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We measured the cross section of coherent elastic neutrino-nucleus scattering (CEvNS) using a
CsI[Na] scintillating crystal in a high flux of neutrinos produced at the Spallation Neutron Source
(SNS) at Oak Ridge National Laboratory. New data collected before detector decommissioning has
more than doubled the dataset since the first observation of CEvNS, achieved with this detector.
Systematic uncertainties have also been reduced with an updated quenching model, allowing for
improved precision. With these analysis improvements, the COHERENT collaboration determined
the cross section to be (165+30

−25) × 10−40 cm2, consistent with the standard model, giving the most
precise measurement of CEvNS yet. The timing structure of the neutrino beam has been exploited
to compare the CEvNS cross section from scattering of different neutrino flavors. This result places
leading constraints on neutrino non-standard interactions while testing lepton flavor universality
and measures the weak mixing angle as sin2 θW = 0.220+0.028

−0.026 at Q2 ≈ (50 MeV)2.
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1. INTRODUCTION

Coherent elastic neutrino-nucleus scattering
(CEvNS) is a difficult to measure standard-model
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process [1, 2], In neutral-current interactions where
the momentum transfer (Q2) is low, the neutrino
interacts coherently with the nucleus. The recoil
energy transferred to the nucleus is observable,
though typical recoil energies are low, tens of keV
for neutrino energies in the tens of MeV range.
Thus, detectors with low-energy thresholds are
required for CEvNS measurement.

CEvNS has the largest cross section among neu-
trino scattering channels for Eν < 100 MeV for most
target nuclei. For example, inverse beta decay on
free protons, the process used for the first detec-
tion of the neutrino [3], has a cross section three
orders of magnitude lower than CEvNS in CsI. The
standard-model prediction depends on the nuclear
weak charge, Q2

W = (N−(1−4 sin2 θW )Z)2 ≈ N2,
where N and Z are the neutron and proton num-
bers of the target nucleus, and θW is the weak mix-
ing angle [4]. Despite the large cross section, 43
years elapsed after the first theoretical prediction
of CEvNS before the first experimental observation
was realized [5], followed shortly by [6], because of
the demanding threshold and background require-
ments. The challenge was finally overcome using
low-threshold detectors in an intense, pulsed source
of low-energy neutrinos, such as those produced at
the Spallation Neutron Source (SNS) [7, 8] at Oak
Ridge National Lab.

The COHERENT experiment deploys a number
of detectors designed to measure CEvNS and other
low-energy scattering processes, such as 40Ar(νe, e)
and neutrino-induced neutron emission, using the
π+ decay-at-rest (πDAR) neutrino flux, attractive
for CEvNS measurements [9], produced as a byprod-
uct of SNS operations. The detectors are situated in
“Neutrino Alley”, a basement hallway where back-
ground neutrons from the facility are heavily sup-
pressed and cosmogenic background sources are at-
tenuated with an 8 m.w.e. (meter water equiva-
lent) overburden allowing precision CEvNS measure-
ments. The first experimental demonstration of the
existence of CEvNS was made in Neutrino Alley,
19.3 m from the neutrino source using a 14.6 kg
CsI[Na] scintillating detector [5]. COHERENT also
made the first detection of CEvNS on argon [6],
which, together with the initial CsI[Na] measure-
ment, agrees with the N2 scaling of the cross sec-
tion predicted by the standard model. While these
campaigns were highly successful, they suffer from
large statistical and systematic uncertainties, which
limit their sensitivity to searches for new physical
phenomena.

CEvNS is a precisely predicted neutrino interac-
tion within the standard model. The theoretical un-
certainty is primarily dominated by understanding
of the spatial distribution of the weak charge in the

nucleus. As a result of the clean theoretical predic-
tions, CEvNS is a process well suited for probing
physics beyond the standard model (BSM).

A precision measurement of CEvNS is sensitive to
the presence of new particles, such as a dark pho-
ton that interferes with Z exchange in the low-Q2

regime [10–12] and may explain the g-2 anomaly [13].
Similarly, through the reliance of Q2

W on sin2 θW ,
CEvNS may identify new physics through an un-
expected value of the weak mixing angle at Q2 ≈
(50 MeV)2 [12]. It can shed light on new forces at
high mass scales through non-standard interactions
(NSI) searches [14], the understanding of which is
very important for interpreting neutrino oscillation
measurements, as certain scenarios can obfuscate the
interpretation of results [15, 16]. Understanding the
CEvNS cross section for different flavors of neutrino
is important for disentangling NSI effects from oscil-
lation data making experiments with access to mul-
tiple neutrino flavors desirable.

Accelerator-based detectors sensitive to CEvNS
are also probes of light, sub-GeV dark matter par-
ticles [17, 18] which may be produced at those fa-
cilities. Further, CEvNS from solar, atmospheric
and diffuse galactic supernova neutrinos are a back-
ground for dark matter direct detection experi-
ments [19–21], making up the so-called neutrino
floor, so that a clear understanding of their inter-
action will soon become paramount.

Soon after its prediction, CEvNS was understood
to play an important role in energy transport within
core-collapse supernova [22–24]. Though uncertain-
ties in the collapse mechanism complicate the role
of CEvNS [25], experimental confirmation of the
standard-model cross section will help cement these
dynamical models. CEvNS will also likely play
a role in measuring a future supernova neutrino
burst [26, 27]. As a neutral-current process, CEvNS
is sensitive to the total neutrino flux, which is of par-
ticular interest as other detection channels are most
sensitive to the νe [28] or ν̄e [29] flux.

CEvNS is also a direct test of the weak charge dis-
tribution in the nucleus, through the reliance of the
cross section on the nuclear form factor [30]. Current
data can improve constraints on the charge radius of
the neutrino, while future, large CEvNS detectors
may measure the parameter [12].

It is with precision measurements of CEvNS that
these physics searches are realized. The first such
steps are presented here with an updated CsI[Na]
dataset and improved understanding of systematic
uncertainties. Leveraging the time structure of the
neutrino flux from πDAR, leading constraints on
non-standard neutrino interactions are presented,
along with a direct measurement of the weak mixing
angle at low Q2.
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2. EXPERIMENTAL SETUP

We used a 14.6-kg scintillation CsI[Na] crystal [5].
The dopant was selected to reduce the rate of af-
terglow scintillation following a burst of activity in
the detector [31]. The crystal was attached to a
single Hamamatsu R877-100 photomultiplier (PMT)
for light collection. The signal was digitized at a
rate of 500 MS/s with a dynamic range extending
beyond our calibration scale, 60 keVee. This crys-
tal was shielded with both low-activity lead and
low-Z materials to mitigate γ and neutron back-
grounds [31, 32]. Muon veto panels surroundeded
the detector which allowed us to remove events with
cosmic-associated activity. The detector was placed
19.3 m from the SNS target in Neutrino Alley.

Our dataset includes 13.99 GWhr of integrated
beam power that passes livetime criteria on beam
stability, detector condition, and afterglow rate de-
scribed in Sec. 3. During data collection, the SNS
ran using a mercury target with a mean beam en-
ergy of 0.984 GeV yielding 3.20 × 1023 protons-on-
target (POT). Averaged over beam energies, a pion
yield of 0.0848 ± 10% π+/POT is expected from a
Geant4 [33] simulation of the SNS beam [34]. Data
from the SNS on the current through the target was
used to extract the timing distribution of POT av-
eraged over the running period. The timing distri-
bution of the POT pulse, averaged over CsI data-
taking, has a FWHM of 378 ns. Since this is less
than the muon lifetime, the flux separates into two
populations: a prompt, predominantly νµ flux from
π+ decay followed by a delayed flux of νe and ν̄µ
from subsequent µ+ decay. Over 99% of the SNS
neutrino flux is generated by π+ decay-at-rest [34]
which has a very well understood time profile.

3. DATA ANALYSIS

Our analysis procedure closely parallels the ap-
proach described in [5, 35] with improvements to
our simulation, re-optimization of our event selec-
tion, and a more thorough detector response model.
We performed a two-dimensional log-likelihood fit in
recoil energy and time to measure the CEvNS cross
section comparing selected data and expected sig-
nal and background distributions. Event time and
energy were reconstructed by analyzing the PMT
waveform in the beam window. We then selected
CEvNS candidate events using this reconstruction
information.

To generate our predicted signal distribution,
we accounted for detector response effects such as
quenching, detection efficiency, and energy smear-
ing. Steady-state backgrounds were assessed in-

situ with out-of-time beam data and beam-related
backgrounds were estimated using data taken previ-
ously in Neutrino Alley. Uncertainties in signal and
background rates and our detector response were in-
cluded in the likelihood fit.

3.1. Waveform Reconstruction and Data
Selection

The PMT voltage traces were digitized and a 70 µs
waveform was saved for every beam spill. The POT
signal was set at the 55 µs mark in the waveform.
An example waveform is shown in Fig. 1. Following
the arrival of the beam, we formed a 15 µs region-
of-interest (ROI). The baseline was monitored, and
photo-electron (PE) pulses were detected by com-
paring the digitized PMT voltage to a threshold set
above the electronic noise level. Following the first
reconstructed photo-electron (PE) pulse in the ROI,
we formed a 3 µs integration time to capture most
light given by a dominate scintillation decay con-
stant τ = 0.6 µs [31]. We also analyzed a 40 µs pre-
trace region (PT) immediately preceding the ROI
which monitors afterglow activity in the crystal on
a spill-by-spill basis. There is an analogous ROI re-
gion preceding the POT signal, again with a 40 µs
pretrace region. These two ROI regions are called
coincidence (C) and anti-coincidence (AC), respec-
tively. As the AC region precedes the beam, we
used this timing region to assess beam-uncorrelated
backgrounds in-situ while properly sampling detec-
tor running conditions.

The detector was calibrated with the 59.5 keV
γ decay of an 241Am source. With a Gaussian
fit to calibration data, we found a light yield of
13.35 PE/keV. Calibration data were taken with the
source at nine different locations along the crystal,
finding a spatial spread in light yield less than 3%.
This is negligible compared to other identified en-
ergy smearing effects. The single PE (SPE) charge
was monitored during SNS running by tagging single
PMT pulses with little other activity in the crystal.

3.2. Event Selection

Backgrounds producing afterglow contamination
in the signal ROI are more likely to have more ac-
tivity in the pretrace region; we therefore only se-
lected events with five or fewer pretrace pulses. This
cut was determined by optimizing our sensitivity
to measuring CEvNS given signal and background
rates expected for each cut value. We also removed
events that have a pulse within the last 200 ns of the
pretrace which are typically background events that

3



Figure 1. Timing regions of our CsI waveform recon-
struction. Events were reconstructed in the 15 µs-long
C and AC ROI periods. From the first PE peak in the
ROI, we formed a 3 µs integration window. Before each
ROI, there is a 40 µs-long pretrace to monitor the in-
stantaneous afterglow rate. The beam arrives at 55 µs,
at the beginning of C ROI.

scatter very late in the pretrace and then leak into
the ROI. This cut reduced the expected background
rate of this type from 40 events to < 1 event in our
analysis sample while reducing the signal efficiency
by < 1%.

We also required that at least nine pulses were re-
constructed in the integration window. According
to simulation, this removed all background from co-
incidence of afterglow pulses within the integration
window. These events are predicted to be biased
to early scattering times in the ROI, with approx-
imately exponential shape with τ ≈ 4 µs. Using
this time dependence, we validated this simulation
by comparing the rate and time dependence of the
afterglow background using AC data and confirm
that a negligible afterglow rate, consistent with 0,
is expected after the ≥ 9 pulse cut. This cut has a
large effect on our selection efficiency and sets the
analysis threshold, at an integral ≈ 7 PE.

3.3. Detector Response and Signal Prediction

We applied nuclear recoil quenching by fitting the
scintillation response curve, Eee = f(Enr), to five
datasets collected in CsI[Na] including three taken
by COHERENT, described in an upcoming publica-
tion, and two described in [36]. The quenching fac-
tor, f(Enr)/Enr can be used to translate between re-
coil energy and observed scintillation. The recoil en-
ergies in these datasets spanned from 3 to 63 keVee.
To account for shape as a function of Enr, we param-
eterized the scintillation response curve as a fourth
degree polynomial, constrained so that f(0) = 0. As
horizontal error bars detailed in [36] are described
as a “spread” rather than an uncertainty, we per-
formed two fits: one with the horizontal errors equal

to the quoted spread and one with horizontal er-
rors equal to 0. The former was taken as our scin-
tillation response model. For our central value fit
χ2/dof = 25.6/30, while χ2/dof = 47.4/30 for the
alternative fit. We expanded the error band by a
factor of 1.58 so that the adjusted χ2/dof ≤ 1 for
both fits.

The selection efficiency for CEvNS recoils depends
on recoil energy, PE, and time, trec, and is given by

ε(PE, trec) = εE(PE)× εT (trec) (1)

where εE and εT are the energy-dependent and time-
dependent efficiencies with no correlation between
recoil energy and time. We estimated εE using 133Ba
calibration data which gave a sample of Compton-
scattered electrons. A coincidence with a backing
detector was used to mitigate background and en-
sure only low-energy forward scattering events were
used in the calibration. These data, along with the
functional fit and error band are shown in Fig. 2.
The error band from the fit covers the observed
133Ba data.

There is a 39% chance that there is at least one
afterglow pulse in each waveform ROI. Since we re-
constructed trec as the time of the first pulse in the
ROI, it is possible for a CEvNS recoil occurring at
late trec to be rejected because it follows a random
pulse.

We estimated εT with a data-driven simulation. A
library of waveforms from AC data was constructed
by selecting exactly one waveform for each hour of
detector running. A simulated CEvNS waveform,
without baseline or noise effects, was then overlaid
on a waveform randomly selected from this library.
We took εT as the ratio of events selected when sim-
ulated at t = trec compared to t = 0. We also ex-
pect signal events that follow a random afterglow
pulse but within the 3 µs integration window. These
events may be selected, but would have biased recoil
energy and time. This background was mitigated by
requiring the time difference between the first and
second pulse in the ROI be within 520 ns. This cut
rejected a negligible fraction of events with properly
reconstructed trec but reduced the fraction of biased
events sufficiently that the bias does not noticeably
affect the measurement.

To validate this simulation we studied the recon-
structed trec for large PE inelastic signals. Due to
the large integral of these events, the onset time
is unambiguous. We confirmed that the simulation
predicts the fraction of events that are lost due to
this timing effect.

Our energy resolution is dominated by photon
counting. However, the distribution of SPE charge
is broad, µ/σ ≈ 0.5. We thus also Incorporated vari-
ations in SPE pulse integral on a pulse-by-pulse ba-
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Figure 2. Calibration data using a 133Ba source to esti-
mate our CEvNS selection efficiency along with an error
band.

sis into our energy resolution. Combining these two
effects, the smearing was modeled with a gamma
function

P (x) =
(a(1 + b))

1+b

Γ(1 + b)
xbe−a(1+b)x (2)

which, empirically, fit well to simulated recoil distri-
butions using a = 1/PE and b = 0.716 × PE which
appropriately models the asymmetric simulated dis-
tribution much better than a Gaussian model.

3.4. Analysis Backgrounds

Over 98% of the analysis background comes from
steady-state background that is uncorrelated with
the beam. This background is measured in-situ from
AC data. We did not observe any correlation be-
tween the energy and timing of backgrounds, and
so we estimated the PE distribution using all events
found in AC data. We used an exponential model
for the time distribution with τ = 20.2±2.6 µs, con-
sistent with the time dependence of the signal effi-
ciency. Uncertainty in this fitted decay constant had
a negligible impact on the measured cross section.

We accounted for two sources of beam-related
background: beam-related neutron (BRN) and
neutrino-induced neutron (NIN) scatters. Prior to
detector installation, the normalization of each of
these components was studied by an EJ-301 liquid
scintillator detector [37] housed in a very similar
detector shielding. The neutron-moderating water
used in the detector shielding was drained to increase
the neutron rate. The BRN and NIN rates were de-
termined from a fit to the time distribution [5]. A
MCNPX-PoliMi [38] simulation was used to estimate
the total flux of neutrons from each source incident

on the EJ-301 detector. This flux was then propa-
gated through the full shielding into the CsI[Na] de-
tector to simulate the neutron background in the de-
tector. We assume a power-law BRN flux, φ ∝ E−α,
which is consistent with α values between 0 and
2. Changes in the value of α have a negligible ef-
fect on the shape of our background distributions.
The NIN spectrum was estimated using MARLEY
[39, 40] tuned to production on 208Pb with an in-
cident πDAR spectrum, ignoring the decay-in-flight
flux as only a handful of NIN events are expected.
After applying quenching, energy smearing, and ef-
ficiency, we estimated 18± 5 (25%) BRN and 6± 2
(35%) NIN events in our sample with uncertainty
dominated by the statistical precision of the EJ-301
fit [5]. Together BRN and NIN backgrounds are
small, about 7% of the predicted CEvNS rate.

It has been suggested that there should be a sig-
nificant rate of incoherent NC interactions [41] that
produce similar nuclear recoils to CEvNS. However,
we did not account for this additional production of
neutrino-induced recoils.

3.5. Likelihood Fit and Systematic
Uncertainties

As we have implemented several improvements to
our simulation, selection, and efficiency, the analysis
development was blinded. All data in the C region
of the ROI were not studied until predictions and
uncertainties had been finalized. To validate our up-
dated model for steady-state background events, we
first studied a sideband of events with trec > 6 µs.

We performed a binned likelihood fit to data in
both PE and trec. All data events with PE < 60 and
trec < 6 µs were included in the fit. A non-uniform
binning was determined to optimize the statistical
power of the fit while maintaining sensitivity to po-
tential systematic effects in the analysis sample. We
accounted for correlations between PE and trec when
constructing the CEvNS prediction. All systematic
uncertainties wee included as nuisance parameters
and appropriately pull on the predicted shape. Un-
certainty parameters were profiled in the fit.

We accounted for normalization uncertainty on
each component. The CEvNS uncertainty is 10%,
dominated by our understanding of the total neu-
trino flux [34]. We also included a 2.1% uncertainty
on the steady-state background normalization due
to a finite sample used to estimate the background.
The BRN and NIN components have a 25% and 35%
uncertainty as described in Sec. 3.4.

We also fit five systematic parameters that affect
the shape of our predicted spectra. The timing on-
set of the neutrino flux through our detector was al-
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Figure 3. The data residual over steady-state background compared to best-fit CEvNS, BRN, and NIN predictions
projected onto the PE (left) and trec (right) axes. The CEvNS distribution has been decomposed into each flavor of
neutrino flux at the SNS.

lowed to float without any prior constraint. We also
accounted for uncertainty in the quenching model by
performing a principle component analysis (PCA) of
the covariance matrix from fit to available data. We
identified four uncorrelated quenching shape uncer-
tainties from the PCA, but found only two impact
our fit. These two gave a combined 3.8% bias in our
fit. A PCA was also performed on our CEvNS ef-
ficiency curve from 133Ba calibration data. About
99.9% of the variance is carried by just one system-
atic parameter which is roughly equivalent to adjust-
ing the threshold by 1.0 PE and gives a 4.1% uncer-
tainty. Finally, our form factor uncertainty adjusts
neutron radius in CsI, Rn, by ±5%, which shifts the
theoretical CEvNS cross section by 3.4% and gives
a 0.6% uncertainty on our measured cross section.

4. RESULTS

After fitting, we observed 306±20 CEvNS events,
consistent with the standard-model prediction of
341 ± 11(theory) ± 42(expt.) when accounting for
theoretical uncertainty on the form factor and ex-
perimental uncertainty on the production and de-
tection of CEvNS. A summary of prior prediction
and best-fit event counts is shown in Table I. The
best-fit residual CEvNS spectra are shown in Fig. 3
after projecting onto the PE and trec axes. The best-
fit prediction models the observed data well with a
χ2/dof = 82.6/98. We checked that there is no ex-
cess observed in beam-off data to validate analysis
software.

The cross section averaged over the νµ/νe/ν̄µ
flux, 〈σ〉Φ, was determined by the ∆χ2 curve,
Fig. 4, after profiling nuisance parameters. Our
experimentally-determined CEvNS cross section is
(165+30

−25) × 10−40 cm2 which is consistent with the

Prior Prediction Best-Fit Total
Steady-state background 1286 ± 27 1273 ± 24

BRN 18.4 ± 4.6 17.3 ± 4.5
NIN 5.6 ± 2.0 5.5 ± 2.0

CEvNS − 306 ± 20

Table I. A summary of prior prediction and best-fit event
rates and statistical uncertainties for CEvNS and each
background type. The standard-model expectation for
CEvNS is 341 ± 11 ± 42.

standard-model prediction of (189±6)×10−40 cm2.
We tested the validity of Wilks’ theorem [42] for this
result with a pseudo-experiment coverage test. The
observed data reject the no-CEvNS hypothesis at
11.6 σ.

Since the standard-model cross section depends on
the weak charge, the CEvNS cross section can be in-
terpreted as a constraint on the weak mixing angle at
a low momentum exchange, Q2 ≈ (50 MeV)2 similar
to previous results [43]. Our current result implies
sin2 θW = 0.220+0.028

−0.026 compared to the standard-

model prediction 0.23857(5) at this Q2 [44]. Cur-
rent constraints at low-Q2 from atomic parity vio-
lation measurements are much more precise, though
a percent-level measurement will be possible with
precision CEvNS detectors in the future. However,
as 133Cs is a commonly used atom for these studies
[45, 46], CEvNS data can be used to constrain the-
oretical uncertainties on nuclear structure assumed
in these results [4].

Exploiting the differences in timing shapes be-
tween the CEvNS contributions from νµ, ν̄µ and
νe, we also measured the “flavored” CEvNS cross
sections, 〈σ〉µ and 〈σ〉e, treating each as a com-
pletely independent quantity. We do, however, re-
quire 〈σ〉µ and 〈σ〉µ̄ scale the same way relative
to their standard-model predictions. This param-

6



Figure 4. The ∆χ2 curve for the CEvNS cross section
determined from the fit to data both with and with-
out systematic effects. The standard-model prediction,
along with the 1 σ error band from the form factor un-
certainty is given by the vertical grey band.

Figure 5. Contours for the flavored CEvNS cross sec-
tion. The best-fit parameters and the standard-model
prediction, along with ±1 σ error bands from form-factor
uncertainty, are shown as pink markers.

eter space is a sensitive probe of BSM physics such
as neutrino-quark vector NSI which can affect each
neutrino flavor differently [14]. The flavored CEvNS
cross section result is uniquely possible using a flux
from a spallation sources with beam width less than
the muon half-life where flux of νµ is separable from
the νe flux in time.

The allowed contour in this parameter space
is shown in Fig. 5. This is consistent with
the standard-model cross sections, 〈σ〉µ = 197 ×
10−40 cm2 and 〈σ〉e = 172 × 10−40 cm2, which are
somewhat different values due to differences in the

energy shape of the neutrino flux for each flavor.
The best-fit scales relative to the standard model
are 0.876 and 0.873 for 〈σ〉µ and 〈σ〉e, respectively.
Though the total significance of observing CEvNS is
very high, 〈σ〉µ and 〈σ〉e are found to be non-zero
only at 3.0 σ and 1.4 σ, respectively. This is much
lower than the total significance of observing CEvNS
because both cross sections are allowed to float – a
high 〈σ〉e can partially compensate for a low 〈σ〉µ
and vice versa.

We used this measurement to constrain heavy-
mediator, mV � Q, neutrino-quark NSI, commonly

parameterized as a matrix of εfij where i, j = e, µ, τ

and f = u, d, valid when Q2 is small compared to the
mediator mass. Existence of NSI could confuse on-
going efforts to measure the neutrino mixing matrix
parameters. Notably, it is possible to reverse the in-
ferred neutrino mass ordering from oscillation data
by choosing a suitable set of NSI parameters [15].
Also, NSI allow for additional CP -violating phases
which may bias constraints on δCP [16].

In Fig. 6, we show the constraint on εuee and εdee
with all other parameters fixed to 0 compared to
CHARM [47] constraints. This marks a significant
improvement over the previous COHERENT con-
straint from CEvNS on CsI[Na] [5] because of an im-
proved precision result and measuring the flavored
cross sections. There are also NSI constraints de-
termined from CEvNS data on Ar [6] and Xe [48],
though these limits are currently less precise and not
included here.

Fig. 6 also shows our sensitivity to εuee and εuµµ.
As before, all other NSI parameters are fixed at 0.
This combination is directly related to solar neu-
trino oscillation results. In the context of NSI, there
is a degeneracy in oscillation data between the large
mixing angle (LMA) and LMA-Dark solutions which
differ in the θ12 octant and altering the interpreta-
tion of the neutrino mass ordering [49]. The shape
of the allowed parameter space again highlights the
power of the flavored CEvNS measurement as εu,Vee
and εu,Vµµ only affect the CEvNS cross section for
νe- and νµ-flavor neutrinos, respectively. If only the
total CEvNS cross section were considered, allowed
contours would form rings

5. CONCLUSION

We measured the CEvNS cross section using the
full dataset collected by the CsI[Na] scintillation
detector using a blinded analysis approach. With
doubled exposure and improved understanding of
systematic uncertainties, we have made the most
precise measurement of CEvNS to date, observing
CEvNS at 11.6 σ and finding a flux-averaged cross
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Figure 6. The top plot shows the 90% allowed param-
eter space with εuee and εdee to float while fixing others
at 0, while the bottom shows 1/2/3σ contours allowing
εuee and εuµµ to float fixing others to 0. The bottom also
shows parameter space that is compatible with a degen-
eracy in solar neutrino oscillation data that would flip
the inferred neutrino mass ordering.

section 〈σ〉Φ = (165+30
−25) × 10−40 cm2, consistent

with the standard-model prediction to within 1 σ.
The weak mixing angle was measured at low-Q2 us-
ing this cross section result. We also introduced
measurements of the flavored CEvNS cross section,
which are shown to produce improved CEvNS con-
straints on neutrino-quark NSI scenarios. Though
the CsI[Na] detector has been decommissioned, a
planned in-situ calibration of the neutrino flux using
a heavy-water Cherenkov detector [50] will further
improve precision of the CEvNS measurements. CO-
HERENT is currently engaged in future measure-
ments of CEvNS on Ar, Ge, and NaI, while addi-
tional targets are possible for the future.
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Appendix A: Release of analysis data

We provide selected, unbinned data events rele-
vant for this result. We also provide signal param-
eters, neutron background distributions, and details
of systematic uncertainty to allow for future study
of this analysis sample. All events selected with
PE < 250 and 0 ≤ trec < 6 µs are included. Events
with energy 60 ≤ PE < 250 are not used for measur-
ing the CEvNS cross section but used for a search
for light dark matter produced at the SNS.

1. Data

Selected events in both the coincidence (C) and
anticoincidence (AC) region for beam-on running are
given in

• dataBeamOnAC.txt

• dataBeamOnC.txt.

each with reconstructed energy, Erec, and recoil
time, trec. A comparison of C and AC data is shown
in Fig. 7 with a clearly visible beam excess. These
two files contain all data relevant for this measure-
ment. The requisite details to produce accurate pre-
dictions for signal and background distributions are
below.
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Figure 7. Selected data collected during SNS operations
comparing C and AC ROI data.

2. Steady-state background

The beam-uncorrelated, steady-state background
can be estimated from the AC data. For selected
events, there is no correlation between Erec and trec,
and thus the Erec distribution can be determined
using all selected events. The time distribution is
exponential with a decay constant

• k = −(0.0494± 0.0061)/µs

determined by fitting the timing distribution of AC
events.

3. Neutron backgrounds

We include both prompt beam-related neutron
(BRN) and neutrino-induced neutron (NIN) events.
The reconstructed energy and time are uncorrelated,
and so we include the one-dimensional projections
in PE and trec. For each, we provide the timing
distribution in 0.01 µs bins normalized to the beam
exposure, 13.99 GWhr. We include the prediction
for times −0.25 ≤ trec < 6.25 µs, to accommodate
uncertainty in beam timing. Due to this uncertainty

in timing, the time dependent efficiency, εT , is not
applied. This can be included as

εT (trec) =

{
1 trec < a

e−b(trec−a) trec ≥ a
(A1)

with

• a = 0.52 µs

• b = 0.0494 /µs.

The smeared PE probability distribution with the
energy dependent efficiency, εPE, applied is included
with 1 PE binning. All energy shape uncertainties
in both backgrounds have a negligible impact and
are not included. These distributions are included
as text files:

• brnPE.txt

• brnTrec.txt

• ninPE.txt

• ninTrec.txt.

4. Signal Prediction Parameters

We analyze beam triggers from 13.99 GWhr of ac-
cumulated exposure. The neutrino flux through the
detector and rate of CEvNS scatters can be calcu-
lated with the parameters:

• POT: 3.198 ×1023

• ν yield: 0.0848± 10% ν/flavor/p

• Detector baseline 19.3 m

• Detector mass: 14.6 kg.

The 2D distribution of the neutrino flux at the SNS
is given in

• snsFlux2D.root

with a ROOT histogram for each flavor in the flux.
To accurately predict the event totals in the detec-

tor as a function of Erec and trec, quenching, energy
smearing, and detection efficiency must be applied.

Quenching is applied by evaluating the scintilla-
tion response curve, empirically parameterized as

Eee = f(Enr) = aEnr + bE2
nr + cE3

nr + dE4
nr. (A2)

The best-fit coefficients are provided in

• scintRespCoefficients.txt.

The file also includes coefficients for each of the two
quenching uncertainties included, evaluated at ±1σ
excursions. The light yield for quenched recoils is
given by
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• Light yield: 13.35 photons/keVee

whose uncertainty has a negligible impact.

Energy smearing is applied according to a gamma
distribution

[a(1 + b)]
1+b

Γ(1 + b)
xbe−a(1+b)x (A3)

with parameters

a = 1/PE (A4)

b = 0.716× PE. (A5)

Our analysis of the CEvNS cross section made sure
to not include energy bins much narrower than the

energy resolution. It is essential for any study us-
ing finer bins or an unbinned fit to include smearing
effects.

Finally, efficiency must also be applied.

ε(PE, trec) = εE(PE)× εT (trec) (A6)

which contains uncorrelated factors from the mea-
sured Erec and trec. We parameterize εE as

εE(x) =
a

1 + e−b(x−c)
+ d (A7)

where x is the observed recoil energy in PE and the
function is restricted to evaluate at ≥ 0. The rele-
vant coefficients in the best fit scenario and are in-
cluded in

• effCoefficients.txt

along with coefficients evaluated at ±1σ excursions
for the uncertainty in the CEvNS efficiency. The
time dependence is given in Eqn. A1.
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