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Coherent Elastic Neutrino-Nucleus Scattering (CEvNS)

• Coherent Elastic Neutrino-Nucleus 
Scattering (CEvNS) was first predicted in 
19741,2

• >40 years until first detection!
• Need low-threshold, low-background 

detectors 
• Cleanly predicted in Standard Model 

(SM)
• Largest neutrino cross section at low 

energies
• Nucleons in nucleus recoil “in phase”, 

leading to N2 dependence of CEvNS
cross section

• Signal is low-energy nuclear recoil

• CEvNS provides access to a host of physics 
including neutrino non-standard interactions 
(NSI) 

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
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The COHERENT Experiment
• First goal to observe CEvNS and measure 

N2 dependence of CEvNS cross section
• First observation of CEvNS in August 

2017 with 14.6 kg CsI[Na] crystal!3
• Placed further bounds on neutrino 

non-standard interactions (NSI)
• Located at the Spallation Neutron Source 

(SNS) at ORNL
• World’s most powerful pulsed proton 

source
• 𝜙𝜈 = 4.3 x 107 𝜈/cm2/s at 20 m
• Neutrons produced by SNS largest 

beam-related background
• Neutrinos produced through 𝜋-decay at 

rest
• Steady-state background rejection through 

pulsed beam

Liquid Argon for CEvNS Detection

• Low N nuclei (N = 22) to map out N2 

dependence of CEvNS cross section
• High scintillation yield of 40 

photons/keVee
• Well measured quenching factor
• Pulse shape discrimination (PSD) 

capabilities to further remove electron 
recoil backgrounds

The CENNS-10 Detector

• Single-phase liquid argon calorimeter
• 24 kg fiducial volume
• 2x Hamamatsu R5912-02MOD PMTs
• TPB-coated Teflon sides and PMTs for 

wavelength shifting of liquid argon 
scintillation

• 20 cm H2O, 1.25 cm Cu, 10 cm Pb 
shielding for background reduction

• Initial Engineering Run with high threshold 
placed limit on CEvNS cross section and 
constrained beam-related neutron (BRN) 
backgrounds4

• First production data with lower threshold 
from July 2017-November 2018

• Calibration shows ~4.5 
photoelectrons/keVee (20 keVnr threshold)

CENNS-10 Analysis
• Calibrate detector using variety of gamma and 

neutron sources
• Designed and implemented 83mKr source 

for low energy calibration
• Measure steady-state backgrounds using 

separate off-beam trigger 
• Measure beam-related neutron backgrounds 

with no-water shielding runs
• In agreement with prior measurements and 

simulations
• Full 3D binned likelihood fit performed in 

energy/PSD/time
• Input PDFs into likelihood fit from SM 

CEvNS prediction, measured/simulated 
beam-related neutrons (BRN) and 
measured steady-state backgrounds

• 2 independent analyses performed on first 
production data
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FIG. 5. Estimated e�ciency for acceptance of nuclear re-
coil events in CENNS-10 as function of nuclear recoil energy.
“Detected Events” are those that pass the 2PE coincidence
required for event building. The likelihood and counting ex-
periment cuts reflect the change in e�ciency due to analysis
cuts discussed in the text.

CEvNS dataset. However, the BRN normalization was
allowed to float in the final analysis. CEvNS predictions
were based on the convolution of the pion decay-at-rest
neutrino flux and SNS pion-production rate [18] with the
Standard Model-predicted CEvNS cross section. Beam-
unrelated backgrounds were measured in situ with strobe
triggers.

Both a cuts-based (“counting experiment”) analysis
and a likelihood fit in energy, time, and Fprompt space
were performed on the full-shielded CEvNS dataset. In
the cuts-based analysis, to form a CEvNS sample, a
figure-of-merit F ⌘ Nsig/�sig was optimized to set a
0–30 keVee reconstructed energy range, a delayed 1.4 <
tTrig < 4.4 µs time window (where tTrig is measured rel-
ative to a timing signal provided by the SNS close to the
onset of POT), and an energy-dependent PSD selection
seen in Fig. 4. For this analysis, it was assumed that
the BRNs observed in Neutrino Alley are produced by
fast neutrons from the target scattering in the shielding
near the detector and that the neutrinos should arrive
roughly 30 ns before the fast neutron peak determined
from the BRN measurements. The results reported here
are not sensitive to this assumption. A BRN-enhanced
sample was selected with an expanded energy range (0–
700 keVee) in both the prompt (0.4 < tTrig < 1.4 µs) and
the delayed (1.4 < tTrig < 4.4 µs) time windows.

For the likelihood fit, cuts were loosened, increasing the
sensitivity to a CEvNS signal, to 0–300 keVee, 0.4–4.4 µs
relative to the SNS timing signal, and from Fprompt val-
ues ranging from 0.55–0.95 . The lack of CEvNS events
with reconstructed energy Ereco > 50 keVee and the lack
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FIG. 6. Time distribution of beam-on and strobe samples
in the BRN-enhanced energy window. The blue curve is that
expected from the timing shape of the SNS POT signal scaled
to the beam-on-target excess.

of BRN events in the delayed window (tTrig > 1.4 µs)
serves to separate the BRN and CEvNS signals. The ef-
ficiencies as a function of nuclear recoil energy for these
cuts is seen in Fig. 5.
Systematic errors were assigned to the beam-related

(CEvNS and BRN) predictions for the quenching factor
and pulse-finding threshold. These uncertainties were
dominated by the uncertainty of the NR PSD band in
the CEvNS energy region due to the high threshold of
the 252Cf calibration datasets. An additional source of
uncertainty was included on the overall BRN normal-
ization due to the extrapolation of the BRN rate from
the minimal-shielded dataset. For the cuts-based anal-
ysis, correlated systematic errors were calculated and
a goodness-of-fit (�2) quantity was determined for the
beam excess compared to the MC prediction. For the
cross section limits from the likelihood fits, alternative
PDFs incorporating ±1� excursions for each systematic
were fit to the data, and the di↵erence from the central
value result were added in quadrature as a measure of
the systematic uncertainty.

RESULTS

The resulting sample from the BRN-enhanced cuts-
based analysis (0–700 keVee) over the full time range is
shown in Fig. 6. Note the clear evidence of BRNs with
time structure consistent with the POT trace from the
SNS beam. Note also that there is no evidence of this
signal in the delayed (tTrig > 1.4 µs) region. This is con-
sistent with the hypothesis that the BRN that reach the
CENNS-10 detector inside of the shielding are the result

First Detection of CEvNS on Ar target

Including Successive Cuts on CEvNS Signal Rates

Cut Cut Details Total Fraction of CEvNS Cut (0-40 keVee)

Threshold >2PE in each PMT 12.9%

Pile-up Event pile-up cut 16.8%

Energy Independent Baseline, Saturation, Dark Rate 17.6%

PSD

Counting Expt: Functional Form Counting Expt: 35.6%

Likelihood: 0.5-0.9 F90 Likelihood: 27.1%

Energy

Counting Expt: 0-40 keVee Counting Expt: 36.0%

Likelihood: 0-120 keVee Likelihood: 27.1%

Time

Counting Expt: -0.1-4.9 µs Counting Expt: 43.9%

Likelihood: -0.1-4.9 µs Likelihood: 35.9%

Table 18:

Analysis Cuts

Waveform Quality Baseline, Saturation, Dark Rate

Pile-up Max amplitude in first 90 ns

Threshold >2PE in each PMT

PSD
Counting Expt: Optimized Function

Likelihood: 0.5-0.9 F90

Energy
Counting Expt: 0-40 keVee

Likelihood: 0-120 keVee

Time
Counting Expt: 1.4-4.9 µs
Likelihood: -0.1-4.9 µs

Table 19:

Including Successive Cuts on Strobe Data Rates

Cut Total Fraction of Strobe Events Remaining Fraction of previous cut

Threshold 0.963 0.963

Pile-up 0.953 0.990

PSD

Counting Expt: 0.0077 0.0081

Likelihood: 0.0128 0.0134

Energy

Counting Expt: 0.0052 0.672

Likelihood: 0.0109 0.854

Time

Counting Expt: 0.00091 0.176

Likelihood: 0.0019 0.179

Table 20:

Predicted CEvNS 101 ± 12

Fit CEvNS 121 ± 36 (stat.) ± 15 (syst.)

2�(-lnL) 12.1

Null Rejection Significance 3.1� (stat. + syst.)

Table 21:

6

“Analysis B”  results

“Analysis A” results

• Detect CEvNS at >3𝜎 with first production data!
• Result agrees within 1𝜎 with SM 
• Parallel analyses consistent
• Place further bounds on neutrino NSI

• Overlap between CsI and LAr bounds, no 
joint analysis performed

1D.Z. Freedman, Phys. Rev. D9 (1974)
2V.B. Kopeliovich and L.L. Frankfurt, ZhETF Pis. Red. 19 (1974)
3D. Akimov et al. (COHERENT). Science 357, 1123–1126 (2017)
4D. Akimov et al. (COHERENT). Phys. Rev. D100 (2019) no.11, 115020

References

Production data no-water beam-
related neutron measurement

Input PDFs to 3D binned likelihood analysis

CENNS-10 detector calibration

Engineering Run data agrees well with prior beam-related neutron measurements/simulations

Additional Likelihood Fit Shape-Related Errors

Error Source Fit Event Uncertainty

CEvNS Prompt Light Fraction 4.5%

CEvNS Arrival Mean Time 2.7%

Beam Related Neutron Energy Shape 5.8%

Beam Related Neutron Arrival Time Mean 1.3%

Beam Related Neutron Arrival Time Width 3.1%

Total Error 8.5%

Table 13:

Data Events 3752

Fit CEvNS 152 ± 42 (stat.) ± 13 (syst.)

Fit Beam Related Neutrons 555 ± 31

Fit Beam Unrelated Background 3131 ± 23

Fit Late Beam Related Neutrons 23 ± 8

2�(-lnL) 13.7

p-value 29%

Null Rejection Significance 3.4� (stat. + syst.)

Table 14:

Data Events 3752

Fit CEvNS 159 ± 43 (stat.) ± 14 (syst.)

Fit Beam Related Neutrons 553 ± 34

Fit Beam Unrelated Background 3131 ± 23

Fit Late Beam Related Neutrons 10 ± 11

2�(-lnL) 15.0

Null Rejection Significance 3.5� (stat. + syst.)

Table 15:

Predicted CEvNS 128 ± 17

Fit CEvNS 159 ± 43 (stat.) ± 14 (syst.)

2�(-lnL) 15.0

Null Rejection Significance 3.5� (stat. + syst.)

Table 16:

Data Set Prompt Data Poly tank ⇢ MC Prediction Scale Factor MC After Scaling

No-water 580 ± 25 1.9 298 1.9 566

Water (5 days) 23 ± 7 1.9 9.3 1.9 17.7

No-water 580 ± 25 0.95 387 1.5 580

Water (5 days) 23 ± 7 0.95 9.4 1.5 14.1

Table 17:
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The COHERENT Collaboration
• First goal to observe CEvNS and measure N2 dependence of 

CEvNS cross section via multiple targets
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Form Factor = unity
Klein-Nystrand Form Factor
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FIG. 5. Estimated e�ciency for acceptance of nuclear re-
coil events in CENNS-10 as function of nuclear recoil energy.
“Detected Events” are those that pass the 2PE coincidence
required for event building. The likelihood and counting ex-
periment cuts reflect the change in e�ciency due to analysis
cuts discussed in the text.

CEvNS dataset. However, the BRN normalization was
allowed to float in the final analysis. CEvNS predictions
were based on the convolution of the pion decay-at-rest
neutrino flux and SNS pion-production rate [18] with the
Standard Model-predicted CEvNS cross section. Beam-
unrelated backgrounds were measured in situ with strobe
triggers.

Both a cuts-based (“counting experiment”) analysis
and a likelihood fit in energy, time, and Fprompt space
were performed on the full-shielded CEvNS dataset. In
the cuts-based analysis, to form a CEvNS sample, a
figure-of-merit F ⌘ Nsig/�sig was optimized to set a
0–30 keVee reconstructed energy range, a delayed 1.4 <
tTrig < 4.4 µs time window (where tTrig is measured rel-
ative to a timing signal provided by the SNS close to the
onset of POT), and an energy-dependent PSD selection
seen in Fig. 4. For this analysis, it was assumed that
the BRNs observed in Neutrino Alley are produced by
fast neutrons from the target scattering in the shielding
near the detector and that the neutrinos should arrive
roughly 30 ns before the fast neutron peak determined
from the BRN measurements. The results reported here
are not sensitive to this assumption. A BRN-enhanced
sample was selected with an expanded energy range (0–
700 keVee) in both the prompt (0.4 < tTrig < 1.4 µs) and
the delayed (1.4 < tTrig < 4.4 µs) time windows.

For the likelihood fit, cuts were loosened, increasing the
sensitivity to a CEvNS signal, to 0–300 keVee, 0.4–4.4 µs
relative to the SNS timing signal, and from Fprompt val-
ues ranging from 0.55–0.95 . The lack of CEvNS events
with reconstructed energy Ereco > 50 keVee and the lack

s)µTime to Trigger (
0 1 2 3 4

Ev
en

ts
 / 

10
0 

ns

0

5

10

15

20

25

30

35

40

Beam Triggers
Strobe Triggers
Average POT Shape

FIG. 6. Time distribution of beam-on and strobe samples
in the BRN-enhanced energy window. The blue curve is that
expected from the timing shape of the SNS POT signal scaled
to the beam-on-target excess.

of BRN events in the delayed window (tTrig > 1.4 µs)
serves to separate the BRN and CEvNS signals. The ef-
ficiencies as a function of nuclear recoil energy for these
cuts is seen in Fig. 5.
Systematic errors were assigned to the beam-related

(CEvNS and BRN) predictions for the quenching factor
and pulse-finding threshold. These uncertainties were
dominated by the uncertainty of the NR PSD band in
the CEvNS energy region due to the high threshold of
the 252Cf calibration datasets. An additional source of
uncertainty was included on the overall BRN normal-
ization due to the extrapolation of the BRN rate from
the minimal-shielded dataset. For the cuts-based anal-
ysis, correlated systematic errors were calculated and
a goodness-of-fit (�2) quantity was determined for the
beam excess compared to the MC prediction. For the
cross section limits from the likelihood fits, alternative
PDFs incorporating ±1� excursions for each systematic
were fit to the data, and the di↵erence from the central
value result were added in quadrature as a measure of
the systematic uncertainty.

RESULTS

The resulting sample from the BRN-enhanced cuts-
based analysis (0–700 keVee) over the full time range is
shown in Fig. 6. Note the clear evidence of BRNs with
time structure consistent with the POT trace from the
SNS beam. Note also that there is no evidence of this
signal in the delayed (tTrig > 1.4 µs) region. This is con-
sistent with the hypothesis that the BRN that reach the
CENNS-10 detector inside of the shielding are the result

Neutron Background 
Characterization
• Data from Engineering Run, analysis of 1.8 GWhr of SNS beam data from 

February-May 2017

• TPB coated acrylic backed by Teflon reflector and TPB coated acrylic disk 

• Threshold (80 keVnr) not low enough for sensitive CEvNS search

• Optimized cuts based on signal/noise

• Beam-related excess consistent with previous measurements/simulations

• Delayed window excess consistent with zero due to high threshold and small 
beam sample

• Use to constrain prompt beam-related neutron backgrounds for First 
Production Run

• Also, place limit on CEvNS cross section

22

Engineering Run, prompt beam excess vs energy

Prompt 
region

“Prompt”

”Delayed”

Engineering Run Results:
Phys. Rev. D100 (2019) no.11, 115020
M. R. Heath (IU PhD Thesis) (2019) 
http://inspirehep.net/record/1744690?ln=en
PRD Editor’s Suggestion

Engineering Run, events vs time 

#49

Neutron Number
0 10 20 30 40 50 60 70 80 90

)2
 c

m
40-

C
ro

ss
 s

ec
tio

n 
(1

0

1

10

210

310

Na

Ar

Ge

I Cs

 

LAr quenching factor analysis

Engineering Run, counts vs time

57Co

241Am
83mKr

Time

Energy
F90 (PSD)

CEvNS Counts
0 50 100 150 200 250 300

(ln
L)

D
-2

0

2

4

6

8

10

12

14

Analysis A

Analysis B

Reconstructed Energy (keVee)
0 5 10 15 20 25 30 35 40

90F

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

3-10

2-10

1-10

Recoil Energy (keVnr)
0 20 40 60 80 100

AmBe calibration source data

n recoil

𝛾/e recoil

CEvNS cross section vs N

CENNS-10 results: NSI bounds NSI bounds: CENNS-10/CsI overlapFlux averaged cross section results

CEvNS cross section vs N

neutrino energy (MeV)
0 50 100 150 200 250 300

a.
u.

µn

µn

en

time from POT onset (ns)
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

a.
u.

µnPrompt 

µn and enDelayed 

SNS neutrino energy and timing spectra

Current COHERENT detector suite

Liquid argon scintillation diagram. 
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FIG. 1: Neutrino interaction cross sections per target as a function of neutrino energy for COHERENT target
materials, as well as NIN cross sections on lead (see Sec. III B 2). Also shown, to compare with other cross sections
in this energy range, are the ⌫e CC cross section on 127I [19, 20] and the frequently-used cross sections for inverse
beta decay of ⌫̄e on free protons (IBD) and elastic scattering of ⌫e on electrons (per electron).

GV = (gpV Z + gnV N)FV
nucl(Q

2) (2)

GA = (gpA(Z+ � Z�) + gnA(N+ �N�))F
A
nucl(Q

2), (3)

where GF is the Fermi constant, M is the nuclear mass, T is the recoil energy, E⌫ is the neutrino energy,
gn,pV and gn,pA are vector and axial-vector coupling factors, respectively, for protons and neutrons, Z and N
are the proton and neutron numbers, Z± and N± refer to the number of up or down nucleons, and Q is
the momentum transfer [26]. The maximum recoil energy for a given target species and neutrino energy

is Tmax = 2E2
⌫

M+2E⌫
. The form factors FA,V

nucl (Q
2) are point-like (F (Q2) = 1) for interactions of low-energy

neutrinos < 10 MeV, but suppress the interaction rate as the wavelength of the momentum transfer becomes
comparable to the size of the target nucleus (i.e., for higher neutrino energies and for heavier targets). The
vector couplings appearing in GV and GA are written as:

gpV = ⇢NC
⌫N

✓
1

2
� 2̂⌫N sin2 ✓W

◆
+ 2�uL + 2�uR + �dL + �dR (4)

gnV = �
1

2
⇢NC
⌫N + �uL + �uR + 2�dL + 2�dR, (5)

where ⇢NC
⌫N , ̂⌫N are electroweak parameters, �uL,�dL,�dR,�uR are radiative corrections given in Refs. [26,

27], and ✓W is the weak mixing angle. Figure 1 shows CEvNS cross sections as a function of neutrino
energy, and Fig. 2 shows the expected CEvNS cross section weighted by stopped-pion neutrino flux (see
Section IIIA), as a function of N , with and without form-factor suppression. The deployment of the CO-
HERENT detector suite in “Neutrino Alley”, a basement location at the SNS, which is ⇠20 m from the
source of neutrinos, has resulted in one measurement [1], and measurements with additional targets will
result in a clear observation of the coherent N2 nature of the cross section (Fig. 2). The expected preci-
sions of the cross section measurements will quickly become dominated by the systematic uncertainty of the
knowledge of the nuclear recoil detector thresholds (see Sec. IV) and neutrino flux uncertainties. Threshold
uncertainties are dominant for the heavier Cs and I nuclei due to the lower average recoil energies for these
species.
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~	80	members
~	20	institutions
4	countries

Thank you! Questions?


