
The quest for CEvNS* at nuclear reactors : 
still some road ahead…

Matthieu Vivier 
CEA Paris-SaclayEDSU-Tools 

Noirmoutier, 06/07/2024

*Coherent Elastic Neutrino-Nucleus Scattering 



EDSU-Tools 2024M. Vivier

Adapted from Cadeddu, et al. (2023)
The CEvNS process
In a nutshell
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D. Z. Freedman (1974)

• Neutral current, flavor blind process

• Coherent interaction over a nucleus as a whole


➡ N2-enhancement of the cross-section

➡ Tiny nuclear recoils

➡ No threshold

C. Goupy
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D. Z. Freedman (1974)

• Neutral current, flavor blind process

• Coherent interaction over a nucleus as a whole


➡ N2-enhancement of the cross-section

➡ Tiny nuclear recoils

➡ No threshold

• Electroweak physics and BSM searches at the very low energy frontier 
• New probe for nuclear matter 
• Miniaturization of neutrino detectors: many potential applications for the long 

range detection of neutrinos

➡ Nuclear reactor safeguarding

➡ Synergies with neutrino astronomy, DM detection, stellar astrophysics, etc.

C. Goupy
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Detection of CEvNS
Man-made neutrino sources
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Loss of coherence
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Status of the COHERENT program
Pion DAR source @ SNS (> 2016, Oakridge)
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N2-dependence of (flux weighted) cross-section predicted by the SM
Akimov et al. (2021)

  
  

Fig. 2. COHERENT detectors populating the “neutrino alley” at the SNS 
(34). Locations in this basement corridor profit from more than 19 m of 
continuous shielding against beam-related neutrons, and a modest 8 m.w.e. 
overburden able to reduce cosmic-ray induced backgrounds, while 
sustaining an instantaneous neutrino flux as high as 1.7 × 1011 νµ / cm2 s. 
 

First release: 3 August 2017  www.sciencemag.org  (Page numbers not final at time of first release) 8 
 

on August 4, 2017
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Status of the COHERENT program
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N2-dependence of (flux weighted) cross-section predicted by the SM
Akimov et al. (2021)

• First light in 2017 with 14.6-kg CsI[Na] detector

➡ Stat. limited


➡ Dominant syst.: backgrounds + QF


• Improvements since (2022): 2 x stat. + better 

measurement of QF → Signal @ ~12𝜎


• Detector decommissioned 

2017, 2022
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continuous shielding against beam-related neutrons, and a modest 8 m.w.e. 
overburden able to reduce cosmic-ray induced backgrounds, while 
sustaining an instantaneous neutrino flux as high as 1.7 × 1011 νµ / cm2 s. 
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Pion DAR source @ SNS (> 2016, Oakridge)
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Status of the COHERENT program
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N2-dependence of (flux weighted) cross-section predicted by the SM
Akimov et al. (2021)

• Second light in 2021 with 24-kg LAr detector 

• > 3𝜎 significance (~1.5 yr of data)


• More data to come, with 5𝜎 in hand


• Upgrade to 750-kg payload

2017, 2022

  
  

Fig. 2. COHERENT detectors populating the “neutrino alley” at the SNS 
(34). Locations in this basement corridor profit from more than 19 m of 
continuous shielding against beam-related neutrons, and a modest 8 m.w.e. 
overburden able to reduce cosmic-ray induced backgrounds, while 
sustaining an instantaneous neutrino flux as high as 1.7 × 1011 νµ / cm2 s. 
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LAr detector upgrade 
(750 kg)

• Single phase

• 3000 CEvNS/yr

• Under construction

Jason Newby,  Magnificent CEvNS Munich 2023
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Figure 8
Argon recoil spectrum with best-fit result. The points are the data. The blue dotted line is the fit CEvNS
contribution, the red dashed line is the fit beam-related neutron contribution, and the solid line is the total. The green
band shows 1� systematic uncertainty. Figure from Ref. (2).

SM predictions. From the full CsI dataset, sin2 ✓ = 0.220+0.028
�0.026 is inferred. For this CsI data set, the inferred

flavor-dependent cross sections, determined using timing, for muon and electron flavor separately are shown in
Fig. 10.
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Figure 9
Cross section averaged over a stopped-pion spectrum as a function of neutron number N in the target. The thin black
line is for unity form factor; the green line shows the SM prediction with thickness corresponding to ±3% uncertainty
on the nuclear radius in the form factor. The points with error bars are the COHERENT measurements on argon and
full-dataset CsI.

These first results are sufficient to make some meaningful physics constraints on BSM neutrino physics.
Fig. 11 shows example 90% allowed regions for some of the " parameters described in Sec. 5.2. Examples of
additional studies that use COHERENT data to constrain NSI can be found in Refs. (40, 106, 107, 108, 109,
110).

8.3.2. Dark Matter Search Results. Furthermore, COHERENT CsI data have been used to set constraints on
sub-GeV dark matter. Fig. 12 shows the constraint from Ref. (111) based on non-observation of an excess of

16 Barbeau et al.

COHERENT “First Light” CEvNS Program
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• Lowest Threshold 
• 16 kg HPGe Array 
• 500-600 CEvNS/yr 
• Installation 2022 
• Funded NSF-MRI 

• Lightest-Nucleus 
• 3.4 ton NaI Array 
• 3! CEvNS/yr 
• Installation 2022 

• 24 kg Fiducial Mass 
• Single Phase 
• Kr83m Calibrations 
• 4.5 p.e. per keVee 
• 20 keVnr threshold 
• ~5" data in-hand 
• Final analysis 

underway 

Neutrino Alley

GermaniumSodium (NaI)Argon

Complete the mapping of N2 Dependence

CEvNS CEvNS after  
Form factor Correction

First data point

Second data point

Poster: 
James Browning 
Emma van Nieuwenhuizen

Poster: 
Adryanna Major

Multiple Targets key feature of COHERENT Experiment
Poster: 
Bo Johnson

• 3.4 tons

• 3𝜎/year

• Running

NaI detector array

HPGe array

• 16 kg

• 500-600 CEvNS/yr

• Running since 2023

• Claim detection soon?

Cryogenic CsI 
(undoped) detector 

• 10 kg

• Threshold → ~100 eVee


• 10x stat. wrt CsI[Na]

• Design phase

Other activities: ↓ syst. 

• Inelastic interactions + background measurements

• Flux measurements with D2O Cherenkov detectors


Long-term plans: 

• Upgrade of SNS beam

• Second target station construction with dedicated 

neutrino hall → ton-scale detectors

Future of COHERENT
Toward high precision measurements
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Detection of CEvNS
Why the detection at reactors is more challenging?
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DAR REACTOR

Neutrino flavors Multiple Single (electronic)

Flux at O(10 m) 
[cm-2 s-1] ~ 107-108 ~ 1012-1013

Cross-section 
[10-40 cm2] 10-100 0.1-1

Mean energy [MeV] 
Coherence

~ 30

F(q2) < 1

~ 3

F(q2) ≃	1

Recoil energies 
[keV] ≲ 100 keV ≲1 keV

Signal timing Pulsed ~ steady
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Detection of CEvNS
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Thresholds easier to achieve with 
« standard » detection techniques

Why the detection at reactors is more challenging?
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Detection of CEvNS
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Background killer : we know when 
the signal comes !

        

Fig. S2. Geant4 energy distribution and arrival time of SNS neutrinos to the CsI[Na] detector. 
Neutrinos above the endpoint of the Michel spectrum (~53 MeV) arise from DIF and muon 
capture, contributing a negligible (< 1%) signal rate. Delayed neutrinos follow the 2.2 µs time 
constant characteristic of muon decay. A discussion on neutrino production rates (the 
normalization factors for these distributions) and associated uncertainties is provided in the 
supplementary materials text.  
 
 

DAR REACTOR

Neutrino flavors Multiple Single (electronic)

Flux at O(10 m) 
[cm-2 s-1] ~ 107-108 ~ 1012-1013

Cross-section 
[10-40 cm2] 10-100 0.1-1

Mean energy [MeV] 
Coherence

~ 30

F(q2) < 1

~ 3

F(q2) ≃	1

Recoil energies 
[keV] ≲ 100 keV ≲1 keV

Timing Pulsed ~ steady

Why the detection at reactors is more challenging?
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Reactor experiments worldwide
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Brokdorf (Germany)

Leibstadt (Switzerland)

Chooz (France)

Grenoble (France)

Angra (Brasil)

Atucha (Argentina)

Kuo-sheng (Taiwan)

Kalinin (Russia)

Commissioning

Completed

Running

Proposed/planned

College Station (Texas)

Habit (South Korea)

Dresden-II
Dresden (Illinois)

RELICS
??? (China)

Various technologies are investigated ← DM 
Reactor surface background conditions however challenging !
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HPGe ionization detectors
CONUS at Brokdorf (2018-2022, Germany)
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Key features 
• Intense neutrino flux: ϕ = 2.3 x 1013 cm-2 s-1


• Overburden: 15-45 mwe


• Ultra low threshold: ~ 200 eVee

• Ultra low background in RoI: O(10) dru

5 years of successful operation of 4 x 
1-kg Ge detectors @ 17 m distance 

from a 3.9 GWth reactor core

Detector performances and stability continuously enhanced
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HPGe ionization detectors
CONUS at Brokdorf (2018-2022, Germany)
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• Full background decomposition and understanding 
→ reactor-correlated neutrons negligible


• Precise ionization quenching measurements down 
to 0.4 keVnr


‣ Validity of Lindhard theory confirmed !

‣ Quenching factor k = 0.162 ± 0.04 (stat. + syst.)

•Limits on CEvNS signal 
from reactor antineutrinos: 
factor ~2 above SM 
prediction 

• Competitive limits on BSM 
physics

Final results (2023)Achievements

ON: 145 kg.d

OFF: 130 kg.d
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HPGe ionization detectors
CONUS+ → Leibstadt (> 2023, Switzerland) 
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Key features 
• Intense neutrino flux: ϕ = 1.5 x 1013 cm-2 s-1


• Overburden: 7-8 mwe


• Ultra low threshold: < 200 eVee

Upgrade of 4 x 1-kg Ge detectors @ 21 m 
distance from a 3.6 GWth reactor core

• Full bck characterization of detector location 

→ higher reactor-correlated neutron flux !

• Shielding adapted to new back conditions 

(2nd µ veto, etc.)

• HPGe setup upgraded: energy resolution and 

threshold improved.

Status 
• Installation over summer 2023

• Data taking started in November 2023

• Reactor OFF data this spring

• First results coming soon !
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HPGe ionization detectors
The DRESDEN-II detection claim (2022)
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Key features 
• Neutrino flux: ϕ = 4.8 x 1013 cm-2 s-1


• 3-kg PPC detector @ 10.4 m from core


• Ultra low threshold: ~200 eVee

• Ultra compact shielding !

smaller fraction of the crystal mass represented by the thin
(∼0.75 mm in this device) transition layer responsible for
slow rise-time, low-energy surface events from incomplete
charge collection [13]. Second, the distances traveled to the
electrodes by charge carriers are minimized in this design,
resulting in faster rise-times for CEνNS events uniformly
distributed in the bulk of the crystal, facilitating their
identification. Finally, the concentration of a large target
mass into a single cryostat results in a compact radiation
shield, ideal for reactor monitoring applications. The NCC-
1701 assembly has a footprint of just 60 cm × 60 cm. It
was installed within a single day, by three workers (Fig. 1).
In anticipation to the use of an electric cryocooler [27],

the internal design of the detector was revised so as to
reduce a parasitic capacitance able to translate small
vibrations into low-energy microphonic events [28,29].
During laboratory tests, no correlation between detector
noise and cryocooler status (on/off) could be observed.
This modification also proved to be advantageous in the
industrial environment of the reactor site, rich in acoustic
noise and mechanical vibrations. Prior to deployment, the
commercial preamplifier of the detector was altered to
increase its gain by ×12. This rendered the noise of the
digitizer employed for data-acquisition (DAQ) negligible in
comparison to the intrinsic detector noise. The temperature

and settings of the field-effect transistor responsible for the
first stage of signal amplification were optimized for noise
reduction, and the decay constant of the preamplifier output
was elongated. The latter allows to profit from longer
integration time constants during shaping of the preampli-
fier signal, improving energy resolution. The cumulative
effect of these measures yielded a pulser noise figure of
91 eV FWHM, at a laboratory temperature of 20°C. Next-
generation multi-kg PPCs are expected to reach a noise
level below 50 eV FWHM [30].
At the reactor site, an elevated ambient temperature

approaching 35°C during summer was observed to increase
pulser noise to 154 eV FWHM for presently discussed runs.
This effect is expected from the dependence of detector
leakage current, which drives the parallel component of
noise, on crystal temperature [31]. Impact on energy
resolution was minimized through the use of a 36 μs
zero-area cusp filter [32–34] during off-line pulse shaping.
An improvement in this respect can be expected from
alternative cryocooler systems able to dynamically respond
to ambient temperature changes [35], or active temperature
control in the detector vicinity.
Figure 1 displays a labeled cross section of the NCC-

1701 detector and shielding: (1) PPC crystal, (2) electro-
formed OFHC copper cryostat endcap, (3) inner plastic
scintillator veto, (4) Hamamatsu R6041 photomultiplier
(PMT), (5) cryostat coldfinger, (6) 2.5 cm-thick low-
background lead layer, (7) 12.5 cm-thick regular lead
layer, (8) 0.6 mm-thick cadmium sheet (4π coverage),
(9) steel table, (10) 5 cm-thick plastic scintillator outer veto
with built-in PMTs (five-side coverage), (11) borated
polyethylene (not initially present, see below). Attention
was paid to the radiopurity and cleaning of internal PPC
components and those in the inner veto, achieving a
background level of 25 counts=keV-kg-day at 0.2 keVee
(“ee” stands for “electron equivalent,” i.e., ionization
energy), under a 6 meter of water equivalent overburden
in a shallow-underground laboratory at the University of
Chicago [6].
The main purpose of the inner veto is to reject fast

neutrons able to contribute to the CEνNS energy region of
interest (ROI) via elastic scattering [6], reducing the need
for bulky external moderator, leading to a reactor monitor
as compact as possible. Its small, low-background photo-
multiplier can be operated at single-photoelectron (PE)
sensitivity without a significant dead-time penalty. Its light-
collection efficiency (8.5% minimum) was measured and
simulated over its volume, making use of a recently
validated model of organic scintillator response to low-
energy proton recoils [36], demonstrating its ability to tag
events produced by neutrons of energy above few tens of
keV. A second use for this inner veto is to reinforce the
efficiency of the external veto in tagging cosmic ray-
induced events, of importance in a reactor site without
significant overburden (Fig. 1, the thickness of a single

FIG. 1. Top left: PPC detector location within the Mark-I
design of the Dresden-II boiling water reactor (BWR) [26]. Top
right: cross section of the detector and shield (see text). Bottom:
compact footprint of the assembly, next to the cylindrical primary
containment wall. A small cart containing all electronics is visible
behind the column, next to the detector.

J. COLARESI et al. PHYS. REV. D 104, 072003 (2021)

072003-2

Background subtracted residual

Clarifications necessary ! 
• Mitigation of reactor-correlated neutrons

• Model-dependent background subtraction

• Quenching factors (~ 2 x Lindhard) 

incompatible with CONUS and vGEN

Claimed strong preference for the 
presence of CEvNS (p < 1.2 10-3)

k = 0.18 (Lindhard) 

k = 0.26 < Collar

vGEN data (2022)

🤔
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CCD efforts in south America
CONNIE at Angra-2 (> 2016, Brasil) & vIOLETA at Atucha-2 (> 2020, Argentina)
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CONNIE Skipper CCD run at Angra-2 (2023)

CONNIE Skipper-CCD

Reactor ON: 15 g.d 
Reactor OFF: 3.5 g.d

Key features 
• Neutrino flux: ϕ ≃ 1013 cm-2 s-1


• Gram-scale Skipper CCDs with sub-e- readout noise


• Ultra low threshold: ~40 eVee

• No muon veto possible…

vIOLETA Skipper CCD at Atucha-2 (2023)

Reactor ON: 57 g.d 
Reactor OFF: 95.5 g.d
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Bolometric detection
RICOCHET at ILL (> 2024, France)
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Key features 
• Neutrino flux: ϕ = 1012 cm-2 s-1


• 0.75-1 kg Ge dual readout (heat/ion.) + superconducting Zn 

• Ultra low threshold: ~100 eVee (ion.) + ~100 eV (heat) Ge Mini CryoCube

Ricochet at ILL

Improvement on ER/NR 
discrimination

Status 
• Ge CryoCube development well-advanced → almost on 

specs !

• Shieldings and cryostat installed @ ILL


• Commissioning run with a light detector version (120 g) 
on-going → first results on reactor data probably soon !
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Key features 
• Neutrino flux: ϕ = 1.7 x 1012 cm-2 s-1


• 10-g CaWO4 + Al2O3 with TES readout (heat only)

• Ultra low threshold: O(10 eV)

• Insensitive to quenching

Bolometric detection
NUCLEUS at Chooz (> 2025, France)

19

Status 
• External shieldings fully operational

• Commissioning of a light detector version on-going at TUM → first 

data by end of this year

‣ Background validation

‣ Low energy excess investigation and mitigation


• Relocation to Chooz planned early 2025

Commissioning at Munich

Cryogenic Outer Veto Energy Spectrum
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Bolometric detection
Beating the « Low Energy Excess »…
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• Many low-threshold (cryogenic) detector experiments observe rising event rates of yet unknown origin below a few 
hundreds eV and above particle-background expectations…


• Significant impact on CEvNS sensitivity



EDSU-Tools 2024M. Vivier

Bolometric detection
Beating the « Low Energy Excess »…
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• Many low-threshold (cryogenic) detector experiments observe rising event rates of yet unknown origin below a few 
hundreds eV and above particle-background expectations…


• Significant impact on CEvNS sensitivity


• Many ideas to investigate and mitigate it

Double-TES readout (e.g NUCLEUS)

Instrumented holders (e.g CRESST) Pushing down ionization det. th. (e.g. Ricochet)
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Other experimental efforts…
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+ many more: 
• SBC (Scintillating Bubble Chamber)

• RELICS (LXE TPC)

• BULLKID (Kinectic inductance detectors)

• …

NEWS-G3 

Spherical proportional counter
RED-100 @ Kalinin (Russia) 

Dual phase noble liquid TPC 
Successful data run with Xe, moving to Ar

NEON 

Low-treshold NaI (17 kg) @ Hanbit (Korea) 
Data taking on-going, probably some 

results soon
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Summary
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• CEvNS is a blooming field in neutrino physics: new probe for BSM physics at the very low energy frontier, applications in 

nuclear physics, astrophysics and the long range detection of neutrinos (long-term future)


• A huge variety of detection techniques, mostly steaming from the DM community, are investigated


• At present, first detection at reactors remains to be done

‣ Nuclear reactor environments very challenging !


‣ Needs background, threshold & mass: currently no experiments fully demonstrated these three requirements together


‣ CONUS (4-kg Ge) currently the closest to detection: factor 2 missing

Magnificent CEvNS workshop (2023, Munich)

Mag7s 2024 workshop next 
week in Valencia, probably new 

exciting results to come !


