS 0.4 g Al2O3 crystal 

619 g Si crystal (s=50 eV)
preliminary

preliminary

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

https://arxiv.org/pdf/2110.02751.pdf



Improvement using gamma-tagging
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Experimental Layout – g-Tagging
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Low-mass 
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(not to scale) 

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

Few 104
n/cm

2 /s

1-100 n/cm2/s

Event rate in cryo detectors 
limited to O(few Hz)

3”x 3” BGO



Improvement using gamma-tagging
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Further Calibration Lines with g-Tagging
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NUCLEUS 0.76g CaWO4 + (5.47 ± 0.2) MeV coincidence
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CRAB Timeline

42
Thierry Lasserre - IAEA 2023

CRAB: Towards a Precision Calibration Facility 
for the DM & CEvNS Community

IDM 07/21/22 CRAB (V. Wagner) 15

• Study linearity
• Application to other materials beyond CaWO4

• Measurement of quenching factor at sub-keV
• Sensitivity to lattice defects

2022 2024
• Calibration of NUCLEUS 

detectors (CaWO4 & Al2O3 )

2023

Proof of principle
Installation & 
first measurements 
@TU Wien

Solid state & 
Nuclear physics 
@100 eV
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