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Abstract: We report on the technical design and expected performance of a 592 kg heavy-water-
Cherenkov detector to measure the absolute neutrino flux from the pion-decay-at-rest neutrino
source at the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory (ORNL). The
detector will be located roughly 20 m from the SNS target and will measure the neutrino flux
with better than 5 % statistical uncertainty in 2 years. This heavy-water detector will serve as the
first module of a two-module detector system to ultimately measure the neutrino flux to 2–3 % at
both the First Target Station and the planned Second Target Station of the SNS. This detector will
significantly reduce a dominant systematic uncertainty for neutrino cross-section measurements at
the SNS, increasing the sensitivity of searches for new physics.
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1 Introduction

Coherent elastic neutrino-nucleus scattering (CEvNS) is a type of neutral-current neutrino scattering
that was predicted in 1974 [1, 2] and experimentally observed in 2017 [3] by the COHERENT
experiment. In CEvNS, a neutrino scatters coherently from an entire nucleus rather than from an
individual nucleon, resulting in a large boost to the cross section. With a cross section on the
order of 1 10 39 cm2, the CEvNS interaction is roughly 100 times more likely to occur than other
neutrino interactions at a few tens of MeV for heavy nuclei, so CEvNS-sensitive neutrino detectors
can be made quite compact. Unfortunately, the CEvNS process is extremely challenging to detect
because of the tiny nuclear recoil energies involved. Nonetheless, COHERENT’s initial result on
CsI was followed by a positive observation on argon [4].

The Standard Model provides a very clean and direct prediction of the CEvNS cross section [5].
A precise measurement of the CEvNS cross section can thus be used to search for new physics beyond
the Standard Model. For example, the neutrino magnetic moment [6–9] and the neutrino charge
radius [10] will affect the CEvNS cross section. COHERENT’s first CEvNS measurement has
already been used to set competitive bounds on the neutrino charge radius [11]. Since it is a neutral-
current process, CEvNS also provides an attractive possible strategy for an oscillation-based sterile-
neutrino search [12, 13]. Finally, the CEvNS cross section is also sensitive to so-called non-standard
neutrino interactions (NSI) [8, 14–17], beyond-Standard Model interactions of neutrinos and quarks.

– 1 –
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Through this sensitivity to NSI, CEvNS measurements can help to resolve degeneracies in the mass-
ordering determination from long-baseline neutrino experiments such as DUNE [18–21].

Even in the absence of new physics, CEvNS measurements will help untangle the low-energy
nuclear recoil responses of various detector technologies, providing valuable calibration input for
WIMP dark-matter searches with similar technologies. As the interaction and detector response
are better characterized, CEvNS will become a possible tool for compact nuclear nonproliferation
monitors. Unlike inverse beta decay, it is sensitive to low-energy capture antineutrinos from uranium
breeder blankets [22], as CEvNS is sensitive to neutrinos below the inverse beta decay threshold.
Finally, precision measurements of CEvNS cross sections will improve our understanding of the
target nuclei through measurements of the neutron radius [23–26], which is a crucial input for our
understanding of neutron-rich matter, from exotic nuclei to neutron stars.

The COHERENT experiment is located in “Neutrino Alley,” a basement corridor roughly
20 m from the pion-decay-at-rest neutrino source at the Spallation Neutron Source (SNS), a US
Department of Energy (DOE) User Facility located at Oak Ridge National Laboratory (ORNL).
COHERENT is establishing a long-term program to study the CEvNS interaction on various nuclei
to confirm the proportionality of the cross section to the number of neutrons squared ( 2), and to
use CEvNS for some of the physics measurements mentioned above. In addition to the CEvNS
measurements with CsI and argon made to date [3, 4], the collaboration is deploying additional
detectors to search for CEvNS in multiple materials (NaI and germanium) to further test the 2

dependence, as well as measuring the cross sections of other neutrino interactions of particular
relevance to neutrino and supernova physics [27]. For example, the charged-current cross section
127I( e, e– )127Xe* is under study, along with neutrino-induced neutron emission of lead and iron.
In addition, charged-current neutrino interactions with argon, relevant for interpreting a DUNE
supernova signature [28], will be studied with a tonne-scale liquid argon detector in the future [27].

For the current COHERENT results [3, 4], one of the dominant systematic uncertainties is due
to the estimated 10 % uncertainty on the neutrino flux from the SNS target. This uncertainty arises
from comparisons between model predictions and the sparse available world data. Surface-based
Cherenkov detectors have been successfully operated in the past, see e.g. [29–31]. To that end,
a 592 kg heavy-water Cherenkov detector has been designed to operate in Neutrino Alley. This
detector will make use of the well-understood e + d interaction cross section [32–34] to greatly
reduce the uncertainty on the SNS neutrino flux.

This paper describes the design and expected performance of such a heavy-water detector.
Section 2 describes the SNS neutrino source. Section 3 describes the current status of the relevant
theoretical D2O neutrino cross sections. Section 4 describes the design of the detector. Section 5
covers the expected detector performance. Sections 6 and 7 cover the expected signals and back-
grounds and their predicted rates. Finally, section 8 discusses the expected physics impacts of such
a heavy-water detector operating at the SNS.

2 Neutrinos from the Spallation Neutron Source

The SNS is a user facility that operates a 1 4 MW proton beam. Neutrons at the SNS are produced
by bunches of roughly 1 GeV protons impinging on a thick liquid-mercury target. In addition to
the neutrons produced at the SNS, copious charged pions are also produced in the target, with

– 2 –
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Fi g u r e 1. Si m ul at e d e n er g y (l eft) a n d ti m e (ri g ht) s p e ctr a f or n e utri n os fr o m a st o p p e d- pi o n n e utri n o s o ur c e

li k e t h e O R N L S N S.

a p pr o xi m at el y 0 .0 9 𝜋 + cr e at e d f or e v er y pr ot o n o n t ar g et ( P O T) [ 3 5 ]. A p pr o xi m at el y 9 9 % of t h e

𝜋 − ar e c a pt ur e d i n t h e t hi c k m er c ur y t ar g et, w hil e t h e 𝜋 + st o p a n d d e c a y at r est i n t h e t ar g et. T h es e

d e c a yi n g pi o ns ulti m at el y pr o d u c e t hr e e di ff er e nt n e utri n os f or e a c h pi o n d e c a y, wit h a n e n er g y

s p e ctr u m e xt e n di n g u p t o 5 3 M e V ( fi g ur e 1 ):

𝜋 + → 𝜈 𝜇 + 𝜇 + ; 𝜇 + → 𝜈 𝜇 + 𝜈 𝑒 + 𝑒 + . ( 2. 1)

T his r es ults i n a n a p pr o xi m at e n e utri n o fl u x of 4 .3 × 1 0 7 n e utri n os / c m 2 / s at a dist a n c e of 2 0 m [2 7 ].

O wi n g t o t h e s h ort 𝜋 + lif eti m e (2 6 ns ), t h e 𝜈 𝜇 ar e pr o d u c e d r o u g hl y i n t a n d e m wit h t h e b e a m p uls e

a n d f oll o w t h e pr ot o ns- o n-t ar g et ti m e pr o fil e. T h e 𝜈 𝜇 a n d 𝜈 𝑒 ar e d el a y e d a c c or di n g t o t h e lif eti m e

of t h e 𝜇 + d e c a y ( 2 .2 µ s) as s e e n i n fi g ur e 1 .

T h es e n e utri n os ar e i d e al f or a C E v N S e x p eri m e nt. T h e r el ati v el y l ar g e n e utri n o e n er gi es pr o-

d u c e l ar g er n u cl e ar-r e c oil e n er gi es t h a n d o r e a ct or- pr o d u c e d n e utri n os, alt h o u g h v er y l o w d et e ct or

t hr es h ol ds ar e still r e q uir e d. I n a d diti o n, b e c a us e of t h e u n d erl yi n g ti mi n g str u ct ur e of t h e S N S

pr ot o n b e a m ( 6 0 H z b ursts wit h f ull wi dt h at h alf m a xi m u m of 3 5 0 ns e a c h), n e utri n os arri v e at t h e

C O H E R E N T d et e ct ors i n w ell- d e fi n e d p uls es. T his ti mi n g p er mits n e utri n o- fl a v or s e p ar ati o n as

w ell as t h e pr e cis e s u btr a cti o n of st e a d y-st at e b a c k gr o u n ds.

T h e n e utri n o fl u x fr o m t h e S N S t ar g et w as esti m at e d wit h a G 4 [3 6 – 3 8 ] si m ul ati o n, w hi c h

r eli es o n t h e B erti ni i ntr a n u cl e ar c as c a d e m o d el of h a dr o ni c i nt er a cti o ns [3 9 ] t o pr e di ct t h e i nt e nsit y

of pi o n pr o d u cti o n i n t h e t ar g et b as e d o n t h e c h ar a ct eristi cs of t h e pr ot o n b e a m [ 3 5 ]. H o w e v er,

t h e pi o n- pr o d u cti o n cr oss s e cti o n f or 1 G e V pr ot o ns o n a m er c ur y t ar g et h as n e v er b e e n m e as ur e d.

F urt h er m or e, a f ull a c c o u nti n g of c h ar g e d- pi o n pr o d u cti o n i n t h e t ar g et r e q uir es k n o wl e d g e of pi o n-

pr o d u cti o n cr oss-s e cti o ns at l o w er e n er gi es, as pr ot o ns r a pi dl y l os e e n er g y t o i o ni z ati o n i nt er a cti o ns

o n c e t h e y e nt er t h e S N S t ar g et, a n d at all pr o d u cti o n a n gl es. U n c ert ai nti es i n t h e m o d el pr e di cti o ns

gi v e ris e t o a n esti m at e d 1 0 % u n c ert ai nt y o n t h e n e utri n o fl u x, t h e s e c o n d-l ar g est s yst e m ati c i n

C O H E R E N T’s p u blis h e d r es ult o n CsI [ 3 ] a n d t h e l ar g est o n t h e f ull CsI r es ult, f oll o wi n g a n

i m pr o v e d d et er mi n ati o n of t h e CsI q u e n c hi n g f a ct or b y t h e C O H E R E N T c oll a b or ati o n [4 0 , 4 1 ].

It is als o t h e l ar g est s yst e m ati c u n c ert ai nt y i n o ur first r es ult o n ar g o n [4 ] a n d is t h e d o mi n a nt

s yst e m ati c u n c ert ai nt y s h ar e d a cr oss all C O H E R E N T n e utri n o d et e ct ors. R e d u ci n g t h e n e utri n o-

– 3 –
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flux uncertainty will benefit cross-section measurements, and the corresponding physics impact, for
all COHERENT detectors.

To reduce this systematic, a 592 kg heavy-water detector has been designed, taking advantage of
the current 2–3 % theoretical uncertainty (section 3) on the charged-current deuteron cross section
to measure the neutrino flux directly.

3 Neutrino interactions on D2O

Many neutrino-interaction cross sections of nuclei in the energy range relevant for pion-decay-at-rest
neutrinos (a few tens of MeV) are not well constrained experimentally [42]. The charged-current
cross section on deuterium is one of the best-understood interactions [29, 43–47]. This cross section
has also benefited from extensive theoretical studies using a variety of tools, including potential
models, pionless effective field theory, and the EFT* approach of combining potential-model wave
functions with transition operators from chiral perturbation theory [48].

Based on these theoretical studies, the e + d interaction cross section is constrained to 2–3 %
simply by the agreement between unconstrained calculations using these approaches [32, 33]. This
uncertainty envelope may be further reduced by experimental constraints on the axial exchange-
current operator [33, 48, 49], and active theoretical progress is continuing [33, 34]. Sensitivity
calculations are ongoing, but we anticipate that with 592 kg of D2O, we can achieve a statistical
precision of better than 5 % in 2 years of running time at the SNS, as discussed below, approaching
the current theoretical uncertainty of the e + d cross section.

In addition to charged-current deuteron scattering, a heavy-water detector can also study the
e + 16O e– + 16F* charged-current interaction. Such a measurement would provide valuable

cross-section information for supernova detection in existing and future large water Cherenkov
detectors [50, 51].

4 Fundamentals of D2O detector design

A 592 kg heavy-water detector has been designed to fit alongside the various neutrino detectors
present at the SNS in Neutrino Alley (figure 2). It will both provide an initial measurement of
the neutrino flux from the SNS and study beam-related backgrounds, light-collection efficiency,
and event reconstruction in situ. The detector will be externally triggered on SNS timing signals
during SNS operations giving a threshold-less trigger. An analogous trigger will be used to trigger
the data acquisition in between SNS beam pulses allowing for an in situ unbiased measurement
of beam-unrelated backgrounds. Note that the heavy-water detector will operate in a different
energy regime from CEvNS detectors in Neutrino Alley, searching for tens-of-MeV electrons. This
detector will serve as the first stage of a two-module detector that will reduce one of the leading
COHERENT uncertainties by a factor of 2 or better. Improving this flux-normalization uncertainty
is a critical milestone on the path to precision CEvNS measurements at the SNS.

The D2O detector will be deployed roughly 90° off-axis and approximately 20 m from the SNS
target (figure 2). At this location, there is very little contribution from decay-in-flight neutrinos
(less than 1 % of the total neutrino spectrum), which are boosted forward. Since Neutrino Alley is
a basement corridor with required egress routes, there is no space for photomultiplier tubes (PMTs)

– 4 –
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Figure 2. Planned near-future deployment of COHERENT detectors in Neutrino Alley at the SNS. The
precise siting of the Multiplicity And Recoil Spectrometer (MARS) neutron monitoring detector can readily
be changed based on the needs of the collaboration.

to be mounted perpendicular to the hallway walls. Even in that orientation, the space constraints
in Neutrino Alley, along with passive and active shielding requirements for the detector, limit the
possible width of the detector. To satisfy these constraints with a cost-effective system, the detector
geometry consists of an upright cylinder, with 592 kg of heavy water contained inside a clear acrylic
vessel 70 cm in diameter and 140 cm tall (figure 3). The acrylic vessel is 0 6 cm thick on the sides
with 2 54 cm thick end caps.

Within this well-defined volume, electrons from the primary reaction

d p p e (4.1)

produce Cherenkov radiation, which passes through the acrylic container into an outer volume of
H2O with a thickness of 10 cm, contained within a 0 64 cm thick steel tank. Electrons that escape
the central volume will still produce Cherenkov light in this “tail-catcher” region, allowing a more
complete integration of the total electron energy. Twelve Hamamatsu R5912-100 8 inch PMTs,
immersed in the H2O, will view the fiducial volume from above.

To compensate for the absence of 4 photocathode coverage, the inner walls of the steel
tank will be covered in reflective Tyvek®. Even commercially available Tyvek has favorable
optical properties [52]. With this reflector, light collection within the D2O volume will remain
relatively uniform, but well-defined Cherenkov rings from, e.g., cosmic-ray backgrounds cannot
be reconstructed. Energy and timing cuts will therefore be the primary means of background
discrimination.

Outside the steel tank that supports the PMTs and encloses the tail catcher, 5 08 cm of lead
shielding and two layers of 2 54 cm thick plastic scintillator panels read out via wavelength-shifting
fibers [52] will mitigate external backgrounds due to beam-related neutrons, radioactivity in the

– 5 –
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Figure 3. Left: engineering drawing of the detector, showing the fiducial volume of D2O in blue, along with
the photomultiplier tubes, inside the steel tank. Right: side view of a simulated event. A small number of
Cherenkov-photon paths generated by an electron are shown in green. Also visible is the Tyvek® reflector
(red), steel vessel (cyan), Pb shielding (gray), and two-layer muon veto (white).

hall, and cosmic rays. Additional detector designs are under consideration to increase the photon
yield pending the availability of additional PMTs.

5 Performance goals

The energy calibration will be established with Michel electrons from the decay at rest of cosmic-ray
muons that stop in the fiducial volume. These electrons have a well-characterized energy spectrum
extending to about 53 MeV [53, 54], which overlaps with the electron energy spectrum from the

e + d interaction. This technique is used by many collaborations; see for example Abe et al. [50]. A
system of light-emitting diode flashers, mounted inside the steel tank, will monitor the homogeneity
and stability of the detector response. This system will provide the capability to incorporate an
understanding of photomultiplier gains and the transparency of the water and the acrylic volumes
into the modeled detector response.

To evaluate the expected performance of the heavy-water detector, a Geant4 simulation of the
detector geometry discussed in section 4 was developed. The simulation places the detector inside a
mock-up of Neutrino Alley, including the 2 4 m of concrete overburden for cosmic-ray background
predictions.

This detector simulation was used to predict both the expected energy resolution and the
detected photon yield, as well as to evaluate the predicted spectra from various signals and back-
grounds of interest, as discussed in section 6. In the simulation, the reflectivity of the Tyvek coating
was assumed to be 97 % [55]. The wavelength dependence of the PMT quantum efficiency [56]
was also incorporated.

– 6 –
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Figure 4. Expected detected photon yield (top) and fractional energy resolution ( , bottom) for electrons,
as a function of initial electron energy. The top panel shows a statistical 1 band around the mean.

Figure 4 shows the expected energy resolution and detected photon yield of the heavy-water
detector. For this Geant4 simulation study, electrons (representing the detectable product of
charged-current interactions) were generated isotropically within the fiducial volume, with known
initial energies ranging uniformly from 1–55 MeV. The energy was then reconstructed based on the
number of photoelectrons recorded by the simulated high-quantum-efficiency R5912-100 PMTs.
Within a narrow range of initial energies, the response peak was fit to a Gaussian with an exponential
tail [57], and the standard deviation was taken as the energy resolution. An expected photon yield
of 16 photons MeV should provide sufficient energy resolution (roughly 15 % above 30 MeV) to
separate the charged-current e + d signal from the expected backgrounds discussed below. Note
that even with the Tyvek reflector the light collection uniformity is not uniform throughout the
detector, resulting in the leveling off of the energy resolution above roughly 10 MeV, largely driven
by the roughly 11 % non-linearity in the detected photon yield between the top and bottom of the
detector. Strategies to mitigate this effect are under investigation. While the detected photon yield
was found to depend on the assumed reflectivity of the Tyvek reflector, the assumed reflectivity was
found to have a minimal effect on the reconstructed signal and background spectra.

6 Signal and background predictions

6.1 Signal prediction

The Geant4 simulation described in section 5 was used to predict the observed e + d signal.
The charged-current e + d cross section [58, 59], see figure 5, was folded with the estimated
neutrino flux [35] at the location of the D2O detector to form the true charged-current-induced
electron spectrum (figure 6). The response matrix obtained in section 5 was then folded with this
distribution to produce the expected observed spectrum after running for 2 SNS-years (where an
SNS-year is defined as 5000 hours of operation at 1 4 MW) as seen in figure 7.
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Figure 5. Cross sections for neutrino interactions with heavy-water detector materials. ‘eES’ refers to
neutrino-electron elastic scattering.

6.2 Background predictions

While beam-related neutrons are a significant background for CEvNS searches at the SNS, they are
not expected to be a major background for the heavy-water detector, as their interactions produce
signals below the Cherenkov threshold in D2O. Data from other COHERENT detectors do not
indicate the presence of a significant delayed neutron flux (arriving after the 800 ns SNS beam
pulse) in Neutrino Alley [3, 4, 60]. This finding further mitigates any potential background from
beam-related neutrons, as the neutrino signal of interest will arrive delayed relative to the beam
time profile. Any potential background from delayed thermal neutron captures in the tail-catcher
region will be removed with an energy threshold. Nevertheless, the beam-related neutron flux
will be monitored by the existing Multiplicity And Recoil Spectrometer (MARS) detector [61] in
Neutrino Alley.

Neutrino-induced backgrounds are estimated using the SNOwGLobES [62] package, using
cross sections shown in figure 5. Charged- and neutral-current interactions with oxygen can occur
in the fiducial volume or in the tail-catcher region. The on 16O interaction [63] is also a signal
of interest, see section 3, and may also be measured with a separate H2O run of the detector. The
neutral-current excitation of oxygen [64] can produce deexcitation gammas, but with energies less
than roughly 8 MeV, and for which Compton scatters produce yet smaller event energies — so these
should be a negligible background.

Although charged- and neutral-current interactions with the carbon atoms [65, 66] in the acrylic
are possible, the rates are negligible because of the low acrylic mass in the detector. Any charged-
current events from carbon that do occur may also be removed with an energy-threshold cut. Elastic
scatters of neutrinos on electrons occur with well-known cross sections, but are a tiny contribution
to the event rate. Interaction rates as a function of neutrino energy are shown in figure 6. Note
that neutrino-induced neutrons produced in the detector shielding are not anticipated as a major
background as they are typically a few MeV in energy and well below the energy region of interest.

As the dominant neutrino-produced beam-related background, the true charged-current-on-O
energy spectrum was folded with the response matrix formed from the simulation discussed in

– 8 –



2
0
2
1
 
J
I
N
S
T
 
1
6
 
P
0
8
0
4
8

1 0 2 0 3 0 4 0 5 0
I nt er a cti o n E n er g y ( M e V)

2−1 0

1−1 0

1

1 0

Ev
e
nt

s 
/ 

0.
5 

M
e

V 
/ 

S
N

S-
Y
e
ar

C C d
O

1 6
C C  

C
1 3

C + 1 2C C  
O

1 6
N C  

C
1 3

C + 1 2N C  

E S

1 0 2 0 3 0 4 0 5 0
O b s er v a bl e E n er g y ( M e V)

0

2

4

6

8

1 0

1 2

1 4

Ev
e
nt

s 
/ 

0.
5 

M
e

V 
/ 

S
N

S-
Y
e
ar

C C d
O

1 6
C C  

C
1 3

C + 1 2C C  
E S

Fi g u r e 6. L eft : esti m at e d c o u nt r at es f or v ari o us n e utri n o i nt er a cti o ns p er S N S b e a m- y e ar as pr e di ct e d

b y S N O w G L o B E S [ 6 2 ], as a f u n cti o n of n e utri n o e n er g y. N ot e t h at n e utr al- c urr e nt i nt er a cti o ns r es ult i n

d e e x cit ati o n g a m m as, f or w hi c h o nl y a fr a cti o n of t h e e n er g y will b e o bs er v e d. Ri g ht : e x p e ct e d c o u nt r at es

f or c h ar g e d- c urr e nt n e utri n o i nt er a cti o ns i n t h e D 2 O d et e ct or f or d o mi n a nt i nt er a cti o ns. S m e ari n g fr o m

i m p erf e ct e n er g y r es ol uti o n w as n ot i n cl u d e d i n t his pl ot. S m e ar e d s p e ctr a ar e pr es e nt e d i n fi g ur e 7 .

0 2 0 4 0 6 0 8 0 1 0 0 1 2 0
R e c o n str u ct e d E n er g y ( M e V)

1 0

21 0

31 0

41 0

51 0

Ev
e
nt

s 
/ 

2 
S

N
S-

Y
e
ar

s

All C o s mi c E v e nt s
U nt a g g e d E v e nt s
T a g g e d E v e nt s
P a s si n g V et o C ut

Fi g u r e 7. E x p e ct e d e v e nt r at es i n t h e h e a v y- w at er d et e ct or. L eft: e x p e ct e d b a c k gr o u n d fr o m c os mi c r a ys

as pr e di ct e d wit h t h e C R Y [ 6 7 ] m o d ul e a n d si m ul at e d wit h t h e G 4 si m ul ati o n d es cri b e d i n s e cti o n 5 ,

wit h a n d wit h o ut a m u o n v et o as dis c uss e d i n s e cti o n 6. 2 . T o p ri g ht : si m ul at e d si g n al a n d b a c k gr o u n d

e n er g y s p e ctr a as r e c o nstr u ct e d wit h t h e h e a v y- w at er d et e ct or. B ott o m ri g ht : t h e b a c k gr o u n d-s u btr a ct e d ν e +

d s p e ctr u m wit h st atisti c al err ors. As dis c uss e d i n t h e t e xt, a n e n er g y t hr es h ol d a b o v e r o u g hl y 2 0 M e V will

r e m o v e m ost of t h e b a c k gr o u n d c o nt a mi n ati o n fr o m t h e e x p e ct e d d e ut er o n si g n al. S m e ari n g fr o m i m p erf e ct

e n er g y r es ol uti o n is i n cl u d e d h er e.

s e cti o n 5 t o pr o d u c e t h e s p e ctr u m s h o w n i n fi g ur e 7 . B e c a us e t h e e n er g y s p e ctr u m of el e ctr o ns

pr o d u c e d fr o m c h ar g e d- c urr e nt i nt er a cti o ns wit h o x y g e n p e a ks a p pr o xi m at el y 1 8 M e V l o w er i n

e n er g y, t h e y c a n b e s u p pr ess e d wit h a n e n er g y t hr es h ol d as s e e n i n fi g ur es 6 a n d 7 .

T h e m ost si g ni fi c a nt e x p e ct e d b a c k gr o u n d is c os mi c-r a y pr o d u cts t h at li e a b o v e t h e C h er e n k o v

t hr es h ol d i n D2 O, es p e ci all y gi v e n t h e e x p e ct e d l a c k of a n g ul ar r e c o nstr u cti o n c a p a biliti es of t h e

d et e ct or. T h e C R Y [ 6 7 ] c os mi c-r a y- g e n er at or p a c k a g e w as us e d as i n p ut t o t h e G 4 si m ul ati o n
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Cosmic rays were generated at the surface and transported through the 2 4 m of concrete overburden
above Neutrino Alley. The thickness of the concrete overburden was tuned to match the observed
muon rate measured with a muon telescope in Neutrino Alley. It is important to note that while
the cosmogenic backgrounds have been predicted with simulations here, in reality they will be well
measured in between SNS beam pulses and our evaluation here is not sensitive to the details of
the simulation. Nevertheless, the predicted cosmic rate will be compared to the measured rate by
a light-water detector operating at a similar overburden to Neutrino Alley which is being used for
PMT testing prior to construction of the first D2O detector module.

There are two classes of cosmic-ray-induced background events: tagged and untagged. Tagged
events are those that deposit more than 5 MeV in the muon veto. With the high light-collection
efficiencies possible in veto panels [52] and good hermiticity, muons will be tagged with an efficiency
close to 99 9 %. Even with the beam duty factor (6 10 4), this high efficiency is needed because of
the shallow overburden in Neutrino Alley. As seen in figure 7, these backgrounds, and in particular
higher-energy cosmic rays with a reconstructed energy of 20 MeV, can be largely removed with
the inclusion of a two-layer muon veto. Deadtime concerns due to the cosmic-ray flux are anticipated
to be on the order of a few percent based on the measured muon flux in Neutrino Alley.

7 Estimated rates and sensitivity

The results from the Geant4 simulations described in section 5 and 6 were used to predict the rates
from the charged-current e + d signal and the dominant expected background spectra and rates.
Events are considered ‘detected’ if they pass a 2 PE cut. As seen in figure 6 and figure 7, most
expected backgrounds reside at a lower energy than the charged-current deuterium signal. This
result provides the opportunity to minimize the background contamination of the signal with an
energy acceptance window. While a full likelihood fit would maximize the expected sensitivity to
the deuterium signal, a simple one-binned counting experiment of events within an energy window is
sufficient to conservatively estimate the statistical precision possible with the heavy-water detector.

The statistical precision is given by

2
(7.1)

where is the statistical uncertainty of the number of signal events , and is the expected
number of background events. In this case, an additional scale factor of 2 in the numerator follows
the pessimistic assumption that the backgrounds will not be well measured. In reality, the cosmic
background will be well measured between proton pulses, reducing the factor of 2 and increasing
the signal significance. The background from oxygen charged-current events will occur in tandem
with the beam and will need either to be measured with a separate H2O fill of the detector or to be
modeled by simulation and included in a simultaneous fit, but the uncertainty from this background
is anticipated to be subdominant.

The expected spectra due to the charged-current-deuterium signal and the dominant back-
grounds may be seen in figure 7. An optimal energy window was found to minimize the statistical
uncertainty of the background-subtracted number of signal events. For the heavy-water detector, an
energy acceptance window of greater than 22 MeV and less than 68 MeV minimized the statistical
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Figure 9. Predicted sensitivity to deviations from the Standard Model CEvNS cross section for and
neutrinos. The “CsI–Full Dataset” regions correspond to the full CsI dataset from the COHERENT

experiment with roughly twice the accumulated statistics of the initial result [40]. Any deviation from 1 1
could be evidence of beyond-Standard Model physics. Left: current 10 % neutrino-flux uncertainty. Right:
allowed regions assuming the SNS neutrino flux is measured with a precision matching the current 3 %
theoretical uncertainty of the e + d cross section.

source of uncertainty for any measurement involving an absolute cross section. In particular,
the current and future measurements of inelastic cross sections at the SNS [27] will benefit from
an improved understanding the neutrino flux in neutrino alley. An improved measurement of
these cross sections will have wide-ranging implications ranging from our understanding of the
DUNE supernova signature [28] to our understanding of -process nucleosynthesis in supernova
explosions through neutrino-induced neutron production [68], and the interpretation of the HALO
supernova signature [69], to improved constraints on quenching [70, 71]. A reduced neutrino
flux uncertainty will also allow neutrino experiments at the SNS to inform our understanding of
nuclear structure [25, 26].

Let us illustrate the effects of a reduced neutrino flux uncertainty with one example. As CEvNS
is a neutral-current process, the cross section is flavor-independent in the Standard Model, with
small differences from radiative corrections [72–74]. So-called non-standard neutrino interactions
(NSI), which are crucial to understanding the mass-ordering determination from long-baseline
neutrino-oscillation experiments [18–20], can manifest as a flavor dependence of the CEvNS cross
section. The precise timing of the SNS beam allows for flavor separation of the incident neutrinos,
providing an opportunity to search for a flavor dependence of the CEvNS cross section.

Taking advantage of this flavor separation, figure 9 shows the expected constraints on the
and the CEvNS cross sections relative to the Standard Model predictions. Shown in the left panel
are the expected constraints on the CEvNS cross section for electron- and muon-flavored neutrinos
relative to their Standard-Model predictions with the current 10 % uncertainty of the incident
neutrino flux. The right panel shows the improved constraints assuming the flux uncertainty can
be reduced to the theoretical 3 % uncertainty of the e + d cross section following deployment of
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the second heavy-water detector module at the SNS, as well as the next generation of COHERENT
CEvNS detectors discussed in section 1. The improved knowledge of the neutrino flux enabled by
a heavy-water detector at the SNS would reduce the allowed parameter space by roughly a factor of
two. Any deviations from the Standard Model prediction, and in particular any flavor dependence
of the cross section, would be an indication of physics beyond the Standard Model.

9 Conclusions

One of the dominant systematic uncertainties for neutrino detectors operating at the pion decay-
at-rest neutrino source at the ORNL SNS is the 10 % uncertainty of the incident neutrino flux. A
heavy-water Cherenkov detector has been designed to capitalize on the small (2–3 %) theoretical
uncertainty of the charged-current e +d interaction. The detector will fit in the available space within
Neutrino Alley and make a direct measurement of the SNS neutrino flux with a statistical uncertainty
of 4 7 % in 2 SNS-years. This detector is the first of a two-module design that will enable the
COHERENT experiment to normalize the neutrino flux from the SNS, ultimately to 3 % precision,
allowing a corresponding increase in sensitivity to new physics beyond the Standard Model.

As a case study in the increased physics sensitivity capable of being probed with a reduced
neutrino flux uncertainty at the SNS, the allowed region for a flavor dependence of the CEvNS cross
section was studied. The allowed region was shown to shrink by roughly a factor of 2, assuming
a reduction in the flux uncertainty from the current 10 % to an uncertainty of 3 %, matching the
theoretical uncertainty of the e + d cross section. Following this initial program to calibrate the
neutrino flux for 1 GeV protons at the SNS, the detector will also be used to calibrate the flux at
1 3 GeV following the SNS Proton Power Upgrade [75]. It may later be moved to the ORNL SNS
Second Target Station [76] to further support future neutrino efforts at the SNS.
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