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Coherent Elastic Neutrino-Nucleus Scattering (CEvNS)
• Standard Model interaction
• First predicted by Freedman in 1974
• Neutrino interacts coherently with 

nucleons in target nucleus
- Neutrino flavor blind, with no energy 

threshold!
• Signature is low-energy nuclear recoil
• Largest low-energy neutrino cross 

section on heavy nuclei
• Distinct N2 dependence of cross 

section

• Searches ongoing using both 
stopped-pion and reactor neutrino 
sources  
 

2

Why is CEvNS hard to detect?

• Cross section is large for a weak-
nuclear interaction

• Very-low energy nuclear recoils

• Detector needs low detection 
energy threshold!

• Background rejection paramount!
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Window Without PSD cut With PSD cut
Strobe BRN CEvNS Strobe BRN CEvNS

0-200 keVee Prompt 16463 ± 128 5280 ± 124 72 ± 7 413 ± 20 597 ± 28 54 ± 6
0-200 keVee Delayed 57620 ± 240 0 86 ± 10 1446 ± 38 0 68 ± 8
0-35 keVee Prompt 2616 ± 51 941 ± 52 71 ± 8 264 ± 16 298 ± 23 53 ± 6
0-35 keVee Delayed 9156 ± 96 0 86 ± 10 924 ± 30 0 67 ± 8

Table 1: Predictions for the full data set counting experiment. The errors on
the strobe data are from statistical fluctuations. The errors on BRN come from
computation of the covariance matrix of all excursions and the errors on CEvNS
come from statistics. Updated systematics are in progress for both BRN and
CEvNS
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CEvNS cross section
• CEvNS cross section is largest neutrino 

cross section (<100 MeV) on heavy 
nuclei 

• Via coherence of recoil and near-zero 
weak charge of proton, cross section 
takes on distinct N2 dependence 

• N is number of neutrons in target 
nucleus
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Physics Motivation for CEvNS Searches
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Physics Motivation for CEvNS
• CEvNS is Standard Model 

process, opens doors for new 
physics searches
- Neutrino magnetic moment, non-

standard interactions, etc.
• Dark matter and dark sectors
- “Neutrino fog” for dark matter direct 

detection experiments  
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Fig. 3 Signal expectations of di!erent NMM values for data
collection period C1R1. We show our current NMM limit in
green (corresponding to 311 counts kg!1yr!1 in the ROI),
the current world’s best limits in red (corresponding to
41 counts kg!1yr!1) as well as a potential NMM solution
for the detected XENON1T excess with the blue shaded
region (corresponding to [11,47] counts kg!1yr!1). The stan-
dard model expectation (weak interaction) is indicated in
black (10 counts kg!1yr!1).

achieved a better NMM limit, the lower minimum re-
coil energy of 2.0 keVee, available in the CONUS data
analysis compared to the threshold of 2.8 keVee in the
GEMMA experiment, leads to a closer approach of the
NMC limits.

The CONUS constraints on the NMM and the NMC
as presented in this publication are limited by the low
statistics in particular for the outages, in which the reac-
tor is turned o!. Improvements are expected with more
data in ON as well as OFF periods. In particular, the
experiment will profit from a long background measure-
ment in 2022, since the reactor finished operation by the
end of 2021. Moreover, it is foreseen to extend the energy
range towards higher and lower energy regions. At low
energies an improved modeling of background and noise
parameters might be achieved at highly stable conditions
during recent and upcoming data collection. Optimized
DAQ settings will allow to include data at higher ener-
gies. The DAQ system in CONUS was upgraded and
improved. Therefore, knowledge on the pulse shape of
the signals can be included in future analyses allowing
further background understanding and suppression in
the ROI. With those significant improvements stronger
bounds on electromagnetic properties of neutrinos are
expected with the upcoming CONUS data.
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C. Thermal Dark Matter Through other New Vector Interactions
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FIG. 6: Thermal targets for several examples of a mediator V coupled to SM global
symmetries. In the top four panels, we choose the conventional benchmark mass
ratio R = mV /m� = 3 and ↵D = 0.5, and the y-axis is given by y = ↵D✏

2
V
R

�4,
where SM couplings are given by ✏V eQ for particles of charge Q under the specified
global symmetry. In panel d we instead take ↵D = ↵B, as motivated if the coupling
of the new gauge boson is intrinsically small (and comparable) for both dark matter
and SM quarks. The symmetries considered in a-b are anomaly-free, while the
baryon number coupling in c and d is anomalous and therefore subject to additional
high-energy constraints [49].

In Figs 6b and 6c we present the projected exclusion bounds for the search for
hadrophilic DM scattering signatures in the CCM200 [26, 50], FLArE [51], PIP2

G. Krnjaic et al, arXiv:2207.00597[hep-ph]
Carlos Blanco @ BLV 2022 8

WIMPs: The Miracle and Tragedy

Akerib, D. S., et al. "Snowmass2021 Cosmic Frontier Dark Matter Direct Detection 

to the Neutrino Fog." arXiv:2203.08084 (2022).

• Noble gasses: Very eIective at probing  

masses above 1 GeV

• Will encounter irreducible neutrino fog in next 

generation

• Linear at high masses due to number density

• Loss of sensitivity due to threshold at low 

masses 
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Physics Motivation for CEvNS

• Supernova neutrino detection

• Reactor antineutrino detection 
and nuclear nonproliferation

• Light sterile neutrinos

• Nuclear form factors

• Nuclear physics measurements

5
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Detecting CEvNS
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Detecting CEvNS

• Large CEvNS cross section allows for small detectors to measure neutrinos
- Improvements come in larger mass (i.e. for noble liquid detectors) or lower energy 

thresholds (i.e. for cryogenic bolometers)
• Maximum nuclear recoil energy Tmax ~ E2nu/M
• Understanding quenching factor = Emeas/Enr is important 
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Why is CEvNS hard to detect?

• Cross section is large for a weak-
nuclear interaction

• Very-low energy nuclear recoils

• Detector needs low detection 
energy threshold!

• Background rejection paramount!

3

For 50 MeV neutrino

q <
1

RN

�2
peak = (

�SPE1

SPE1
)2 + (

�SPE3

SPE3
)2 + (

�gaus

µgaus
)2

�gaus =
�p
N

�2
y = (

dy

da
)2�2

a + (
dy

db
)2�2

b + 2⇢(
dy

da
)(
dy

db
)�a�b

�2
PE = �2

a + 2E⇢�a�b + E2�2
b

Window Without PSD cut With PSD cut
Strobe BRN CEvNS Strobe BRN CEvNS

0-200 keVee Prompt 16463 ± 128 5280 ± 124 72 ± 7 413 ± 20 597 ± 28 54 ± 6
0-200 keVee Delayed 57620 ± 240 0 86 ± 10 1446 ± 38 0 68 ± 8
0-35 keVee Prompt 2616 ± 51 941 ± 52 71 ± 8 264 ± 16 298 ± 23 53 ± 6
0-35 keVee Delayed 9156 ± 96 0 86 ± 10 924 ± 30 0 67 ± 8

Table 1: Predictions for the full data set counting experiment. The errors on
the strobe data are from statistical fluctuations. The errors on BRN come from
computation of the covariance matrix of all excursions and the errors on CEvNS
come from statistics. Updated systematics are in progress for both BRN and
CEvNS

Energy Resolution = 1.3
p

Npe

In agreement with Phys. Rev. C81: 045803, 2010

� =
h̄

p
=

1200 MeV fm

50 MeV
⇠ 25 fm

Emax
r ' 2E2

⌫

M
' 50 keV

1
D. Akimov et al. (COHERENT). Science 357, 1123–1126 (2017)

Charge

LightHeat

Low-threshold HPGe detectors, etc.

Dual phase noble
liquids, etc.

Scintillating crystals
Noble liquids, etc.

Cryogenic crystals
(Ge, Si, etc.)

Cryogenic calorimeter
(Al2O3, CaWO4, etc.)
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Searches for CEvNS at Stopped-pion Sources
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Stopped-Pion Neutrino Sources

• Neutrinos produced from pion decay-at-rest via 
proton collisions with target

• Neutrino flux O(107)/cm2/s at ~1 MW and 20 m 
from source

• Neutrino energy < 53 MeV relevant for CEvNS 
interaction 

• Steady-state background suppression via 
pulsed beam

9

S. Hedges NuFact 2022, Aug. 2nd 2022

Neutrino Production at the SNS

[D. Akimov, et al., arXiV:2109.11049 (2021)]

Simulated timing/energy of neutrinos at the SNS

• 1 GeV protons strike Hg target at the SNS at 60Hz, 350ns FWHM of proton pulse

• Produces π! and  π" (and neutrons)

• π!decay in 26ns, leading to prompt ν" and µ!
• µ! decay with half-life of 2.2µs, producing delayed ν# and %̅"

• Currently operating at 1.4MW, future upgrade planned to 2.8MW
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TABLE III. Fit parameters for the proton-energy dependence studies using both beam window designs. The three parameters
for the cubic fits used in Eqn. 3 (F (E) = p3E

3 + p2E
2 + p1E + p0) are illustrated in the top panel in Fig. 11, while the two

parameters for the linear fits (mE + b) are illustrated in the bottom panel. The fit uncertainties do not consider the overall
10% systematic.

Design p3 [GeV�3] p2 [GeV�2] p1 [GeV�1] p0 b m [GeV�1]

Aluminum PBW 0.28(2) -1.12(6) 1.79(6) -0.68(2) 99.99(1) -0.48(1)

Inconel PBW 0.27(2) -1.09(6) 1.75(6) -0.67(2) 100.04(1) -0.53(1)
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FIG. 9. Top left: Geant4 mockup of the dual-film Inconel
PBW, with water cooling between the two films. Top right:
Geant4 mockup of the aluminum plate PBW, with 50 vertical
pipes for water cooling. Bottom: The position of incident
protons shown relative to the profiles of the di↵erent PBW
designs and Hg target.
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erational parameters of 1.4 MW (7.0 GWhr/yr) and in-
cident protons with 1 GeV of kinetic energy, we calcu-
late 2.36 ⇥ 1015 neutrinos produced per second while
the SNS is running. Estimating this production as an
isotropic point source, we calculate a neutrino flux of
4.7⇥107 ⌫ cm�2 s�1 at 20 meters from the target center
(the approximate location of the first CEvNS measure-
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FIG. 10. Distributions of neutrino energy (top) and creation
time (bottom) produced at the SNS, using QGSP BERT to
model the interactions of 1 GeV protons incident on the alu-
minum PBW geometry. We convolve the single proton output
of our simulations with the proton-on-target trace.

ments in COH-CsI). Using the nominal SNS running time
of 5000 hours per year, the SNS sees 1.58⇥1023 POT per
year, with a ⌫ luminosity of 4.25⇥ 1022 ⌫ per year, or a
flux of 8.46⇥ 1014 ⌫ cm�2 yr�1 at 20 m from the target.
We also study the creation positions and momenta of

the neutrinos, shown in Fig. 12. The volumes and ma-
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D. Akimov et al. (COHERENT) Phys. Rev. D (2022) 3, 032003

Neutrino energy spectrum
Spallation Neutron Source (SNS), 
Oak Ridge, TN, USA 

SNS neutrino timing spectrum 
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The COHERENT Experiment
• Using pulsed beam at the SNS
• 1.4 MW beam power
• Detectors located in Neutrino Alley 

at the SNS
• First phase goal to measure 

CEvNS with multiple detector 
technologies to test N2 
dependence
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FIG. 10: Siting of existing and near-future planned detectors in Neutrino Alley.

have several other practical advantages. CsI[Na] exhibits a high light yield of 64 photons/keVee (electron-
equivalent energy deposition) and has the best match to the response curve of bialkali photomultipliers of
any scintillator material. CsI[Na] also lacks the excessive afterglow (phosphorescence) that is characteristic
of CsI[Tl] [84], an important feature in a search involving small scintillation signals in a detector operated
at ground level. The quenching factor for nuclear recoils (the fraction of the recoil energy that is detectable
as scintillation) in this material over the energy region of interest has been carefully characterized [84],
using the methods described in [31]. The quenching factor has been measured by the Collaboration using
quasi-monochromatic neutron beams [1].

FIG. 11: The installation of the 14.6-kg, low-background CsI[Na] at the SNS (featuring B. Scholz [85] and G. Rich [86]).
Successive layers of shielding include (inside-to-out): 7.62 cm HDPE, 15 cm of lead, a 5-cm thick muon veto and 10
cm of water neutron moderator.

A 14.57-kg CsI[Na] detector and shielding (Fig. 11) was characterized at the University of Chicago and

Target Nucleus Det. Technology mass (kg) nuc. recoil threshold (keV) Deployment

CsI Scintillating Crystal 14 5 2015-2019

Ar Single-phase Noble Liquid 24 20 2017-2021

NaI[Tl] Scintillating Crystal 2500 13 2022

Ge HPGe PPC 18 <5 2022

Ar Single-phase Noble Liquid 750 20 2025

Ge HPGe PPC 50 <5 2025

CsI Cryogenic CsI ⇠ 10 1.4 2025

S. Hedges NuFact 2022, Aug. 2nd 2022

Latest Results from 
COHERENT

Samuel Hedges
Lawrence Livermore National Laboratory

• Additional measurements planned for neutrino flux (D2O), neutrino induced neutrons 
(Pb, Fe cubes), neutrino-induced fission (NuThor), and inelastic interactions on Ar
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The COHERENT Experiment - First Light

• 2017: Discovery of CEvNS using 
scintillating CsI[Na] crystal
- 1.5 years of data, 5 keVnr threshold
- 6.7𝝈 measurement of CEvNS over null 

hypothesis
• Result consistent with Standard Model
- Updated results in 2022

11

D. Akimov et al. (COHERENT) Science 357 (2017)
D. Akimov et al. (COHERENT) Phys. Rev. Lett 129, 080101(2022)

• 2021: First detection of CEvNS 
using single-phase LAr 
detector
- 1.5 years of data, 20 keVnr 

threshold
- 3.5𝝈 observation of CEvNS over 

null hypothesis 
- Consistent with Standard Model
- Additional ~2 years of data 

available, analysis in progress
R. Tayloe, NDM225/16/22

COHERENT LAr results:

• Evidence for CEvNS in LAr at >3s

• Measured cross section agrees between 2 analyses and 
with standard model within 1s

• NSI parameters further constrained 

• See DOI: 10.1103/PhysRevLett.126.012002
and JINST 16 (2021) 04, P04002

• data set has since increased by ~3x, updated results soon
NSI results

90% CL

LAr CEvNS fit results

LAr CEvNS measured cross section

20

D. Akimov et al. (COHERENT) Phys. Rev. Lett 126, 012002 (2021)
JCZ, Ph.D. thesis, Indiana University, Bloomington (2020)

S. Hedges NuFact 2022, Aug. 2nd 2022 16

• Detector decommissioned in summer 2019
• Full exposure of 3.2 x 1023 POT (an increase of 1.8x)
• With full data set:

• Data disfavor null hypothesis at 11.6#
• See 1# agreement with SM CE$NS prediction
• Largest source of uncertainty is neutrino flux, ~10%

• Enough statistics to separate out neutrino flavor in fit, 
measure cross sections for different neutrino flavors

CsI[Na] Detector—Full Dataset

6

FIG. 5. 90% CL regions for non-standard neutrino inter-
actions (NSI) for a vector-coupled quark-electron interaction
extracted from this argon measurement plotted together with
the previous COHERENT CsI[Na] measurement [7] and the
CHARM experiment [51]. The 3 regions shown are indepen-
dent and the dashed black lines show the SM prediction.
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Future CEvNS Searches at Stopped-pion Sources
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COHERENT Experiment - Near Future

• D2O: Precise Measurement of 
the Neutrino Flux 
- Reduction of flux uncertainty from 

10% to 2% in 5 years of running
- First stage filled with light water 

installed and commissioning

13
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COHERENT experiment

arXiv:1803.09183 [physics.ins-det]

precise measurement of neutrino flux: D
2
O

● Cherenkov heavy water, 
well known cross section 

● great reduction on uncertainty 
of neutrino flux: ~10% → 2% (5yrs)

HPGe Array: Ge-Mini
● 8 p-type point contact HPGe, mass: 18kg
● lowest energy threshold at SNS so far: 

<5keV (nuclear recoil)

Near future (2022):

Sodium (NaI, Tl doped):
● since 2016: 185 kg 

→ increase to 3.4t
● studies of beam-related

backgrounds
● charge current interactions 

on I: 127I(ν
e
,e-)127Xe

● large mass: CEνNS on Na

https://coherent.ornl.gov/the-coherent-detector-suite/

• NaI[Tl] detectors
- 185 kg of detectors installed in 

Neutrino Alley since 2016
- Charged current interaction on I: 

127I(𝝂e,e-)127Xe 
- Planned upgrade to 3.5 tons of 

detectors with CEvNS sensitivity
- Installation ongoing

• HPGe detectors
- 8 kg-scale Ge detectors, 18 kg total 

mass
- Low energy threshold expected of 

<5 keV nuclear recoil energy
- Installation ongoing

  

12 / 35

COHERENT experiment

arXiv:1803.09183 [physics.ins-det]

precise measurement of neutrino flux: D
2
O

● Cherenkov heavy water, 
well known cross section 

● great reduction on uncertainty 
of neutrino flux: ~10% → 2% (5yrs)

HPGe Array: Ge-Mini
● 8 p-type point contact HPGe, mass: 18kg
● lowest energy threshold at SNS so far: 

<5keV (nuclear recoil)

Near future (2022):

Sodium (NaI, Tl doped):
● since 2016: 185 kg 

→ increase to 3.4t
● studies of beam-related

backgrounds
● charge current interactions 

on I: 127I(ν
e
,e-)127Xe

● large mass: CEνNS on Na

https://coherent.ornl.gov/the-coherent-detector-suite/

  

12 / 35

COHERENT experiment

arXiv:1803.09183 [physics.ins-det]

precise measurement of neutrino flux: D
2
O

● Cherenkov heavy water, 
well known cross section 

● great reduction on uncertainty 
of neutrino flux: ~10% → 2% (5yrs)

HPGe Array: Ge-Mini
● 8 p-type point contact HPGe, mass: 18kg
● lowest energy threshold at SNS so far: 

<5keV (nuclear recoil)

Near future (2022):

Sodium (NaI, Tl doped):
● since 2016: 185 kg 
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● charge current interactions 

on I: 127I(ν
e
,e-)127Xe

● large mass: CEνNS on Na
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D2O concept

Ge-Mini detector concept

NaIvETE detector concept

D. Akimov et al. (COHERENT) JINST 16 (2021) 08, 08
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Future Stopped-pion Sources for CEvNS Experiments

• Near-future Proton Power Upgrade 
at the SNS allow for more powerful 
source 
- Increase beam energy to 1.3 GeV and 

beam power to 2 MW
• SNS second target station (STS) 

~2030, total beam power of 2.8 MW
• European Spallation Source, 2 MW 

by 2027
• Exploring possibility to couple 

upcoming PIP-II accelerator at 
Fermilab to accumulator ring to 
enable CEvNS detector program by 
the end of the decade
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Connections to Accelerator-Produced Dark Sector Searches 
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• Proton-target collisions produce dark 
sector mediators (V/A’) between SM 
and dark sector (𝜒)
• Produced dark matter particles boosted 

towards forward direction
• Signature in detector is low-energy 

nuclear recoil

16

Phys. Rev. D 102 (2020) 5, 052007

P. deNiverville et al., Phys. Rev. D 92 (2015) 095005
B. Dutta et al., Phys. Rev. Lett 124 (2020) 121802 
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Capabilities of CEvNS Detectors

• CEvNS detectors place strong limits 
on a variety of accelerator-produced 
sub-GeV dark matter models
- Including leptophobic, inelastic DM, 

and axion-like particle (ALP) 
models

• COHERENT recently set limits on 
vector-portal dark matter using latest 
CsI[Na] data

• Coherent Captain-Mills (CCM) set 
limits with ton-scale single-phase 
liquid argon detector at Lujan beam 
at Los Alamos National Laboratory

• Placing a 100-ton scale liquid argon 
detector at PIP-II at FNAL plus 
accumulator ring, PIP2-BD, sets very 
strong limits on accelerator-produced 
dark sector models 

17
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consistent with the cosmological relic abundance of dark matter.

this strong suppression and making searches at accelerators the only viable option. Among accelerator-based
methods, CEvNS experiments also have powerful techniques for constraining systematic uncertainties on SM
backgrounds. Since dark matter is produced relativistically, it would arrive in our detectors coincident with
the prompt ⌫µ flux. Delayed CEvNS from the ⌫e + ⌫̄µ flux can then be used as a background control sample
to understand uncertainties on the neutrino flux, detector response, and neutrino interactions. As these
constraints improve with larger data sets, dark matter searches with CEvNS experiments remain limited
by statistical uncertainty even after 100 tonne-yrs of exposure. Lastly, if dark matter is detected at SNS,
its flux would be boosted forward compared to the isotropic flux of the neutrino background. Thus, with
multiple detectors, we can confirm the dark matter nature of a signal by testing the angular dependence of
the observed excess with respect to the beam direction.

We determined the limits of our sensitivity to these models in Neutrino Alley, where we are limited by
space in the hallway, as well as potential improvements at the STS which can accommodate detectors up to
10 tonnes. Both argon and cryogenic scintillator detectors are adept for this type of search, through their low
thresholds and favorable timing resolutions. These two technologies would complement each other. Cryogenic
scintillator detectors give tighter constraints for low-mass dark matter due to its very low threshold. Argon
detectors can probe high-mass dark matter with larger detector masses. Additionally, if the detectors are
placed at di↵erent o↵-axis angles from the beam, the angular dependence of the dark matter flux can be
studied. Expected sensitivity after three years of running COH-Ar-750 and COH-CryoCsI-1 is shown in
Fig. 20. We also show projections for five years of running COH-Ar-10t and COH-CryoCsI-2 at the STS.
These detectors will not be constrained to Neutrino Alley and we assume both are placed 20 m from the
target. We assume COH-Ar-10t is placed within 20� of the STS beam to exploit the increased dark matter
to CEvNS ratio due to the angular dependence of the dark matter flux. COH-CryoCsI-2 is assumed to be
orthogonal to the beam-line to study this angular dependence for any detected dark matter excess.

D. Sterile neutrino search

The LSND excess gave the first evidence that neutrino oscillation phenomenology extends beyond the
three-flavor PMNS matrix [144]. Later, MiniBooNE [16], gallium detectors [28, 145, 146], and experiments
at reactors [147] saw similar evidence supporting the existence of a sterile neutrino. Other searches designed
to explore the LSND anomaly, however, have not found any evidence of a sterile neutrino [148–151]. A global
fit to oscillation data suggests a sterile neutrino with �m2

41 = 1.7 eV2 [152], but more data is needed to
discover a sterile neutrino.

We detect CEvNS recoils from neutrinos with energies ⇠ 10 to 53 MeV. Neutrino Alley extends from 19.3
to 28 m from the SNS target. Thus, our detectors are optimally positioned to search for a sterile neutrino
with �m2

41 between 0.4 and 3.4 eV2, near the global best fit. As CEvNS is a neutral-current process, we
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CCM200 sensitivity line includes the e↵ects of upgraded shielding. The pink line could be achieved by using isotopically pure
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from previous neutrino experiments are shown in Fig. 18.

where FHelm is the Helm’s form factor [61, 62]. Equa-
tion 7 makes corrections to a previous treatment of co-
herent scattering in the literature found in [60] and is
consistent up to spin-dependent e↵ects with [63].

The coherent cross section in the leptophobic case is
very similar to Eq. 7, only di↵ering in overall coupling
factors [60],

d��A

dT
=

2⇡Q2

B↵B↵DmA(T � 2E�)2

(E2
� �m2

�)(q
2 +m2

V )
2

, (9)

where ↵B = g2
B
4⇡ and

QB = FHelm(q
2)A. (10)

Note that the VB couples to baryon number rather than
hypercharge, so the number of protons Z is replaced by
the total number of nucleons (baryons), A.

The coherent scattering cross sections in Eq. 7 (vector
portal model) and Eq. 9 (leptophobic model) determine
the shape of the sensitivity curves shown in Figs. 20 (a,b).
The factor of (q2 +m2

V )
2 in the denominator divides the

cross section into regimes that are independent of the
dark photon mass and scale as q�4 when q2 ⌧ m2

V , and
regimes that scale as m�4

V when the opposite condition is
true. This is reflected in the plots as a flattening of the
sensitivity curve at low mV = 3m� because the cross sec-
tion becomes independent of mV . The exact point where

this change-over occurs depends on the minimum value of
q2, and therefore the recoil energy threshold adopted. At
large values of mV , the curves rapidly become dominated
by suppression in the production due to mV ⇡ m⇡0 (see
Eq. 4), and the sensitivity to the model weakens.

C. Additional Physics Goals: Inelastic
neutrino-argon scattering

Neutrinos produced at the Lujan Center can also scat-
ter o↵ the argon nucleus in the CCM detector via CC
or NC inelastic scattering process that are relevant for
supernova neutrino physics since the decay-at-rest neu-
trino spectrum produced at the Lujan Center signifi-
cantly overlaps with the expected supernova neutrino
spectrum. Incidentally, the detection of the burst of tens-
of-MeV neutrinos from the galactic core-collapse super-
nova is one of the primary physics goals of the DUNE
experiment [64]. But the inelastic neutrino-nucleus cross
sections in this tens-of-MeV regime are quite poorly un-
derstood. There are very few existing measurements,
none at better than the 10% uncertainty level, and no
measurement on the argon nucleus is performed to date.
As a results, the uncertainties on the theoretical calcula-
tions of neutrino-argon cross sections are not well quan-
tified at these energies, and are expected to be large. In
the inelastic NC or CC scattering, the neutrino excites
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where JB
µ ⌘

1
3

P
i q̄i�µqi is the SM baryonic current, J�

µ is the dark sector current, and JEM
µ is the SM electromagnetic

current. A thermal relic density target can also be defined for this model assuming ↵B = egB/(4⇡)2.

This model predicts the same DM nuclear recoil energy distributions as the minimal vector portal model but with a
rate that scales as ↵�↵2

B rather than ↵D✏4. We can therefore use signal rate predictions for leptophobic DM scattering
from BdNMC to re-interpret the minimal vector portal sensitivities computed above in terms of ↵B rather than Y .
Fig. 10 shows the 90% C.L. sensitivities we obtain for all 3 accumulator ring scenarios for 5 years of running, compared
to existing limits.

3. Inelastic dark matter

Interesting new phenomenology appears if the minimal vector portal scenario is extended to include two DM
particles, �1 and �2 with � = (m�2 � m�1)/m�1 > 0. Depending on the parameters of the model, �2 may be
su�ciently long-lived to propagate to the detector and then be observed through �2 ! �1e+e� decay. If this process
is not kinematically allowed, the DM may instead be observed through its up- or down-scattering o↵ of electrons in
the detector.

A recent study of this model in the JSNS2 detector [40] demonstrated how this signal can be isolated from back-
ground in a scintillation-only detector. Here, we make no attempt to quantify the expected backgrounds and simply
use BdNMC to predict signal rates for both decay and scattering signatures. The 3 event sensitivity curve obtained
from BdNMC for 5 years of data-taking with the RCS-SR scenario is shown in Fig. 11 along with existing constraints
and the JSNS2 sensitivity estimate.

B. Axion-like particles

Proton beam dumps produce not only a large quantity of hadrons such as pions, but also a large quantity of other
particles, including photons, electrons, and positrons. Therefore, they also provide excellent opportunities to search

A. Aguilar-Arevalo et al. (CCM), 
arXiv:2105.14020

M. Toups et al.,
arXiv:2203.08079

D. Akimov et al, (COHERENT) arXiv:2110.11453[hep-ex]
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Reactor Neutrino Sources
• Neutrinos produced from beta decay of 

fission isotopes
• Power values range from tens of MW at 

research reactors to several GW at 
commercial reactors
- Antineutrino flux: 1012 - 5x1013/cm2/s at tens of 

meters from the reactor core
• CEvNS detection at reactors requires 

thresholds of O(100 eVnr) 

19
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FIG. 1 An example of beta decay chain of fission fragments
resulting in the emission of eight neutrinos.

Thus, one fission leads to the emission of roughly six
neutrinos. Figure 1 illustrates this process.

Details of the neutrino flux vary according to the na-
ture of the fission source. Most importantly, the neutrino
flux depends on which nuclides undergo fission, while the
energy of the fission-inducing neutrons has a smaller im-
pact (Littlejohn et al., 2018). The dominant nuclides in
most reactors and explosions are 235U, 239Pu, 238U, and
241Pu. Neutrino emissions from these nuclides di↵er be-
cause the fission fragment yields di↵er. The left side of
Fig. 2 shows the fission fragment yields. As these distinct
populations of fission fragments decay toward stability,
they give rise to di↵erent emission rates and spectra of
neutrinos. The right side of Fig. 2 illustrates how the
neutrino flux measured via inverse beta decay, a com-
mon detection mechanism to be described in Sec. III.B,
varies between nuclides. Notably, 235U produces about
50% more detectable neutrinos per fission than 239Pu,
with a harder energy spectrum. The neutrino flux from
a single source often includes contributions from fission
of multiple nuclides. For example, in a reactor fueled
with low-enriched uranium (LEU), some neutrinos come
from fissions of 235U and some from fissions of 239Pu bred
in by neutron capture on 238U. The overall neutrino flux
is a function of the total fission rate, R(t), the fraction
of fissions occurring on the kth nuclide, ↵k(t), and the
neutrino flux from the kth fissioning nuclide, Sk(E⌫ , t),
where E⌫ is neutrino energy and t is time.

Neutrino emissions from a single source often change
over time. In a reactor, the timescale for significant
changes in R and ↵k (hours to days) is much longer
than most of the beta decay lifetimes (mostly less than a
minute). This means that the neutrino flux from a reac-

tor can be approximated by the equilibrium expression:

�equil
⌫ (E⌫ , t) = R(t)

X

k

↵k(t)Sk(E⌫ , t). (2)

Eq. (2) can also be rewritten in terms of the reactor ther-
mal power, Pth = R

P
k ↵kEk, where Ek is the mean

energy per fission of the kth nuclide:

�equil
⌫ (E⌫ , t) =

Pth(t)P
k ↵k(t)Ek

X

k

↵k(t)Sk(E⌫ , t). (3)

By contrast, in a nuclear explosion, all fissions occur
nearly instantaneously. The burst-like neutrino emission
from an explosion cannot be approximated by an equilib-
rium expression. Nonetheless, the general logic of Eq. (2)
holds: the neutrino flux from an explosion is a product of
the total number of fissions (proportional to the fission
yield of the explosion) and the sum of neutrino fluxes
from each fission fragment nuclide, weighted by the frac-
tion of fissions occurring on each nuclide.
Even in a reactor, some notable e↵ects are not covered

by the equilibrium approximation of Eq. (2)–(3). One
such e↵ect is the emission of neutrinos from nuclear fuel
after the reactor is shut down or after the fuel is removed.
This emission comes from the small fraction of fission
fragments that beta decay over long timescales. These
are the same decays responsible for the long-term gamma
and beta radioactivity of used nuclear fuel. The neutrino
rate from irradiated fuel, whether stored in casks or mod-
ified through chemical reprocessing, is much lower than
that from operating reactors, and the energy spectrum
from used fuel is also softer.
Table I compares the production of neutrinos in the

three sources we consider in this review: reactors, explo-
sions, and waste streams from reactors. Recall that the
basic production mechanism is the same for all sources,
namely the beta decay of fission fragments. The energy
dependence, time dependence, and relative intensity of
the neutrino flux vary among these three sources, with
implications for the practicality of applications. All of
these sources emit neutrinos isotropically. The fusion re-
actions most common in nuclear weapons and the reac-
tions under consideration for fusion power plants do not
produce neutrinos.

B. Basics of detecting fission neutrinos

Equations (2)-(3) hint at the information carried by
neutrino emissions from fission sources. To capture this
information, one must observe the neutrinos interacting
in a detector. Consider the generic case of detecting neu-
trinos some distance L from a fission source with neutrino
flux �⌫ . Where the spatial extent of the source is small
compared to L, the number of detectable neutrino events

Rev. Mod. Phys. 92 (2020) no.1, 011003
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Detecting CEνNS
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reactor spallation source

D. Akimov et al., Science 10.1126/science.aao0990, 2017

J. Hakenmuller, NDM 2022

3

The total reactor-!̄e flux is about 6.4! 1012 cm!2s!1. The !̄e spectrum is shown in

Figure 2. The !̄e’s are emitted via "! decays of (a) fission fragments and (b) 239U

following neutron capture on 238U.

Figure 2. Total !̄e-spectra at the power reactor, showing the two components due to
"! decays of fission fragments and 239U.

The natural isotopic abundance of 73Ge in germanium is 7.73%. The level schemes

for the isobaric states of 73Ga, 73Ge and 73As relevant to this report are depicted in

Figure 3 [11]. The 73Ge"(1/2!) metastable nuclei decay via the emissions of 53.4 keV

and 13.3 keV photons separated by a half-life of 2.9 µs. This characteristic delayed

coincidence gives an experimental signature which can be uniquely identified in a HPGe

detector.
The HPGe target was 1.06 kg in mass and was surrounded by active anti-Compton

veto (ACV) detectors made of NaI(Tl) and CsI(Tl) scintillating crystals. The detector

system was placed inside a 50-ton shielding structure with an outermost layer of plastic

scintillator panels acting as cosmic-ray veto (CRV). A physics threshold of 12 keV and

background level of " 1 kg!1keV!1day!1 comparable to those of underground dark

matter experiments were achieved. Besides magnetic moment searches, this unique
data set also allows the studies of !e [9] and the searches for axions [10] from the power

reactor.

Events uncorrelated with the CRV and ACV are candidates for neutrino-induced

signals. Performance and e!ciencies of these selections were thoroughly studied and

documented in Ref. [8]. The amplitude-versus-energy plot for the “after-cut” events is

displayed in Figure 4. The conspicuous structure at 66.7 keV is due to the convoluted

H.Y. Liao, et al. (TEXONO), J.Phys.G35:077001 (2008) 
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Current Landscape of Reactor CEvNS Searches
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Landscape of Reactor CEvNS Experiments 
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No definitive CEvNS detection yet!
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Challenges of Reactor CEvNS Detection

• Reactor neutrino energies require very low detector thresholds for sensitive 
CEvNS searches 
• Reactor CEvNS recoil energy spectrum much closer to detector thresholds, 

modeling quenching very important
• Backgrounds from fast neutrons and gammas not easy to measure
- Steady-state backgrounds only measurable when reactor is shutdown
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Reactor Core Detector

anti-𝝂e signal Backgrounds (fast n, gamma)
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Current Reactor CEvNS Searches
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Current Reactor CEvNS Searches

• O(10) gram-scale Si CCD 
array at commercial reactor, 
CONNIE experiment
• Current results show no 

excess from CEvNS  
• Installing gram-scale skipper 

CCD detectors
- Expected to lower energy 

threshold to 10 eV
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Figure 12. Total event rates in bins of measured energy for reactor-on and reactor-off data. Both
spectra are averaged over all CCDs.

6.3 Measured neutrino rate

The experimental reactor-on and off event rates in bins of energy for each CCD are obtained
from the events that survive the selection during the corresponding period, in order to
compare with the previously computed theoretical expected rates. The active mass of
each CCD is 5.56 g excluding the detector edges which are not considered in the analysis.
The mean fiducial mass of a CCD is 4.53 g, accounting for the effect of the event size
cut, which excludes interactions produced at a depth larger than about 550 µm, thus
effectively reducing the active volume. Therefore the total experiment fiducial mass of the
8 CCDs is 36.24 g. The total exposure time is 31.85 days with the reactor on and 28.25
days with the reactor off. The event rate is calculated for each CCD and period in bins
of measured energy by dividing the event count by the CCD active mass, event size cut
(fiducial) efficiency, exposure time and energy bin size. The total event rate measured by
the CONNIE experiment is then obtained in bins of energy and by period, by taking the
average of the 8 CCD rates, weighted by the inverse of their squared uncertainties.

Figure 12 shows the total event rates for reactor-on and off periods with all the selection
cuts applied. The two spectra show a good agreement. There is a substantial improvement
in the background level at low energies below 1 keV, compared to the previous analysis [16],
especially in the increase of the measured spectrum towards the lowest energies. The small
increase of the rates at very low energies that still remains can be explained by the low-
energy event contribution from the PCC layers. Although the events are produced in the
back of the sensor, the size reconstruction algorithm has worse resolution due to their low
energy. The reconstructed sizes have a larger dispersion and some of the events pass the cut
as events produced in the bulk of the sensor, as shown in Fig. 6. The net effect is that the
selection has less rejection power at energies below 0.5 keV and some of the contribution
is observed in the final spectrum. Further measurements in the laboratory are needed to
confirm this assumption quantitatively.

– 18 –

Figure 13. Difference of the event rates between reactor-on and reactor-off data in bins of measured
energy, averaged over CCDs.

Figure 14. Upper limits on the coherent neutrino interaction rate at 95% confidence level. Ob-
served limit (blue) and expected limit (orange) in bins of measured energy, compared with the
standard model rate predictions, calculated with quenching factors from Sarkis [29] (green) and
Chavarria [28] (red).

Figure 13 shows the difference of the event rates between reactor-on and off data, re-
sulting from the subtraction of the two spectra in Fig. 12. To reduce the possible systematic
effects, the subtraction is performed separately for each CCD first and then the individual
results are combined optimally by the statistical uncertainty. The resulting difference in
event rates is statistically compatible with zero.

We do not expect significant reactor-induced background, given the location of the
CONNIE detector with respect to the core of the nuclear reactor. Such expectations are
corroborated by a detailed study of reactor-correlated neutron backgrounds by the CONUS
experiment, which is housed at 17 m from the core inside the dome of an identical nuclear
reactor in Brokdorf, Germany. The performed measurements and simulations of the reactor-

– 19 –

3

moved towards the corners of the detectors for readout.
In CONNIE, although the CCDs have four output stages,
one in each corner of the pixel array, only two of the am-
plifiers are used in our readout setup. The charge of the
full array is moved to one corner and the 16 Mpixels are
read in series through a single output amplifier. At the
same clock rate, a second output of each sensor is read,
without receiving any charge from the array, to monitor
the common-mode noise of the system (see section IIIA).

B. Packaging of the CCDs and electronics

Packaging of the sensors for operating in cryogenic
conditions and without introducing additional sources
of background is essential for low-energy measurements.
The sensors are packaged as shown in Fig. 1. The back of
the 6 cm ⇥ 6 cm sensor is epoxied to a slightly oversized
silicon frame (7 cm ⇥ 7 cm). In order to avoid introduc-
ing any new materials close to the detectors, this frame
is made from the same single crystal ingot used for the
fabrication of the CCDs. The frame leaves most of the
back of the detector exposed, only covering a few hundred
rows/columns on each side. A flexible circuit (Stage-1)
is attached to the silicon frame and micro-wire bonds
are used to connect it to the pads providing the control
clocks, bias voltages, and signal output of the CCD. The
CCD sensor, frame, and Stage-1 flexible circuit are then
mounted on a two-piece copper tray covering both sides
of the frame, but leaving the CCD exposed. The copper
tray provides the mechanical support for the CCD pack-
age and is also the thermal connection for cooling the
CCDs. Oxygen-free copper is used for its purity and low
isotopic contamination.

FIG. 1. Image of a package including the CCD, which is glued
to a silicon frame, the upper and lower copper frames and the
Stage-1 flex cable.

The Stage-1 circuit has no active components and
serves to provide a high-density connector to the Stage-

2 flexible circuit. The Stage-2 flexible circuit was de-
signed for DECam [43] and provides a source follower
and preamplifiers (with gain 1.5) for the signal output.
The Stage-2 circuit is connected to a vacuum interface
board which brings the signals of all CCD packages to a
Monsoon acquisition system [46]. The signal path after
the Stage-1 circuit is exactly the same as that for the
DECam imager [47].

C. Cryogenic system

The array of CCD packages is mounted inside a copper
cold box with capacity to hold 20 packages. Currently 14
packages are installed in the cold box (Fig. 2), of which
12 are operating. The cold box is designed with the goal
of shielding the sensors from any infrared radiation from
the environment. It is connected to a closed-cycle helium
cryocooler and the temperature of the box is controlled
with a three-term controller with a precision better than
0.1 K. The cold box, Stage-1 and Stage-2 circuits are kept
inside a copper vacuum vessel that is continuously evac-
uated using a turbo-molecular pump. The vacuum vessel
is shown in Fig. 3 inside a partially-assembled radiation
shield.

FIG. 2. The cold box with the 14 CCD packages installed.
On top is the inner lead shield.

D. Shielding and laboratory

The radiation shield is the same as in the CONNIE en-
gineering run [41]. It consists of an inner layer of 30 cm

4

of polyethylene, followed by 15 cm of lead, and an addi-
tional outer layer of 30 cm of polyethylene (Fig. 3). Lead
is a good shield for gamma radiation, while polyethylene
is an e�cient shield for neutrons. Since neutrons are pro-
duced when cosmic muons interact with lead, a fraction
of the polyethylene shield is kept inside the lead layer.
There is also a lead cylinder of 15 cm height inside the
vacuum vessel, above the cold box containing the detec-
tors (Fig. 2). This cylinder shields the detectors from
any radiation generated in the active components of the
Stage-2 circuit and the vacuum interface board.

FIG. 3. Image of the CONNIE detector showing the shielding
partially disassembled. At the center we see the cylindrical
dewar holding the copper box with the CCDs, cables, and
inner lead shield. On top of it are the readout electronics.
The inner and outer polyethylene layers and the lead layer of
the shielding surround the detector.

As in the engineering run, the detector is installed in-
side a shipping container, located 30 meters away from
the core of the Angra 2 nuclear reactor. The same con-
tainer hosts a water-based neutrino detector, the Neutri-
nos Angra experiment [9]. Angra 2 is a pressurized wa-
ter reactor with a thermal power of 3.8 GW that started
commercial operation during the year 2000. In steady-
state operation, the total neutrino flux produced by the
reactor is 1.21 ⇥1020 ⌫/s [3], and the flux density at the
detector is 7.8 ⇥1012 ⌫/cm2/s.

E. Operation

The experiment is operated remotely and its operat-
ing parameters and conditions are monitored and logged
continuously. The electronic readout noise is among the
most important performance parameters for the CON-
NIE detectors. This noise depends on the CCD sensors
and on-chip electronics, the Monsoon readout electron-
ics, and the interference from equipment installed inside
the shipping container and outside the container. It is
crucial to control all sources of electronic noise when the
detectors are being read out. In order to reduce the ef-
fect of external sources of noise, all circuits, including the
CCD electronics, are disconnected from the AC power
network when the detectors are being read out. This is
done using an uninterrupted power supply (UPS) system
that powers all the electronics connected to the detector,
including the Monsoon, sensors, the computer that con-
trols the experiment and the vacuum pump. During the
readout stage the cryocooler is switched o↵, in order to
eliminate the noise from its compressor.
In order to minimize the fraction of time spent read-

ing out the CCDs and to increase the signal-to-noise ra-
tio, the longest possible CCD exposures are desirable.
However, the background events (mainly cosmic muons)
quickly populate the pixels. The exposure time was
therefore chosen to keep the occupancy (fraction of pix-
els associated to events) below ⇠10%, setting that time
to 3 hours. The duration of the readout was optimized
with respect to individual pixel noise, yielding a total of
16 min to read the full CCD array [41].

III. IMAGE PROCESSING AND CATALOG
GENERATION

As mentioned in section IIA, two output amplifiers are
used for each CCD. The charge in the CCD is moved to
the left (L) amplifier. The readout of empty pixels is
performed on the right (R) amplifier to generate a pure
noise image, at the same time as the physics data are
read on L. A few columns are read out prior to moving
the charge, forming the prescan region. More pixel values
are extracted after the charge is read, by overclocking
the horizontal and vertical registers beyond the physical
extent of the CCD, defining the overscan regions of the
image [41, 48] (see Fig. 4). The pixel values are recorded
in Analog-Digital Units (ADU) and the data are stored
as a FITS file (a standard format for CCD images [49]).
The data taking periods are divided into runs, which

are defined as a collection of exposures that share a com-
mon detector configuration and happen during a su�-
ciently long and stable data-taking period. Some steps
in the processing chain and in the energy calibration re-
quire the combination of several exposures per CCD for
statistical purposes. A set of ⇠60 consecutive images
from the same run provides a large enough sample for
these purposes and at the same time guarantees stable

A. Aguilar-Arevalo et al. (CONNIE), Phys. Rev. D 100, 092005 (2019) 
A. Aguilar-Arevalo et al. (CONNIE), J. High Energ. Phys. 2022, 17 (2022)
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Current CEvNS Searches

• HPGe detectors
- CONUS and vGEN, kg-scale HPGe 

detectors located at research 
reactors

- Latest results from both experiments 
show no evidence of CEvNS-related 
excess

- Both experiments looking to 
upgrade electronics and improve 
background rejection strategies
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experiment

Neutrino source: nuclear power plant  Kalinin, Russia, 3.1GW, distance to core: 11.835m 
Detectors: 1 x 1.41kg high-purity Germanium spectrometer
Lastest CEνNS results: ON-OFF: -0.017+-0.255+-0.03cts/kg/d

energy 
threshold: 
320eV

ee ON: 94.50d
OFF: 47.09d

Future and upgrades:
● data taking continues
● several new detectors: m=1kg, 1.4kg
● Bkg reduction: internal NaI veto, new electronics
● increase flux: shorter distance to reactor at 10.869m
arXiv:2205.04305 [nucl-ex], from May 9th 2022

https://indico.ific.uv.es/event/6178/
contributions/15547/attachments/
9260/12116/lubashevskiy_vGeN.pdf

5

FIG. 9. Residual spectrum (ON-OFF). Red line demon-
strates a prediction from CE⌫NS with k = 0.179

TABLE I. Experimental rates in the ROI obtained at ⌫GeN
and expected contribution from CE⌫NS depending on the
quenching parameter k.

Condition Measurement counts/(kg·d)
time, d in ROI

Reactor ON 94.50 2.32±0.15

Reactor OFF 47.09 2.34±0.21

ON-OFF -0.017±0.255±0.03

CE⌫NS expectation:

k = 0.3 0.657

k = 0.26 0.415

k = 0.2 0.140

k = 0.179 0.078

k = 0.16 0.058

tal and expected rates from CE⌫NS in the ROI of the
spectra are shown in Tab. I. The main systematic uncer-
tainty is expected to be connected with possible shifts
in the energy scale and the limited precision of the cali-
bration. Such uncertainty has been estimated by modi-
fying the calibration strategy and changing the parame-
ters of the calibration curve within the uncertainty lim-
its. The estimated systematic uncertainty is expected to
be 0.03 counts/(kg·d). The obtained di↵erence between
rates in the spectra with the Reactor ON and OFF is
-0.017±0.255±0.03 counts/(kg·d). Using a unified ap-
proach to the classical statistical analysis [35] one can
put an upper limit for a possible excess in ROI of 0.4
counts/(kg·d) with 90% C.L. The expected contribution
from CE⌫NS depending on the quenching parameter k is
shown in table I. Comparison of data with the expected
rates from CE⌫NS disfavor quenching parameters with k
> 0.26 with 90% C.L. That is similar to result obtained
in [36].

The present work describes the ⌫GeN setup. Measure-
ments of 94.50 days with the working reactor and 47.09
days with the turned-o↵ reactor have been performed.

The measurements show that achieved background level
allows searching for CE⌫NS at KNPP. Analysis of the
first data shows no significant di↵erence in background
level during reactor ON and OFF regimes. No excess
at low energy connected with the CE⌫NS has been ob-
served. The upper limit on the quenching parameter k
< 0.26 with 90% C.L has been obtained.

The data taking continues, and various e↵ects will be
searched within the ⌫GeN project. Several new detectors
with masses of about 1.0 kg and 1.4 kg will be added to
the setup. An internal NaI veto and new electronics will
be tested with the aim of background index reduction. A
special movable platform has been constructed and com-
missioned to move the experimental setup toward the
reactor core. The distance from the HPGe detector to
the center of the reactor core is estimated to be 10.869 m
and 11.935 m for higher and lower position, correspond-
ingly. This allows changing the value of the flux by 21%.
All this measures will further improve sensitivity to the
search for neutrino scattering.

The authors are grateful to the KNPP directorate
and sta↵ for various support and direct help to pro-
vide measurements at the reactor site. This work has
been partly supported by the Ministry of science and
higher education of the Russian Federation (the con-
tract No.075-15-2020-778) and JINR grant for young
specialists (No.22-203-02). The work has been sup-
ported from European Regional Development Fund-
Project ”Engineering applications of microworld physics”
(No. CZ.02.1.01/0.0/0.0/16 019/0000766).

⇤ lubashev@jinr.ru
[1] D. Z. Freedman, “Coherent e↵ects of a weak neutral cur-

rent,” Phys. Rev. D, vol. 9, pp. 1389–1392, Mar 1974.
[2] A. Drukier and L. Stodolsky, “Principles and applica-

tions of a neutral-current detector for neutrino physics
and astronomy,” Phys. Rev. D, vol. 30, pp. 2295–2309,
Dec 1984.

[3] A. J. Anderson et al., “Coherent neutrino scattering in
dark matter detectors,” Phys. Rev. D, vol. 84, p. 013008,
Jul 2011.

[4] J. Erler and M. J. Ramsey-Musolf, “Weak mixing angle
at low energies,” Phys. Rev. D, vol. 72, p. 073003, Oct
2005.

[5] D. Akimov et al., “Observation of coherent elastic
neutrino-nucleus scattering,” Science, vol. 357, no. 6356,
pp. 1123–1126, 2017.

[6] D. Akimov et al., “First measurement of coherent elastic
neutrino-nucleus scattering on argon,” Phys. Rev. Lett.,
vol. 126, p. 012002, Jan 2021.

[7] V. A. Bednyakov and D. V. Naumov, “Coherency and in-
coherency in neutrino-nucleus elastic and inelastic scat-
tering,” Phys. Rev. D, vol. 98, p. 053004, Sep 2018.

[8] M. Abdullah et al., “Coherent elastic neutrino-nucleus
scattering: Terrestrial and astrophysical applications,
arxiv:2203.07361,” 2022.

arXiv: 2205.04305 [nucl-ex]
A. Lubashevskiy, TAUP 2021 Slides

interact via CE!NS in dark matter detectors, producing an
irreducible background (“neutrino floor”). A precise meas-
urement of the CE!NS cross section will allow for a better
prediction of this background.
Nuclear reactors are known to be strong sources of

electron antineutrinos with energies below 10 MeV.
As continuous and well-localized sources, they offer an
ideal environment to investigate neutrino properties. The
CONUS experiment is carried out at the commercial
nuclear power plant in Brokdorf (KBR), Germany, which
is operated by the Preussen Elektra GmbH. The design of
this pressurized water reactor corresponds to a single unit
power station featuring a reactor core of 193 fuel assem-
blies, with a length of 3900 mm of the active zone. The
maximum thermal power amounts to 3.9 GWth, which
generates a gross electric power of 1.48 GW. The time-
dependent thermal power is calculated via three different
methods: the thermal balance in the secondary circuit,
ionization chambers around the reactor core, and a core
simulation. This thermal power information is available in
intervals of 2 h or less, with an uncertainty of 2.3% (1")
[26]. Besides the thermal power, the average energy
released per fission needs to be known to predict the
antineutrino flux emitted by the reactor. This information is
taken for the most relevant fissile nuclides 235U, 239Pu, 238U,
and 241Pu from [27]. The run-specific antineutrino spectra
were obtained by summation of the predictions from
Huber (235U, 239Pu, and 241Pu) [28] and Mueller (238U)
[29], taking into account the average fission fractions
of the fissile nuclides at KBR. Correction factors were
applied as determined by the Daya Bay experiment [30].
The uncertainty on the reference spectra is based on
the covariance matrix provided by the Daya Bay
Collaboration [30].
The CONUS experiment is located inside the safety

containment of KBR (room A-408). The basic infrastruc-
ture comprises electricity and pressurized air connectors, as
well as cold air ventilation that keeps the room temperature
constant [31]. The experimental setup is positioned directly
beneath a pool, which contains spent fuel assemblies
immersed in cooling water with a level of (13.4! 0.1)
m. Contributions to the expected signal coming from
neutrons [26] or neutrinos produced in these spent fuel
assemblies can be neglected. Together with the thick
ferroconcrete layers inside the containment sphere, the
overburden amounts to 10–45 m of water equivalent [m
(w.e.)], depending on the azimuth angle. On average it is
24 m (w.e.), which is large enough to shield efficiently
against the hadronic component of cosmic rays at the
surface. The location of the CONUS detectors is only
17.1 m from the reactor core center, leading to an anti-
neutrino flux of 2.3 ! 1013 cm!2 s!1 at maximum thermal
power. Room A-408 is outside the innermost biological
shield, which surrounds the reactor core, and thus acces-
sible at any time. A more detailed description of the

experimental site and the parts of the reactor geometry
relevant for CONUS is given in [26].
The CONUS setup consists of four p-type point contact

high purity germanium (HPGe) detectors (in the following
denoted C1–C4) [31]. Each cylindric germanium (Ge)
diode has a mass of 0.996 kg. Considering dead layers,
this leads to a total fiducial mass of "3.73! 0.02# kg. The
novel detector design had to fulfill five key requirements,
which were elaborated and met in close cooperation with
Mirion Technologies (Canberra) in Lingolsheim, France.
First, ultralow noise levels had to be achieved in order to
obtain pulser resolutions better than 85 eVee (electron
equivalent energy) FWHM. Second, cosmic activation of
the freshly pulled Ge crystals and other detector parts had to
be minimized. Third, all components had to undergo a strict
radiopurity selection. Fourth, electrically powered cryo-
coolers (Canberra Cryo-Pulse 5 Plus) had to be used, since
for safety reasons at reactor site liquid nitrogen dewars are
not allowed to refrigerate the Ge diodes. Fifth, the cryostat
arm lengths had to be exceptionally long for these detectors
in order to be compatible with the dimensions of the shield
design.
CONUS employs an onionlike shield, which is depicted

in Fig. 1. It is based on decades-long research and
development programs for highly sensitive Ge #-ray
spectrometry at MPIK (e.g., [32]), in particular on the
GIOVE detector [33] at shallow depth [15 m (w.e.)]. Five
layers of lead (Pb), in total 25 cm with increasing radio-
purity toward the center, weaken the external # radiation by
at least 5 orders of magnitude. The innermost layer
consists of radiopure Pb with a mean specific 210Pb activity
of < 1.1 Bq=kg. Compared to copper (Cu), Pb is
advantageous for CE!NS detection, since the residual

FIG. 1. CONUS setup. Shield layers consist of steel (silver), PE
(red), Pb (black), B-doped PE (white), and plastic scintillator
(blue) used as muon anticoincidence system. In the center, four
HPGe detectors are embedded in ultralow background Cu
cryostats and connected to electrically powered cryocoolers.
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excluded. Moreover, based on the time difference distri-
bution of events [31], noise induced by the cryocoolers with
characteristic frequencies and microphonics was removed
without loss of efficiency for the physical signals. The total
reactor on run time corresponds to 248.7 kg d and the total
reactor off run time to 58.8 kg d.
The regions of interest were chosen individually for each

detector and run period. For the definition of each region of
interest (ROI), three criteria were adopted. First the trigger
efficiency of the detector must not drop significantly from
unity (>95%) [31]. Next, the threshold had to be above
energies for which rate correlations to variations in the
ambient temperature were observed. The simulated back-
ground events are stable independent of the room temper-
ature. Finally, the ratio of the electronic noise contribution
to the MC background had to be smaller than a factor 4.
The last condition was applied to reduce the impact of the
noise level close to the energy threshold. Table I summa-
rizes the ROI for the different detectors and run periods.
The energy cut at 1 keVee was chosen due to x-ray lines
around !1.0; 1.4" keVee. In the case of the C1 detector, a
slightly lower value of 0.75 keVee was picked due to some
mismatch between data and simulation in the region from
0.75 to 1 keVee, which is well above any predicted end of
the CE!NS signal spectrum.
A binned likelihood analysis was employed to extract the

amplitude of the CE!NS signal, via the overall normali-
zation parameter of interest (s). The reactor on and reactor
off data were fitted simultaneously. The background has
three free parameters and consists of the MC simulated
model completed by the analytical effective description of
the electronic noise edge by an exponential. One of the
three parameters provides the overall background normali-
zation (b), the other two describe the exponential noise
component. Four Gaussian pull terms were added to the
likelihood function, allowing one to encode the systematic
uncertainties on the energy scale, the normalization (fidu-
cial mass and efficiency), and the neutrino flux. The content
of each bin was assumed to follow a Poisson distribution,
while an energy binning of 10 eVee was chosen. The
performed combined fit for the full dataset includes the
detectors and runs as listed in Table I. As an example,
measured spectra for a specific dataset are shown in Fig. 3.

The dead time induced by the muon veto was estimated
independently for reactor on and off times using different
methods based on 228Th calibration, pulser, and veto trigger
rate data. It was determined to be on average #5.8$ 0.2%%
in reactor on and #3.5$ 0.2%% in reactor off periods. The
DAQ-induced dead time is typically in the percent level
[31]. The stability of the energy scale was confirmed in
regular calibration campaigns including pulser scans and
deployments of a radioactive 228Th source. Moreover,
internal Ge activation lines are used for the energy scale
determination [31]. The energy scale uncertainty of
!15 eVee in the ROI is taken into account in the likelihood
via one of the pull terms.
The not yet well-known dissipation processes of nuclear

recoils in Ge (quenching) at the cryogenic detector
temperatures between 78 and 88 K are described by the
modified Lindhard theory [38,39] including an adiabatic
correction and the free parameter k. This parameter k
corresponds roughly to the quenching factor at a nuclear
recoil energy of 1 keV. By performing the fit for different
values of k from 0.1 to 0.3, we account for the full spread of
measured quenching values at low energy found in literature
[39,40] as well as a potential diode temperature dependence.

TABLE I. Live times for reactor on and off periods as well as
the regions of interest for the CONUS detectors (Det.) used in the
analysis.

Det. Run On (d) Off (d) ROI (keVee)

C1 1 96.7 13.8 0.296–0.75
C2 1 14.6 13.4 0.311–1.00
C3 1 97.5 10.4 0.333–1.00
C1 2 19.6 12.1 0.348–0.75
C3 2 20.2 9.1 0.343–1.00

FIG. 3. Measured spectra during reactor on and off periods for
one of the CONUS detectors including weighted differences
(bottom). The predicted pure antineutrino spectrum is shown in
red for a quenching parameter of 0.18 in case that the signal
would be at our 90% C.L.
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threshold: ~300 eV

threshold: 320 eV
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The Dresden-II (NCC-1701) Experiment
• Single 2.92 kg HPGe detector at Dresden-II reactor in 

IL, USA
• Latest data shows suggestive evidence of excess 

above background
- Consistent with CEvNS only for specific quenching 

measurement detailed in Phys. Rev. D 103, 122003 
(2021) 

• Planned upgrades are upgraded shielding and 
relocation of the detector to reduce the background 
correlated with reactor operations
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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 CE!NS 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 "s
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 (4# 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 CE!NS 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.
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Suggestive evidence for coherent elastic neutrino-nucleus scattering
from reactor antineutrinos

J. Colaresi1, J.I. Collar2,⇤ T.W. Hossbach3, C.M. Lewis2, and K.M. Yocum1

1Mirion Technologies Canberra, 800 Research Parkway, Meriden, CT, 06450, USA
2Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA and

3Pacific Northwest National Laboratory, Richland, Washington 99354, USA
(Dated: February 22, 2022)

The 96.4 day exposure of a 3 kg ultra-low noise germanium detector to the high flux of antineu-
trinos from a power nuclear reactor is described. A very strong preference for the presence of a
coherent elastic neutrino-nucleus scattering (CE⌫NS) component in the data is found, when com-
pared to a background-only model. No such e↵ect is visible in 25 days of operation during reactor
outages. The best-fit CE⌫NS signal is in good agreement with expectations based on a recent char-
acterization of germanium response to sub-keV nuclear recoils. Deviations of order 60% from the
Standard Model CE⌫NS prediction can be excluded using present data. Standing uncertainties in
models of germanium quenching factor, neutrino energy spectrum, and background are examined.

We have recently reported [1] on the deployment of a p-
type point contact (PPC) germanium detector [2] in close
proximity to the core of the Dresden-II boiling water re-
actor (BWR). The device, dubbed NCC-1701, combines
presently unique characteristics of large mass (2.924 kg)
and low energy threshold (0.2 keVee) within a compact
shield, enabling a search for subtle sub-keV signals ex-
pected from coherent elastic neutrino-nucleus scattering
(CE⌫NS) [3, 4]. Details on detector, shielding, FPGA-
based data-acquisition system (DAQ), background char-
acterization, calibrations, and data treatment are pro-
vided in [1]. The main objective of this installation was
to study the practicality of reactor monitoring using a
small-footprint PPC assembly in the aggressive environ-
ment (radiation, temperature, EMI/RFI, acoustic noise,
vibration) a few meters from a commercial reactor core
[1]. The neutrino detector miniaturization a↵orded by
a large CE⌫NS cross-section permits to envision such
technological applications, in a near future [5]. Reactor
sources can significantly expand the potential of CE⌫NS
to probe physics beyond the Standard Model (SM) [6].

The new dataset highlighted in this Letter spans the
period between 1/22/2021 and 5/8/2021, during which
the reactor was operated at its full nominal power of
2.96 GWth (Rx-ON). Interruptions on days 515-516, 535-
537, and 546-552 (referenced to detector installation on
10/19/2019) were due to data storage overflows during
a time of limited access to the site, resulting in a 96.4
day e↵ective exposure. The start of this new run fol-
lowed the installation of a spot cooler [7] able to reduce
the temperature inside the detector shield while external
temperatures approached 35 C. This led to a significant
decrease in detector cryocooler power and spurious DAQ
triggers produced by its mechanical vibrations when op-
erated in extreme conditions. An extended technical drop
in reactor power determined the end of this run.

An additional 2.5 cm-thick layer of borated polyethy-
lene was placed on the bottom side of the shield assem-

⇤ collar@uchicago.edu

FIG. 1. Energy spectra of PPC bulk events during Rx-
ON and Rx-OFF periods. The CE⌫NS expectation (red line)
uses the MHVE antineutrino spectrum and Fe-filter quench-
ing factor (see text). A dashed red line illustrates the impact
of quenching on CE⌫NS. Black dotted lines signal the 71Ge M-
shell EC contribution, derived from L-shell EC at 1.29 keVee.
This process is noticeable in Rx-OFF data, taken prior to the
addition of neutron moderator (i.e., following intense 71Ge
activation).

bly on 6/13/2020. That surface featured only a minimal
thickness of hydrogenated material, facilitating neutron
ingress. As predicted by simulations using dedicated en-
vironmental background measurements as input [1], this
straightforward upgrade resulted in a further drop by a
factor of two in the low-energy spectrum, presently domi-
nated by the elastic scattering of epithermal neutrons [1].
The peak at 1.297 keVee from L-shell electron capture
(EC) in 71Ge following neutron capture in 70Ge was also
reduced by a factor of four with respect to its previous
activity [1], once a new secular equilibrium between 71Ge
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above 1.5 keVee [13] defines a fitting window extending
from threshold to this energy. A Gaussian L-shell EC
peak with free amplitude, centroid and width, including
a subsidiary contribution from L2 capture [13, 34, 35],
completes the background model.

A Markov Chain Monte Carlo (MCMC) ensemble sam-
pler [36, 37] was employed to fit the null hypothesis
H0 (background model only) and several alternative hy-
potheses H1 (background plus CE⌫NS signal, with a de-
pendence on choice of QF and neutrino spectrum) to Rx-
ON and Rx-OFF spectra, treating both datasets identi-
cally. The preference for one hypothesis over the other
is obtained via their Bayes factor (B10, “ratio of evi-
dences”), computed by evaluating their respective inte-
grals over parameter likelihood and assuming the same
prior probability for both [38]. This approach to hypoth-
esis testing allows to quantify statistical evidence when
comparing non-nested models with the same degrees of
freedom, as is done below.

FIG. 4. Favored values for CE⌫NS parameters A0.2 and ⇠
for Rx-ON (red) and Rx-OFF (blue) data. Dotted (dashed)
lines indicate the 1-� (2-�) contour extracted from MCMC
corner plots. A cross marks the best-fit Rx-ON parameter
values. For Rx-OFF this is A0.2 = 3.6+6.5

�2.7, with ill-defined ⇠.
Other symbols denote CE⌫NS predictions for combinations of
neutrino spectra (gray for MHVE, black for Kopeikin) and QF
(circles for indicated constant values, triangles for Lindhard
with  = 0.157 [13], diamonds for YBe, and squares for Fef).

In a first step the CE⌫NS signal in H1 was approxi-
mated as an exponential A0.2 e�(E�0.2)/⇠, where A0.2 is
its amplitude at threshold, E is energy in keVee, and ⇠ a
decay constant. The quality of this approximation is ad-
equate, but varies across QF models. Introducing a prior
to account for CONUS constraints on the QF [13], the
best fit values of A0.2 and ⇠ for the Rx-ON spectrum are
in good agreement with expectations based on a recent
QF characterization using sub-keV nuclear recoils ([31],
Fig. 4). The QF models favored are not in tension with

present CONUS data [13]. These are denoted by “YBe”
for a model based on photoneutron source measurements
and “Fef” for one derived using iron-filtered monochro-
matic neutrons [13, 31]. As expected, the best-fit A0.2

for Rx-OFF is compatible with zero (Fig. 4). Fig. 5 il-
lustrates the good agreement of the background model
with both Rx-ON and Rx-OFF data, and the presence
of a CE⌫NS-compatible excess for Rx-ON only.

FIG. 5. Residual di↵erence between the spectra of Fig. 1 and
the best-fit background components (epithermal neutron, M-,
L1-, L2-shell EC) in the alternative hypothesis H1 when us-
ing an exponential approximation for the CE⌫NS signal (see
text). A solid (dotted) line shows the calculated CE⌫NS sig-
nal prediction for MHVE-Fef (MHVE-Lindhard) in the SM.

The preference for H1 over H0 was quantified for six
combinations of QF and neutrino spectrum (triangles,
diamonds and squares in Fig. 4), without free parame-
ters or approximations in the CE⌫NS component. For
Rx-ON, Fef yields a B10 equal to 34.0 (MHVE) and 34.8
(Kopeikin). This corresponds to a “very strong” prefer-
ence for the presence of CE⌫NS according to the classic
tabulation by Je↵reys [39]. For the YBe QF this becomes
B10 =13.2 (MHVE) or 11.2 (Kopeikin), i.e., “strong” ev-
idence for H1. For Lindhard the values are 4.0 and 3.1,
respectively (“moderate” Bayesian evidence). All B10

values for Rx-OFF support H0 instead (B10 ⌧ 1), rang-
ing from “moderately” (Lindhard) to “extremely” (Fef).

As a final test, a free amplitude was allowed to multi-
ply the SM di↵erential rate calculated for the favored
MHVE-Fef (Kopeikin-Fef) interpretations, during H1

fits. Its returned best-fit value is 0.97+0.31
�0.27 (1.17+0.42

�0.42).
Deviations from the SM introducing new physics involve
CE⌫NS spectral distortions more complex than a mere
change in signal rate [6]. However, based on this simple
assessment, the present dataset [13] should allow to ex-
clude deviations of order 60% with ⇠95% confidence, as
long as the new QF models in [31] are embraced. This
best-fit amplitude is nevertheless 3.2+0.14

�0.15 for MHVE-
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ing evidence that low-energy signals assigned to NRs do
indeed originate from the scattering of 24 keV neutrons.

Data were acquired using the system in [22], able to
digitize LEGe preamplifier and backing detector signals
at 120 MS/s. A trigger was provided by a single-channel
analyzer centered around the neutron capture peak of a
large (1.5 cm ⇥ 5 cm diam.) 95% isotopically-enriched
6LiI[Eu] scintillator, used to detect neutrons scattered o↵
the LEGe. The virtues of this choice of backing detector
for this application are discussed in [57]. The scintillator
was mounted on a support arm able to pivot around the
LEGe cryostat, 15 cm away from the germanium crys-
tal. A goniometric table installed on the LEGe Dewar
allowed the selection of scattering angles and their cor-
responding NR energy. A best e↵ort was made to cen-
ter the small germanium crystal in the Gaussian-profile
(⇠5.9 cm FWHM [57]) neutron beam, using a system of
two alignment lasers. A perfect alignment could not be
guaranteed due to the large (⇠1.1 m) detector distance
to the beam exit, imposed by the shielding necessary to
block capture gammas from the reactor wall. Neverthe-
less, the observed NR signal rates agreed within a factor
of two with simulated predictions based on beam charac-
terization data [57], for the four scattering angles tested.

Measurements were performed over two days of beam
availability, with roughly two-hour runs for each scat-
tering angle and Ti-filter on/o↵ configuration. Reactor
poisoning forced to progressively decrease its power from
420 kW to 300 kW. The results presented here are nor-
malized to the same exposure and power for all runs.
The energy calibration of the LEGe detector was per-
formed immediately before and after the completion of
all beam runs, using the alpha-induced x-rays from Ti
and Fe samples (Fig. 1) and a 55Fe source, for a total of
six reference peaks in the 4-7 keV energy range (Fig. 8
inset). No measurable energy drift was observed over the
two days of data-taking: all twelve calibration points are
used for the linear fit in the figure.

During data analysis, events in coincidence and in anti-
coincidence with the neutron capture signal from the
backing detector were inspected using an edge-finding al-
gorithm, illustrated using this same LEGe detector in
[19]. It is able to identify the rising edge character-
istic of radiation-induced pulses in preamplifier traces,
while rejecting low-energy noise nuisances. The signal
acceptance (SA) of this algorithm was measured (Fig.
8 inset) using programmable electronic pulser signals of
same rise-time as calibration x-rays. The energy of events
passing this data-quality cut was determined using a dig-
ital implementation of a 36 µs zero-area cusp filter [58–
60]. The residual di↵erence of energy spectra from co-
incident and anti-coincident events, normalized to same
exposure, is expected to be dominated by the NR signals
sought and free of significant low-energy noise by virtue
of the subtraction. These residuals, corrected for SA, are
shown in Fig. 8. Error bars are statistical: by making
the anti-coincidence time window a factor of fifty longer

than that for coincidence, the uncertainty on steady-state
low-energy backgrounds is greatly reduced. As expected,
clear low-energy excesses are observed only in the absence
of the Ti-filter, confirming their origin in the elastic scat-
tering of 24 keV neutrons.

The distribution of MCNP-PoliMi simulated energy
depositions by NRs in the germanium crystal also pro-
ducing a capture in the backing detector was converted
into an ionization equivalent using QF values in the range
15%-40%, including the e↵ect of energy resolution and
multiple scattering (4.1% to 7.6% of all events), for each
of the four scattering angles tested. The resulting spectra
were compared to the Ti-o↵ residuals of Fig. 8, obtaining
best-fit QF values via log-likelihood analysis. The QF
errors shown in Figs. 8 and 9 combine the uncertainty
extracted from this procedure with that from the energy
calibration. The energy spread (HWHM) of simulated
events is utilized as horizontal error bars in Fig. 9.

FIG. 9. Present QF results, labelled by calibration tech-
nique. A red band shows the 95% C.L. region for the model-
independent fit of Fig. 2. A dotted line is the Lindhard model
with a default germanium value of k=0.157 [22]. Previous
measurements are shown in gray: circles [54], squares [9, 25],
diamonds [61], triangles [62], and inverted triangle [48].

VI. SYSTEMATICS AND COMPATIBILITY

In this section we elaborate on possible systematic ef-
fects able to have a moderate impact on our measure-
ments, as well as on the compatibility of these measure-
ments with each other and with previous work in [22].

The normalization of the two datasets shown in Fig. 7
is based on a matching of their backgrounds in the regions
above and below the peak of interest. The same normal-
ization factor of 1.51 was found to apply to both regions.
An alternative method of normalization based strictly

J. I. Collar et al., Phys. Rev. D 103, 122003 (2021)
J. Colaresi et al., Phys. Rev. D 104, 072003 (2021)
J. Colaresi et al., arXiv:2202.09672 [nucl-ex]
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Other Reactor CEvNS-based experiments
• Liquid noble detectors
- RED-100 experiment: 100-kg scale LXe 

experiment at Kalinin Nuclear power plant, run 
in Winter 2022 with reactor on/off periods
• LXe data analysis ongoing with detector 

decommissioned and undergoing upgrade for LAr 
operations

- NUXE concept: Sensitivity studies ongoing 
with 100-kg scale LXe/LAr detector at 
reactor neutrino energies

• A lot of R&D towards <kg-scale detectors 
with very-low thresholds
- Ricochet experiment: Ge+Zinc detectors with 

sub-100 eV threshold planned at ILL reactor 
site in France, neutron background 
measurements ongoing

- Nucleus experiment: 6 g CaWO4 
(Bkg+CEvNS) and 4 g Al2O3 (Bkg) detectors to 
be deployed at Chooz nuclear reactor 
complex, 100 m from core, simulations and 
crystal R&D ongoing 

- …and more!
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Figure 2. Left: The filled and empty circles correspond respectively to above- and under-ground measurements. The dashed dark and light
gray lines represent two different scaling laws of the energy resolution with the detector mass. Right: The CENNS rate has been computed
considering a reactor neutrino flux of 1012 neutrinos/cm2/s and a common threshold definition of 5sE . The thin dotted lines correspond to the
expected CENNS event rate considering a 0 eV energy threshold for the relevant target materials.

0.3 events/day (0.6 events/day as per the CryoCube expected 10 eV resolution) from surface operations.
According to our theoretical scaling laws, one can see that we could have envisioned higher masses, up
to a ⇠ 300 g crystals to improve by a factor 2.5 the expected CENNS rate per crystal. However, our goal
is not only to have the largest CENNS rate, but also the highest sensitivity to many new physics signals
that may predominantly arise at the lower end of the CENNS induced recoil energy spectrum. Such sen-
sitivity to new physics is illustrated by the distance between the dots and the corresponding dashed line
(0 eV energy threshold) [3]. Also, larger crystals usually induce slower time response which may affect
the muon-veto tagging efficiency which is pivotal in the context of above-ground operation as required
for CENNS searches.

Lastly, to achieve the CryoCube specifications, we are developing low-noise HEMT-based preampli-
fiers which, combined with our thermal model predictions, should lead to a baseline heat energy resolu-
tion of 10 eV (RMS) [6, 7], hence improving by about 40% the resolution with respect to our currently
used JFET-based AC-modulated electronics.

2.2. New holder design

Figure 3. Heat channel power spectral density measured for the same
crystal and NTD but with the previous and new holders, at 16 mK, with
a NTD resistance of 1.3 MW, without any cold suspension and with the
cryostat pulse-tube ON.

A new detector holder has been designed to im-
prove microphonic noise. The crystal in the pre-
vious holder was maintained thanks to 3 Teflon
clamp on the bottom and 3 sapphire balls held by
chrysocale/bronze clamps on the top. For an im-
proved control of the clamping force, in the new
design the Teflon clamps have been replaced by
sapphire balls. Additionally, to constrain lateral
displacements of the crystal we added 3 sapphire
balls on the side, also held by chrysocale/bronze
clamps. The crystal movement is therefore con-
strained along all three axes with adjustable rigid-
ity. Figure 3 shows the heat channel power spec-
tral density measurements for the previous and
new holder designs with the same detector and
NTD sensor, and in the same operating conditions with no cryogenic suspensions. We observed a reduc-
tion by 2 orders of magnitude of the vibration induced noise at 1 Hz. Similar results have been confirmed
with 3 other detectors, hence validating this new detector holder design.

Further optimizations are ongoing, e.g. tune holding stress from the sapphire balls and minimizing
kapton capacitance to only a few pF. Our goal with the holder design optimization is to reach the targeted

3

D.G. Rudik (RED-100), Neutrino 2022 Poster: 
https://indico.kps.or.kr/event/30/contributions/358/
K. Ni et al. (NUXE), Universe 2021, 7, 54
C. Augier et al. (Ricochet), arXiv:2208.01760
V. Wagner et al. (NUCLEUS), J. Phys. Conf. Ser. 2156 012118
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Summary

• CEvNS was first predicted in 1974 as a consequence of the discovery of the 
weak interaction
• CEvNS detection requires low recoil detection thresholds and the detectors 

are capable of probing many interesting physics questions
• CEvNS was first discovered in 2017 by the COHERENT collaboration using 

a stopped-pion source in Oak Ridge, TN, USA
• CEvNS detectors at accelerator-based facilities capable of strong dark sector 

searches now and in the future
• Rich reactor-based CEvNS detection program using many different detector 

technologies 
- No definitive detection observed yet! Stay tuned!
- Detectors with very-low threshold have distinct physics capabilities
• CEvNS is an exciting new tool for neutrino physics searches with a rich 

experimental program!
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Backup
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Modeling Quenching 

• Reactor CEvNS experiments very sensitive to quenching
• HPGe detectors look at “modified Lindhard theory”
- Model of free electron screening
• Material dependent
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CEvNS from Solar and Atmospheric Neutrinos

• Direct detection DM experiments sensitive 
to 8B CEvNS
• Current generation ton-scale experiments 

such as LZ, XENON-1T and XENON-nT  
can search for this signature 
• Irreducible background to dark matter 

searches
• These searches can also constrain 

models such as non-standard neutrino 
interactions
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shown by the green shaded region in Fig. 3 (top). On the
other hand, ! can be constrained if the external constraints
on Qy and Ly are included, as shown in the pink region,
with a 90% upper limit on ! of 1.4 ! 107 cm!2 s!1. The
blue region in Fig. 3 shows the confidence interval from a
combination of the XENON1T likelihood, constraints on!
[16], and on Qy. The 90% upper limit on Ly (assumed
constant over the 0.9–1.9 keVenergy range) is 9.4 ph=keV.
In the benchmark model of nonstandard neutrino inter-

actions considered, the electron neutrino has vector cou-
plings to the up (u) and down (d) quarks of !dVee and !uVee ,
respectively [3,34,35]. The 90% confidence interval for !dVee
and !uVee from XENON1T data is shown in light blue in
Fig. 4 (top).
The result for a spin-independent DM-nucleus interac-

tion is shown in Fig. 4 (bottom). This constraint improves
on previous world-leading limits [8,9] in the mass range
between 3 and 11 GeV c!2 by as much as an order of
magnitude. The limit lies at roughly the 15th percentile,
reflecting the downwards fluctuation with respect to the

background model (including CE"NS), but is not extreme
enough to be power constrained.
Outlook.—The XENONnT experiment, currently being

commissioned at LNGS, aims to acquire a 20 t ! y
exposure [14]. As the isolated-S1 rate scales up with the
larger number of PMTs and the isolated-S2 rate with
the detector surface area, the AC background will be the
biggest challenge for the discovery of 8B CE"NS. The AC
background modeling and discrimination techniques used
in this analysis will improve the sensitivity of XENONnT
to 8B CE"NS and low-mass DM. The novel cryogenic

FIG. 3. Projections of the 90% confidence volumes in Ly and!
(top), and in Ly and the Qy interpolation parameter q (bottom).
The green area shows constraints using only the XENON1T data.
Combining the XENON1T data and external constraints on Qy

[19] and Ly [22,37] (shown in black dash-dotted lines) gives the
confidence interval shown in pink, and an upper limit on !.
Conversely, combining the XENON1T data and constraints on !
[16] and Qy yields the dark blue interval and upper limits on Ly.
The dashed white line displays the 68% confidence interval. Ly is
assumed constant in the 8B CE"NS ROI for these constraints.

FIG. 4. Constraints on new physics using XENON1T data.
Top: Constraints on nonstandard vector couplings between the
electron neutrino and quarks, where the XENON1T 90% con-
fidence interval (light blue region) is compared with the results
from COHERENT [3,34] (pink and dark red regions) and
CHARM [38] (green). Bottom: The 90% upper limit (blue line)
on the spin-independent DM-nucleon cross section #SI as
function of DM mass. Dark and light blue areas show the 1#
and 2# sensitivity bands, and the dashed line the median
sensitivity. Green lines show other XENON1T limits on #SI
using the threefold tight-coincidence requirement [8] and an
analysis using only the ionization signal [9], and other constraints
[39–44] are shown in red. The dash-dotted line shows where the
probability of a 3# DM discovery is 90% for an idealized,
extremely low-threshold (3 eV) xenon detector with a 1000 t ! y
exposure [45]. The black dot denotes DM that has a recoil
spectrum and rate identical to the 8B neutrinos.

PHYSICAL REVIEW LETTERS 126, 091301 (2021)

091301-6

E. Aprile et al. (XENON), Phys. Rev. Lett 126, 091301 (2021)
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FIG. 4. WIMP-search data (black points) after all cuts in
log10S2c-S1c space. Contours enclose 1� and 2� of the fol-
lowing models: the best-fit background model (shaded grey
regions), the 37Ar component (orange ellipses), a 30GeV/c2

WIMP (purple dashed lines), and 8B solar neutrinos (shaded
green regions). The red solid line indicates the NR median,
and the red dotted lines indicate the 10% and 90% quan-
tiles. Model contours incorporate all e�ciencies used in the
analysis. Thin grey lines indicate contours of constant energy.

Figure 4 shows the distribution in log10S2c-S1c of the
335 events [53] passing all selections, along with con-
tours representing a 30GeV/c2 WIMP, a flat NR distri-
bution, and the background model. The signal model as-
sumes spin-independent scattering from WIMPs with an
isotropic Maxwell–Boltzmann velocity distribution, pa-
rameterized as in Ref. [54], with inputs from Refs. [55–
60]. The WIMP model has an approximately exponen-
tially decreasing energy spectrum with shape that de-
pends on the mass of the WIMP [55].

The background model in this analysis consists of nine
components, grouped according to their spectra in the
ROI or the uncertainty on their rate. Table I lists the
expected number of events from each component.

The dominant ER signal in the search comes from
radioactive decay of impurities dispersed in the xenon.
214Pb from the 222Rn decay chain, 212Pb from 220Rn,
and 85Kr have broad energy spectra that are nearly flat
in energy across the ROI and are summed into an overall
� background. The concentrations of 214Pb and 212Pb
are determined by fitting to energy peaks outside the
ROI. The xenon was purified of krypton above ground
using gas chromatography [61], and an in situ mass spec-
troscopy measurement of 144± 22 ppq natKr (g/g) in-
forms the 85Kr rate estimate. The � component is fur-
ther combined with a small (<1%) and similarly flat ER
contribution from �-rays originating in the detector com-
ponents [62] and cavern walls [63]. Solar neutrinos are
also predicted to contribute a nearly flat ER spectrum
in the ROI, with a rate calculated using Refs. [54, 64–

TABLE I. Number of events from various sources in the
60 d⇥5.5 t exposure. The middle column shows the predicted
number of events with uncertainties as described in the text.
The uncertainties are used as constraint terms in a combined
fit of the background model plus a 30GeV/c2 WIMP signal
to the selected data, the result of which is shown in the right
column. 37Ar and detector neutrons have non-gaussian prior
constraints and are totaled separately. Values at zero have no
lower uncertainty due to the physical boundary.

Source Expected Events Fit Result
� decays + Det. ER 218 ± 36 222 ± 16

⌫ ER 27.3 ± 1.6 27.3 ± 1.6
127Xe 9.2 ± 0.8 9.3 ± 0.8
124Xe 5.0 ± 1.4 5.2 ± 1.4
136Xe 15.2 ± 2.4 15.3 ± 2.4

8B CE⌫NS 0.15 ± 0.01 0.15 ± 0.01
Accidentals 1.2 ± 0.3 1.2 ± 0.3
Subtotal 276 ± 36 281 ± 16

37Ar [0, 291] 52.1+9.6
�8.9

Detector neutrons 0.0+0.2 0.0+0.2

30GeV/c2 WIMP – 0.0+0.6

Total – 333 ± 17

66]. As the prediction is very precise, neutrinos are kept
separate from the detector � background in this model.
The naturally occurring isotopes of 124Xe (double elec-
tron capture) and 136Xe (double � decay) contribute ER
events, and the predictions are driven by the known iso-
topic abundances, lifetimes, and decay schemes [67–69].
Cosmogenic activation of the xenon prior to under-

ground deployment produces short-lived isotopes that de-
cayed during this first run, notably 127Xe (36.3 d) and
37Ar (35.0 d) [70–72]. Atomic de-excitations following
127Xe L- or M-shell electron captures fall within the ROI
if the ensuing 127I nuclear de-excitation �-ray(s) escapes
the TPC. The rate of 127Xe electron captures is con-
strained by the rate of K-shell atomic de-excitations,
which are outside the ROI. The skin is e↵ective at tag-
ging the 127I nuclear de-excitation �-ray(s), reducing this
background by a factor of 5. The number of 37Ar events
is estimated by calculating the exposure of the xenon to
cosmic rays before it was brought underground, then cor-
recting for the decay time before the search [73]. A flat
constraint of 0 to three times the estimate of 97 events is
imposed because of large uncertainties on the prediction.

The NR background has contributions from radiogenic
neutrons and coherent elastic neutrino-nucleus scatter-
ing (CE⌫NS) from 8B solar neutrinos. The prediction
for the CE⌫NS rate, calculated as in Refs. [54, 64–66],
is small due to the S2>600 phd requirement. The rate
of radiogenic neutrons in the ROI is constrained using
the distribution of single scatters in the FV tagged by
the OD and then applying the measured neutron tag-
ging e�ciency (88.5± 0.7%). A likelihood fit of the NR
component in the OD-tagged data is consistent with ob-

J. Aalbers, et al. (LZ), arXiv:2207.03764
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Leptophobic DM Search with CEvNS Detectors

• Kinetic mixing dark sector model 
couples to quarks rather than 
leptons
- Example dark matter scenario for which 

proton beam searches provide robust 
sensitivity 
 

• Model predicts the same DM 
nuclear recoil energy distributions 
as the vector-portal model
- Rate scales with as 𝜶𝝌 𝜶2B as opposed to 

𝜺4

• Large CEvNS detectors at stopped-
pion sources have the opportunity to 
set strong new limits on these 
models
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Inelastic dark matter search with CEvNS detectors

• Extend minimal vector portal 
scenario to include two DM 
particles 𝝌1 and 𝝌2

• Require 
• Possibility of 𝝌2 decay into 

e+e-
• If decay not kinematically 

allowed, DM observation also 
possible through its up- or 
down-scattering off of 
electrons in the detector

• Large-scale liquid noble gas 
CEvNS detectors set strong 
new limits on this model

35

M. Toups et al., arXiv:2203.08079



11/16/2020

Axion-like particles (ALP) search with CEvNS detectors
• ALPs that couple to photons can be 

produced in the beam dump via 
Primakoff process, detectable via 
inverse Primakoff process or decay 
into two photons
• ALPs coupling to electrons 

detectable via inverse Compton, 
e+e- conversion, or decay to e+e-
• Interested in “cosmological triangle” 

region for photon-couple ALPs
• Large-scale CEvNS detectors able 

to probe QCD axion space for 
photon and electron-couple ALP 
models
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