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First Measurement of Coherent Elastic Neutrino-Nucleus Scattering on Argon
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We report the first measurement of coherent elastic neutrino-nucleus scattering (CEVNS) on argon using
a liquid argon detector at the Oak Ridge National Laboratory Spallation Neutron Source. Two independent
analyses prefer CEVNS over the background-only null hypothesis with greater than 3¢ significance. The
measured cross section, averaged over the incident neutrino flux, is (2.2 £ 0.7) x 1073 cm2—consistent
with the standard model prediction. The neutron-number dependence of this result, together with that from

our previous measurement on Csl, confirms the existence of the CEVNS process and provides improved
constraints on nonstandard neutrino interactions.
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Introduction.—Coherent elastic neutrino-nucleus scatter-
ing (CEVNS) [1,2] occurs when a neutrino interacts
coherently with the total weak nuclear charge, necessarily
at low-momentum transfer, leaving the ground-state
nucleus to recoil elastically. It is the dominant interaction
for neutrinos of energy E, <100 MeV and provides a
sensitive test of standard model (SM) and beyond-SM
processes [3—6].

In this Letter, we report the first measurement of CEVNS
in a light nucleus (argon) complementing our earlier result
on cesium and iodine [7], thus establishing the N? behavior
predicted by the standard model. This result also improves
constraints on nonstandard interactions between neutrinos
and quarks.

CEVNS is sensitive to these nonstandard interactions
(NSIs), which are crucial to understand for the success of
the long-baseline neutrino oscillation program [8—11]. The
process also probes the weak nuclear charge [12—17] and
the weak mixing angle at novel momentum transfer [6,18].
Additionally, CEvNS-sensitive detectors could play future
roles as nonintrusive nuclear reactor monitors [19-21].

CEvNS has numerous connections to possible hidden-
sector particles. It is sensitive to Z' models, which could
explain the theoretical tension with measurements of the
muon anomalous magnetic moment [22]. CEVNS from
solar and atmospheric neutrinos constitute the so-called
neutrino floor background in future dark matter searches
[23], and CEVNS cross section measurements quantify
this background. CEVNS experiments at accelerators are
also sensitive to sub-GeV accelerator-produced dark matter
particle models [24-28]. The potential relevance of CEVNS
to core-collapse supernovae was quickly recognized [29],
and though its role in supernova dynamics is uncertain
[30,31], CEVNS is expected to be the source of neutrino
opacity in these events [32]. Supernova neutrinos convey
information about supernova dynamics and could be
detected via CEVNS [33].

CEvVNS measurements require detectors with low-
nuclear-recoil-energy threshold in a low-background envi-
ronment with an intense neutrino flux. The COHERENT
Collaboration has deployed a suite of detectors in a
dedicated neutrino laboratory (“Neutrino Alley”) at the
Spallation Neutron Source (SNS) at Oak Ridge National
Laboratory [7,34]. We reported the first observation of
CEVNS on heavy nuclei using a 14.6-kg, low-background,
low-threshold CsI[Na] detector located 19.3 m from the
SNS target [7].

As part of the COHERENT program, we deployed the
24-kg active-mass liquid-argon (LAr) CENNS-10 scintil-
lator detector (Fig. 1) in Neutrino Alley to detect CEVNS in
a light nucleus. The initial CENNS-10 deployment set a
limit on the CEVNS cross section for argon and quantified
backgrounds [35]. A subsequent upgrade provided a lower
energy threshold with an eightfold improvement in light
collection efficiency.
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FIG. 1. CENNS-10 liquid argon detector and associated shield-
ing as configured for the results reported here.

Experiment.—The 1-GeV, 1.4-MW proton beam of the
SNS accelerator strikes a liquid-Hg target in 360 ns FWHM
pulses at 60 Hz to produce neutrons that are moderated and
delivered to experiments. Additionally, (9.0 +0.9) x 1072
z* are produced for each proton-on-target (POT) leading to
a large flux of pion-decay-at-rest neutrinos. The z*
produce a prompt 29.8 MeV v, along with a ", which
subsequently decays yielding a three-body spectrum of 7,
and v, with an endpoint energy of 52.8 MeV. This time
structure is convolved with the proton beam pulse yielding
a prompt v, neutrino flux followed by a delayed flux of 7,
and v, [7,34].

The CENNS-10 detector, designed and built at Fermilab
[36], sits 27.5 m from the SNS target in Neutrino Alley.
The active volume of CENNS-10 is defined by a
cylindrical polytetrafluoroethylene (PTFE) shell and two
8-in. Hamamatsu R5912-02MOD photomultiplier tubes
(PMTs) resulting in active mass of 24 kg of atmospheric
argon (99.6% “°Ar). The PTFE and PMT glass are coated
with a 0.2 mg/cm? layer of 1,1,4,4-tetraphenyl-1,3-buta-
diene (TPB) to wavelength shift the 128-nm argon scin-
tillation light to a distribution peaked at 420 nm, where the
PMTs have quantum efficiency of 18%. This configuration
provides a ~20 keVnr (nuclear-recoil) energy threshold.

Argon scintillation light from particle interactions is
produced from both “fast” singlet (z, &~ 6 ns) and “slow”
triplet (z, % 1600 ns) excited molecular states [37].
Electron recoils (ERs) and argon nuclear recoils (NRs)
populate these states in different proportions, allowing for
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pulse-shape discrimination (PSD) to suppress ER back-
grounds from electron-gamma background sources com-
pared to the CEVNS NR recoil signal. Neutron sources,
from the accelerator or surrounding materials, will also
create a NR signal, so shielding is required to reduce this
background.

During SNS operation, each PMT waveform is digitized
at 250 MHz in a 33-us window around each POT pulse
(“on-beam” data) together with a subsequent 33-us window
between POT pulses (“off-beam” data) to allow a measure
of beam-unrelated backgrounds. Calibration data were
acquired using °’Co and ?*'Am sources placed within
the water shield, a sample of 3¥”Kr gas injected via the
argon recirculation system [38], as well as an external
americium-beryllium (AmBe) neutron source. A pulsed
visible-spectrum light-emitting diode (LED), along with
triplet light from low-light-yield calibration pulses, was
used to determine the response of the PMTs to single-
photoelectron (SPE) signals. These calibration runs were
performed on a weekly basis to correct for drifts in detector
response due to PMT gain or light output changes.

Analysis.—In order to avoid experimenter bias, the
analysis methods and event selection criteria were estab-
lished, prior to examining the on-beam dataset, by two
independent analysis groups labeled as “A” and “B” below.

The PMT waveforms were integrated over a 6-us
window after the initial PMT pulse and summed to form
the integrated event amplitude /. Also, the integrated
amplitude in the first 90 ns, Iy, was calculated and the
PSD parameter Foy = Igg/I defined. Off- and on-beam
windows were treated identically, providing an unbiased
measurement of the beam-unrelated backgrounds. The y-
ray sources were used to calibrate scintillation yield to
electron-equivalent energy (keVee) with 2% uncertainty.
The energy resolution was 9% at the 41.5 ke Vee 83Kr line.
A comparison of the calibration source signals to SPE
signals from a pulsed LED and from delayed low-light-
yield events resulted in an estimated ~4.5 photoelectrons
(PEs) per keVee.

The detector response to CEVNS NR events compared to
calibration ER events is quantified via the so-called
quenching factor (QF). We performed a linear fit to the
world data [39—-42] for QF on argon in the energy range
0-125 keVnr following the Particle Data Group prescrip-
tion for combining measurements [43], incorporating the
correlated uncertainties reported in Ref. [42]. With this fit
and the ER calibration from above, the response to CEVNS
NR events can be simulated. At 20 keVnr, the fit yields
QF = 0.26 + 0.01. The AmBe neutron source data were
used to determine the PSD response for NR events via the
use of the quantity Foq with energy dependence consistent
with other measurements in LAr [37,44].

A GEANT4-based [45] program modeled the detector
response for both CEVNS and neutron events to determine
the CEvVNS detection efficiency and construct predicted

event distributions. The program simulates the production
and quenching of LAr scintillation light, TPB absorption
and reemission, and propagation of optical photons to the
PMTs. The material optical parameters and LAr scintilla-
tion properties were adjusted to reproduce the calibration
data and then used to estimate the CEVNS response and
detection efficiency.

The beam-unrelated steady-state (SS) background was
measured in sifu using the off-beam triggers occurring one-
for-one with on-beam triggers. The time window within the
off-beam trigger can be made larger that the on-beam time
window, allowing for an “oversampling” of the back-
ground, thus reducing the systematic uncertainty on the
measured rate to < 1%. In addition, the energy and Fy
distributions are also precisely measured, eliminating the
need for knowledge of the exact source of this background
and for any additional systematic errors. Qualitatively, the
measured spectrum is consistent with a dominant back-
ground from the 565 keVee end point  decay of *°Ar in the
detector volume. The remainder is mostly from y rays from
surrounding materials or a nearby SNS target radioactive
gas exhaust pipe, which are suppressed by the Pb shielding.
Relative to the on-beam signal, these backgrounds are
~10*-fold suppressed due to the pulsed SNS beam structure
and ~10?-fold further suppressed by PSD in the event
selection.

The beam-related background events are caused by
neutrons originating in the SNS target that elastically
scatter in the argon, producing a NR event. Though this
beam-related neutron (BRN) rate is highly suppressed in
Neutrino Alley, the events occur in time with the beam, and
the rate competes with the CEVNS rate in the detector. The
BRN flux at the CENNS-10 location was measured with
the SciBath neutron detector [46,47] in 2015, was further
studied with the CENNS-10 engineering run [35], and was
measured as part of this analysis in a three-week (0.54 GW
hr) “no-water” run, in which the water shielding around the
detector was drained. Neutrino-induced neutrons from
neutrino interactions in the lead shielding [48] can also
produce prompt NR events; however, the water shielding
between the lead and detector reduces their contribution to
<1 event in this dataset.

The data used for this CEVNS analysis correspond to
total integrated beam power of 6.12 GW hr (13.7 x 10??
POT) collected between July 2017 and December 2018.
Events are selected from both on- and off-beam datasets
with identical cuts. Candidate events are initiated by
requiring pulses with > 2 PEs in both PMTs occurring
within 20 ns of each other. This cut largely determines the
energy threshold and rejects 15% of the predicted CEVNS
events at lowest recoil energies. Pulses within an event
must not exhibit preceding or delayed “pileup” pulses,
rejecting a further 4% of events. In addition, analysis B
required that each PMT recorded at least 20% of the total
light in an event, reducing some background events that
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TABLE I. Summary of parameters, errors, and results for the
maximum-likelihood fit and cross section extraction. Analysis A
divides the BRN component into “prompt” and “delayed” parts.
“BRN” and “SS” are the beam-related-neutron and steady-state
backgrounds.

Analysis parameter Analysis A Analysis B
Fit ranges:

Foq 0.5-0.9 0.5-0.8
E (keVee) 0.0-120.0 4.1-30.6
tuig (HS) -0.1-4.9 —1.0-8.0
Total events selected 3752 1466
Input values:

NCEws 128 + 17

Ngrn, prompt 497 + 160 10112
Ngry, delayed 33+33 226 + 33
Nsg 3152 £25 1155 +45
Total events predicted 3779 1482
Fit values:

NCEws 159 +43 121 + 36
Ngrn, prompt 553+ 34

Nprn, delayed 10+ 11 222423
Nss 3131 +£23 1112 £41
Total events fit 3853 1455
Fit systematic errors:

CEVNS Fy, E dependence 4.5% 3.1%
CEVNS #;, mean 2.7% 6.3%
BRN E distribution 5.8% 5.2%
BRN 7y, mean 1.3% 5.3%
BRN #;, width 3.1% 7.7%
Total CEVNS sys. error 8.5% 13%
Fit results:

Null significance (stat. only) 3.9¢ 340
Null significance (stat.+sys.) 3.5¢ 3.1c
Cross section

SM-predicted ¢ (x1073° cm?) 1.8
Systematic errors:

Detector efficiency 3.6% 1.6%
Energy calibration 0.8% 4.6%
Fy, calibration 7.8% 3.3%
Quenching factor 1.0% 1.0%
Nuclear form factor 2.0% 2.0%
Neutrino flux 10% 10%
Total cross section sys. error 13% 12%
Measured ¢ (x107% cm?) 23+£0.7 22+0.8

occur near either PMT, while reducing the CEVNS event
selection efficiency by 10%.

Further, candidate events were required to lie in the Fy,
NR band to reject ER- and Cherenkov-like events. A time
range was chosen using 7y, Where 7y, = 0 is the expected
start time of the neutrino beam at the detector, to include
both prompt and delayed neutrinos. An energy range was
chosen to include the region** of interest for a CEVNS
signal (E < 120 keVnr = 30 keVee). The specific values
for the fit ranges, summarized in Table I, differed between
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FIG. 2. Energy-dependent CEVNS event efficiency for analyses
A (blue) and B (red dash) along with the predicted CEVNS recoil
spectrum in arbitrary units (black dash-dotted line). Analysis B
requires E > 4.1 keVee, as well as a “top-fraction” cut
(see text).

analyses A and B because of different strategies for signal
and background optimization. For example, analysis A
used a wider energy range to include more high-energy
BRN events to anchor that background, so an extra
delayed-BRN component would be better constrained.
The resulting energy-dependent efficiency for detecting
CEVNS is shown in Fig. 2.

For the extraction of CEVNS events amid BRN and SS
backgrounds, we performed an extended maximum-
likelihood fit to the on-beam data binned in Fog, fyig,
and E. These data were modeled by distributions
Py(E, tyig. Fop) with associated number of events N for
k € {CEVNS, BRN, SS}. The best-fit number of CEVNS
events, Ncgyng, Was unconstrained in the fit. Pcg,ng Was
determined from a simulation of CEVNS events to provide
the PSD and energy distributions, then combining with the
neutrino arrival-time dependence.

For the backgrounds, the total number of SS events Ngg
was Gaussian constrained by the statistical error from the
off-beam measurement of 0.8% (3.8%) for analysis A (B).
The Pgg distribution was formed by binning the off-beam
events in £ and Fy, and assuming a constant time
dependence. Analysis A Gaussian-constrained Ngry based
on associated BRN measurements; analysis B allowed
Npgry to float freely. Analysis A also included a separate
delayed (1.4 < 1, < 1.9 pus) BRN component in the fit to
permit the possibility of late BRN events. For Pggry, the
Foy-E dependence was extracted from the simulation with a
time dependence extracted from a fit to the no-water data.

Pseudodatasets were generated using RooFit [49] to
demonstrate a robust and unbiased fitting procedure and
to estimate uncertainties before fitting the on-beam data.
Only systematic uncertainties that affect the shape of the P,
affect the fit value of Ncg,ns. The individual contributions
are treated as independent and added in quadrature for the
total systematic error on the fit number of CEVNS events.

Results.—The input parameters, errors, and results for
the maximum likelihood fit of Ncg,ng for both analyses are
summarized in Table 1. The significance of this result
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the CEVNS component. The green band shows the envelope of fit results resulting from the +1o systematic errors on the PDF.

compared to the null hypothesis, incorporating systematic
errors as explained above, is 3.5¢ (3.10) for analysis A (B).
Both analyses yield Ncg,ns Within 1o of the SM prediction.
Note that the large SS background is not as detrimental to
signal significance as expected with a simple signal to
background argument because it is well measured and of
different character than signal in the Py(E, tyy, Foo)
distributions.

The data and best fit for analysis A are shown in Fig. 3,
projected along E, Fg, and 7. Extraction of the relatively
low-energy CEVNS signal is robust in the presence of the
large prompt BRN background because of the latter’s much
harder spectrum.

We compute the CEVNS flux-averaged cross section on
argon (99.6% “°Ar) from the ratio of the best-fit Ncgyns to
that predicted by the simulation using the SM prediction of

L T I
40— --"CEVNS Cross Section Prediction ]
[ [lFlux-averaged Prediction with Uncertainty 1
_ so[. +COHERENT (Analysis A) T
§ [ +COHERENT (Analysis B) ‘ ]
5 F .
= 20— —
- 2 -
© [ v, Flux ]
ol [[lve Flux ]
- [V, Flux .

o6 20 80 40 %0

E, (MeV)

FIG. 4. Measured CEvVNS flux-averaged cross section for the
two analyses, along with the SM prediction. The horizontal bars
indicate the energy range of the flux contributing. The minimum
value is set by the NR threshold energy and is different for each
analysis. The 2% error on the theoretical cross section due to
uncertainty in the nuclear form factor is also illustrated by the
width of the band. The SNS neutrino flux is shown with arbitrary
normalization.

1.8 x 1073 cm?. This incorporates the total uncertainty on
the fit Ncg,ns along with additional systematic uncertain-
ties, dominated by the 10% incident neutrino flux uncer-
tainty, that do not affect the signal significance. The values
are summarized along with extracted cross section values in
Table 1. The measured flux-averaged cross sections are
consistent between the two analyses and with the SM
prediction as shown in Fig. 4. We average the results of the
two analyses to obtain (2.2 4 0.7) x 1073° cm? with uncer-
tainty dominated by the ~30% statistical uncertainty
on NcgyNs-

This result is used to constrain neutrino-quark NSIs
mediated by a new heavy vector particle using the
framework developed in Refs. [3,10]. Here we consider
the particular case of nonzero vectorlike quark-v, NSI

1.0
05 1
38 oo
()
05
CHARM
Csl[Na] 2017
E=3 CENNS-10 2020
-1.0 : :
-1.0 05 0.0 05 1.0
FIG. 5. 90% C.L. regions for nonstandard NSIs for a vector-

coupled quark-electron interaction extracted from this argon
measurement plotted together with the previous COHERENT
Csl[Na] measurement [7] and the CHARM experiment [51]. The
three regions shown are independent and the dashed black lines
show the SM prediction.
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couplings, €V and ¢4V, as these two are the least experi-
ee ee

mentally constrained. The other couplings in this frame-
work [9] are assumed to be zero. A comparison of the
measured CEVNS cross section reported here to the
predicted cross section including these couplings is used
to determine the 90% C.L. (1.65¢) regions of NSI para-
meters as shown in Fig. 5. The same procedure was
separately applied using our previous CsI[Na] result [7]
and also plotted in Fig. 5. The Ar measurement, with a
slight excess over the SM prediction, favors a slightly
different region than CsI[Na] and results in a bifurcated
region because the central area corresponds to values of €4
and €Y that yield a cross section somewhat less than the
SM value. The data and predicted background are avail-
able [50] for alternative fits.

Summary.—A 13.7 x 10** protons-on-target sample of
data, collected with the CENNS-10 detector in the SNS
Neutrino Alley at 27.5 m from the neutron production
target, was analyzed to measure the CEVNS process on
argon. Two independent analyses observed a more than 3¢
excess over background, resulting in the first detection of
CEvVNS in argon. We measure a flux-averaged cross section
of (2.2 £0.7) x 107 cm? averaged over and consistent
between the two analyses. This is the second, and much
lighter, nucleus for which CEVNS has been measured,
verifying the expected neutron-number dependence of the
cross section and improving constraints on nonstandard
neutrino interactions. CENNS-10 is collecting additional
data, which will provide, along with refined background
measurements, more precise results in the near future.

DOE will provide public access to these results of
federally sponsored research in accordance with the
DOE Public Access Plan [52].
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