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The NUCLEUS Collaboration
Purpose of collaboration
• Design, build up and operate an experiment to explore coherent elastic neutrino-nucleus scattering
(CE𝜈NS), to be installed at EdF CHOOZ nuclear power plant

Institutes
Collaboration size: ∼60 members

Experimental site
EdF Chooz B nuclear power plant

Additional funding

Manpower and financial contributions from Austria, France, Germany, Italy and EU-ERC
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Coherent elastic neutrino-nucleus scattering

CE𝜈NS prediction
• Predicted1 by D. Freedman in 1974 (doi:10.1103/PhysRevD.9.1389) :
• ”If there is a weak neutral current, then the elastic scattering process 𝜈 + 𝐴 → 𝜈 + 𝐴 should have a sharp coherent
forward peak just as 𝑒 + 𝐴 → 𝑒 + 𝐴 does.”
• ”Our suggestion may be an act of hubris, because the inevitable constraints of interaction rate, resolution, and background pose
grave experimental difficulties...”

CE𝜈NS observation
• Observed in 2017 by the COHERENT Collaboration
• Observed at ”6.7𝜎 confidence level, using a low-background, 14.6-kilogram CsI[Na] scintillator exposed to the neutrino
emissions from the Spallation Neutron Source” (doi:10.1126/science.aao0990)
• Subsequent measurement of CE𝜈NS on Ar, with less precision (”over 3𝜎 significance”) (doi:10.1103/PhysRevLett.126.012002)

• No other experiment observed CE𝜈NS yet

1 See also Kopeliovich and Frankfurt JETP Lett. 19, 145 (1974)
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CE𝜈NS process

Characteristics
• Experimental signature: tiny energy deposited by nuclear
recoil in the target material
• Coherency: 𝑞𝑅 ≲ 1
• Fulfilled for typical nucleus radius 𝑅 and transferred momentum 𝑞 ⃗
at 𝐸𝜈 < 50 MeV

Recoil energy kinematic limit
𝑇 max =
• Typical values

𝐸𝜈
1 + 𝑀𝑁 /(2𝐸𝜈 )

• 𝐸𝜈 ∼ 30 MeV, CsI[Na]: 6.5 keV (COHERENT, stopped-pion neutrinos)
• 𝐸𝜈 ∼ 1.3 MeV: CaWO4 : 60 eV, Al2 O3 : 410 eV (NUCLEUS, reactor (anti)neutrinos)
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CE𝜈NS in the Standard Model
• Weak neutral-current process: 𝜈 interacting with quarks, mediated by Z-boson- clean prediction of the
cross section
𝑑𝜎
𝐺2 𝑀
𝑇 2
𝑀 𝑇
= 𝐹 𝑁 {(𝐺𝑉 + 𝐺𝐴 )2 + (𝐺𝑉 − 𝐺𝐴 )2 (1 −
) − (𝐺2𝑉 − 𝐺2𝐴 ) 𝑁2 }
𝑑𝑇
2𝜋
𝐸𝜈
𝐸𝜈
𝑀𝑁 : nucleus mass; T: recoil nucleus energy; 𝐺𝑉 , 𝐺𝐴 : vector and axial vector weak charges
• Approximate cross section (neglecting axial terms, and for 𝑇 << 𝐸𝜈 )
𝑑𝜎
𝐺2 𝑀
𝑀 𝑇
= 𝐹 𝑁 (1 − 𝑁2 ) 𝑄2𝑤 [𝐹𝑤 (𝑞 2 )]2
𝑑𝑇
4𝜋
𝐸𝜈
where: 𝑄𝑤 is the weak nuclear hypercharge 𝑄𝑤 = 𝑍(1 − 4 sin2 𝜃𝑊 ) − 𝑁 and 𝐹𝑤 (𝑞 2 ) is the nuclear form
factor, with 𝑞 = √2𝑀𝑁 𝑇 momentum transfer
𝑑𝜎/𝑑𝑇 ∝ 𝑁 2
• CE𝜈NS: dominant interaction for neutrinos of energy 𝐸𝜈 ≤ 100 MeV; cross section of the order of 10−38 cm2
CE𝜈NS studies in SM
Electroweak precision tests, Weinberg angle at low Q, neutron form factors, etc
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CE𝜈NS physics portal
CE𝜈NS beyond Standard Model
• Non-standard interactions between neutrinos and
quarks

CE𝜈NS physics portal
A new portal to (non)standard parBcle and nuclear physics

... small but multicolor !

• various models with modified Lagrangians
corresponding to various mediators: (chiral) vector
(NSI), scalar, tensor

• new neutrino properties: neutrino electromagnetic
properties (magnetic moment, charge radii)
• light sterile neutrinos, …
CE𝜈NS other physics
• solar neutrinos
• supernovae
• CE𝜈NS as major mechanism of core-collapse
supernova explosion

• dark matter
• irreducible background for direct detection of dark
matter (”neutrino floor”/”neutrino fog”)

24

E. Lisi, Opening talk at NuInt18, 2018
See A. Bonifazi, Review talk at TAUP 2021
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Neutrino source and the experimental site
Neutrino source

Very Near Site (VNS) at EdF Chooz

Looking for an intense neutrino source, with few MeVs
energy for neutrinos: antineutrinos from nuclear
reactors, EdF Chooz B nuclear power plant

• 24 m2 basement room in an
administrative building between the
two reactors, in the protected area
• 72 m and 102 m from the two reactor
cores, 3 m.w.e. overburden

• 2 × 4.25 GWth pressurized water reactors
• High average neutrino flux:
Φ𝐵1+𝐵2 = 1.7 ⋅ 1012 𝜈 cm−2 s−1

doi:10.1140/epjc/s10052-019-7454-4

• Low energy neutrino spectrum: (𝐸𝜈 < 8 MeV)
Preliminary
Cross-section: CaWO4 (a.u.)

1

νe flux [1012 s-1.cm-2.MeV-1]

Cross-section: Al2O3 (a.u.)
CEvNS rate: CaWO4
CEvNS rate: Al2O3
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NUCLEUS technology: cryogenic detectors
Detector concept – cryogenic calorimeters
• Use single, gram-scale crystals operated at mK temperatures as cryogenic calorimeters, instrumented with
thin W film transition-edge-sensors (TES) and read-out with SQUID amplifiers
based on the technology of the dark matter CRESST experiment - see Margarita talk tomorrow afternoon

NUCLEUS 1 g Al2 O3 prototype
𝑟𝑒𝑐𝑜𝑖𝑙
Measured 𝐸𝑡ℎ
= (19.7 ± 0.8) eV
Phys. Rev. D 96, 022009 (2017)

Δ𝑇 =

Δ𝐸
𝐶
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NUCLEUS target detectors

NUCLEUS target detectors
• Use a multi-target approach: two 3 × 3 arrays of
CaWO4 and Al2 O3 crystals
• one array of CaWO4 crystals (6 g)
• measure the CE𝜈NS process and the background

• one array of Al2 O3 crystals (4 g)
• measure essentially the background
• CE𝜈NS cross section more than one order of magnitude
lower than CaWO4 CE𝜈NS cross section

• the multi-target approach could be very useful to
reduce the uncertainties on signal and background
determination
See expected rates as function of neutrino energy in the
”Neutrino source and the experimental site” slide
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NUCLEUS: CE𝜈NS measurement and background mitigation strategy
Experiment input
• Neutrino spectrum

Expected background sources

• Site characteristics

• Atmospheric particles (𝜇, 𝛾, 𝑛, etc) and muon-induced
secondaries

• Detector technology and materials

• Ambient gammas and neutrons, airborn radon

• CE𝜈NS physics

• Radiogenic background, surface contamination
• ...un-expected background sources
Background mitigation strategy
• Create a fiducial volume for the cryogenic detection system
• Design an efficient external passive/active shielding system,
with complex veto systems
• Close the gaps in the shielding system
• Establish the required radiopurity levels of the materials,
screen the materials, choose appropriate materials
Targeted background level for [20 eV, 1 keV]: ≤ 100 cpd/kg/keV
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NUCLEUS detection system – fiducial volume
Target detectors
• Cryogenic calorimeter arrays
Al2 O3

Silicon inner veto

Germanium outer veto

• TES-instrumented holder of
crystals

• HPGe crystals, 2.5 cm thick

• Veto 𝛼/𝛽 surface contamination

• Aim for 4𝜋 coverage

• Veto of external 𝛾/𝑛 background

• Aim for 4𝜋 coverage

CaWO4
Photos show crystal arrays with TES, before cutting

Silicon inner veto beaker
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NUCLEUS experimental apparatus
Cryostat
Cryostat
• Bluefors cryostat with pulse tube dilution refrigerator at 10 mK,
commissioned in May 2020

Cryogenic detection
system (magnified view)

Muon veto
• 5-cm thick plastic scintillators, SiPM and WLS-fibre read out
• >99% geometric coverage, efficiency > 99%
• muon rate 325 Hz, dead time < 2%

JINST 17 T05020 (2022)

Passive shield
• external layer: 5 cm low radioactivity Pb (reduce ambient 𝛾’s)
• inner layer: 20 cm borated PE (reduce neutrons)
Inner cold shield and Cryogenic muon veto - ”close the gaps”
• Pb / PE / B4 C / Cu in the cryostat, thermalized at ∼800–900 mK
• plastic scintillators, SiPM and WLS for cryogenic muon veto
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NUCLEUS - a compact experiment

• The shielding is a compact, movable structure, with
∼ 1 m2 footprint
• ”Easy” opening/closing and access to the cryostat
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NUCLEUS at Chooz Very Near Site – preliminary views
NUCLEUS in the VNS room

VNS location in the basement floor
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NUCLEUS sensitivity
NUCLEUS-10g phase: 10 g target detectors
• Preliminary sensitivity, assuming
• Energy threshold 20 eV
• Flat background of 100 cpd/kg/keV (100 dru)
• Neutrino flux for 80% of full reactor power
Median lines + 90% bands

NUCLEUS-1kg phase: 1 kg total target mass
• Upgrade phase
• High precision measurement, with much more
potential to explore physics beyond SM

Preliminary

• Expect to get a 5𝜎 observation in ∼40 days of
measurement (with above assumptions, and well
understood detector)
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NUCLEUS schedule
2019

⟶

Oct 2021

Design & realization

Nov 2021

⟶

Early 2023

2023

Blank assembly & commissioning

Chooz on-site installation

• full experiment assembly at UGL

• relocation from UGL to Chooz

• commissioning of the detectors

• installation at VNS

• physics and background model

• quick commissioning

TU Munich
Phase 1: measure CE𝜈NS at Chooz nuclear reactor
Physics run after relocation to Chooz

Chooz
Phase 2: high precision CE𝜈NS measurement
Upgrade to NUCLEUS-1kg
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Summary

• CE𝜈NS is becoming an important process to test the SM and to look for new physics beyond SM
• NUCLEUS aims to perform a precise measurement of CE𝜈NS using reactor neutrinos from the Chooz nuclear
power plant
• despite pandemic and pandemic-related problems, the blank assembly and the commissioning of the
experiment is progressing well (but not easy)
• we expect to start the NUCLEUS-10g physics run after 2023 relocation of the experiment at Chooz
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