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Outline

• Neutrino production at spallation neutron sources
• Modeling the neutrino flux
• Direct flux measurements
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Spallation Neutron Sources
• Energetic protons (~ few GeV) strike a heavy nuclear target
• This knocks loose neutrons, protons, alphas, and deuterons – which knock loose 

other particles in turn
Image: Oak Ridge National Lab• Neutrons are moderated and guided along 

beamlines for various scientific purposes:
• Materials studies

• Glasses
• Liquids
• Films
• Crystals
• Biological structures

• Dynamic imaging
• Neutron science
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Spallation Neutrino Sources
• The initial interaction also creates mesons!
• Meson products stop in the dense source and then decay at rest
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Neutrino Spectra
• Decay-at-rest sources mean well-

defined energy spectra 
• At lower beam energies, neutrinos 

originate only from pion decay
• As beam energy increases, kaon 

decay also contributes
• Pulsed beam structure improves 

background through timing

events in 17 tons of fiducial volume in its 3 year run1. These events (⌫µn ! µ�p or
⌫µ12C ! µ�X) are easily identifiable due to the characteristic double coincident signal
of the prompt muon plus proton(s)/nucleus followed by the muon decay electron (µ�

!

e�⌫e⌫µ) a few µs later.
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Figure 8: The energy spectra of neutrinos from pion and kaon decays which are
based on Geant4 [19] calculations (top). This tends to be at the low end of neutrino
yeild estimates of various particle production models. Time distribution of neutrinos
from pion, muon and kaon decays is shown in the bottom plot. Neutrino beams from
muon decay at rest only survive after 1 µs from the start of proton beam.

19

Figure 7: The neutrino flux at the J-PARC MLF source without timing cuts. The
236 MeV muon neutrino from charged kaon decay-at-rest can easily be seen.

The known energy KDAR neutrinos provide the exclusive tool, for the first time, to
study nuclear structure and the axial vector component of the interaction using electron
scattering variables such as ! (! = E⌫ � Eµ). The importance of this unique access to
the nucleus is potentially far-reaching. For example, a double di↵erential cross section
measurement in terms of ! vs. Q2 allows one to distinguish e↵ects of the form factors,
which depend only on Q2, and of the nuclear model, which depends on both. Figure 8
(left) shows a number of model predictions for the di↵erential cross section in terms of
energy transfer for 300 MeV ⌫µ CC scattering on carbon. The disagreement between the
models, in terms of both shape and normalization, is striking. Notably, the JSNS2 muon
energy resolution may allow the nuclear resonances, easily seen in Fig. 8 (right), to be
measured via neutrino scattering. The KDAR neutrino is likely the only way to study
these excitations with neutrino scattering and, in general, to validate/refute these models
in the < 400 MeV neutrino energy range (see, e.g., Ref. [36]).

Along with studying nuclear physics relevant for future neutrino experiments, the
large sample of KDAR muon neutrinos collected with JSNS2 will provide a standard can-
dle for understanding the neutrino energy reconstruction and outgoing lepton kinematics
in the 100s-of-MeV neutrino energy region. While the KDAR neutrino is simply not
relevant for experiments featuring significantly higher neutrino energies, most notably

1
The large variation in the expected number of events is due to the highly uncertain kaon produc-

tion at this energy. The lower and upper bounds come from Geant4 [34] and MARS [35] predictions,

respectively.
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JSNS2 Technical Design Report, arXiv:1705.08629v1

p+ DAR 2-body K+ DAR

Expected neutrino spectra at J-PARC MLF (3-GeV p+ on Hg)
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Outline

• Neutrino production at spallation neutron sources
• Modeling the neutrino flux
• Direct flux measurements
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Flux Modeling
• Simulation of meson production

• MCNP (Coherent Captain Mills, CEvNS@ESS)
• Geant4 (CEvNS@ESS, JSNS2, COHERENT)
• FLUKA (CEvNS@ESS, JSNS2)

• Peg to world pion-production data
• Doesn’t include all targets (no Hg data)
• Mostly too high energy (Ep  ≥ 3 GeV)

• Limited low-energy data available

https://indico.cern.ch/event/973899/

Workshop next week: 
NA61/SHINE 

at Low Energies

Upcoming EMPHATIC 
experiment: multiple 
targets at Ep ≥ 2 GeV
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Uncertainties in Pion Production
• HARP measured pion production at 

high precision for Ep  ≥ 3 GeV
• Separate analyses by HARP-CDP 

group are available
• Double-differential cross sections in 

strong disagreement with Geant4 
simulations

• At a DAR source, we can integrate 
over pion angle and momentum 
• Agreement within 10% for 

QGSP_BERT physics list at high A
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Plot by Rebecca Rapp and Aria Salyapongse
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Meson Production in Spallation Targets
• Spallation targets are thick – and protons lose energy throughout
• Meson-production cross sections must be integrated over proton energy-loss 

profile in source
• Surrounding materials also contribute to meson and neutrino production
• In situ n flux measurements can make an important contribution
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M. Teshigawara et al., J. Nucl. Mat. 
356 300 (2006)

Oak Ridge National Lab
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• Neutrino production at spallation neutron sources
• Modeling the neutrino flux
• Direct flux measurements
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Two Sterile-Search Strategies
• At LANSCE, Coherent Captain Mills has a near/far detector combo
• At JSNS2, carbon in the liquid scintillator is sensitive to 𝜈!
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𝜈# + ()C → 𝑒* + ()N
()N → ()C + 𝑒! + 𝜈#

• The measured 𝜈! flux also corresponds to the �̅�" flux! 
• ~10% uncertainty due to cross section and detector efficiency 

• ~50% uncertainty on �̅�! flux from µ- decay (needed for �̅�" → �̅�!)
• 2nd detector for JSNS2-II will dramatically reduce flux uncertainties

Table from Carsten Rott



D2O as Flux Tool
• Target the charged-current reaction

• Cherenkov detector tags fast-moving electron
• This interaction has been measured at LAMPF (Willis et al., PRL 44 522 (1980))
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𝜈# + 𝑑! → 𝑝! + 𝑝! + 𝑒*

ANDO, SONG, AND HYUN PHYSICAL REVIEW C 101, 054001 (2020)

= + + + ...

FIG. 3. Feynman diagrams for the dressed dibaryon propagator
for the pp channel. Hatched ovals represent the nonperturbative
Coulomb interaction between two protons, which include no interac-
tion diagram and all possible diagrams exchanging a potential photon
up to infinite order. See the caption in Fig. 1 as well.

where the subscript (V S) denotes the isoscalar vector part of
the nuclear current. Because the partial waves are orthogonal,
we can write the squared amplitudes as
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Amplitudes for S-wave states can be written as

A1S0
A = #ε(l ) · #ε(d )X 1S0

A , (22)

Ã1S0
A = v · ε(l )q̂ · #ε(d )X̃ 1S0

A , (23)
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V S , (26)

where #ε(d ) and #ε ∗ are spin polarization vectors of the the
incoming deuteron and the final two nucleon 3S1 states,
respectively, and ε (l )

µ are the lepton currents. In addition, q̂ =
#q/|#q|, where #q is the momentum transfer between the lepton
current and the nuclear current: #q = #k′ − #k. X and X̃ denote
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FIG. 4. Feynman diagrams for the νd → e− pp reaction at LO
(a)–(c) and NLO (d)–(f). See the captions in Figs. 1, 2, and 3 as well.

FIG. 5. Total cross sections (cm2) as functions of the incident
neutrino energy Eν . Solid lines denote the results of this work for νnp
(blue), ν̄np (green), e+nn (cyan), and e− pp (magenta). Dots represent
the results using SNPA [14].

the LO and NLO contributions, respectively, and are given by
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where γ is the deuteron binding momentum, γ =
√

2mN B; B
is the deuteron binding energy and µV = 1 + κV . The LECs

054001-4

• Predicted cross sections from different 
theoretical models agree within 2-3%

“This work”: Pionless EFT from
Ando, Song, and Hyun, PRC 101 054001 (2020)

“SNPA”: Phenomenological Lagrangian approach from
Nakamura, Sato, Gudkov, and Kubodera, PRC 63 034617 (2001)

• COHERENT and CEvNS@ESS both plan D2O 
detectors to benchmark neutrino flux



COHERENT’s D2O Demonstrator Plans
• Designed around space constraints in SNS’s 

Neutrino Alley
• 687 kg of D2O in central fiducial volume, enclosed 

in transparent acrylic
• External 10-cm H2O “tail catcher” aids energy 

reconstruction
• Outer steel tank lined in reflective Tyvek
• 12 PMTs view water from above
• Lead shielding and plastic-scintillator muon veto 

surround the steel tank

• First funding received from DOE! 
• D2O loans received from several sources

11/30/20 Parno -- Neutrino Flux Instrumentation at Spallation Neutron Sources 13Figure 4: Left: Preliminary engineering drawing of the detector, showing the fiducial volume in blue. Cen-
ter: Five simulated events. Electrons are created in the fiducial volume; a small number of the resulting
photon paths are shown in green. Right: Estimated count rates as a function of neutrino incident energy, per
SNS beam-year, for the tank configuration, based on SNOwGLoBES studies; smearing from imperfect en-
ergy resolution was not included in this study. Cross sections were weighted by the energy distribution of the
SNS neutrino flux. Oxygen interactions may occur in the fiducial volume or tail-catcher region; interactions
in the acrylic are negligible, as shown. [33].

detectors, for which the neutrino flux is a critical shared systematic uncertainty.

3 Design and Construction of D2O Detector

The D2O detector will be deployed in Neutrino Alley, approximately 20 m from the SNS target (Fig. 1). At
this location, there is very little contribution from decay-in-flight neutrinos (about 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 PMTs to be mounted perpendicular to the hallway walls. To satisfy these
constraints with a cost-effective system, we propose a detector geometry consisting of an upright cylinder,
with 687 kg of heavy water contained inside a clear acrylic vessel 70 cm in diameter and 140 cm tall (Fig. 4).
Within this well-defined volume, electrons from the primary reaction

⌫e + d ! p+ p+ e� (6)

produce Čerenkov radiation, which passes through the acrylic into an outer volume of H2O contained within
a steel tank. Electrons that escape the central volume will still produce Čerenkov light in this “tail catcher”
region, allowing a more complete integration of the total electron energy. Twelve 8” PMTs, immersed in
the H2O, view the fiducial volume from above. Outside the steel tank that supports the PMTs and encloses
the tail catcher, lead shielding and plastic scintillators mitigate external backgrounds due to beam-related
neutrons; radioactivity in the hall; and cosmic rays.

To compensate for the absence of 4⇡ photocathode coverage, the inner walls of the steel tank are covered
in reflective Tyvek R�; even cheap, commercially available Tyvek R� has favorable optical properties [73]. We
expect the light collection to be fairly uniform, but we will not be able to reconstruct well-defined rings.
Energy cuts will therefore be our primary means of background discrimination.

8

Model from Eric 
Day, CMU

Simulation from 
Rebecca Rapp, CMU
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Figure 3: Expected detected photon yield (top) and fractional energy resolution (�/Ei, bottom) for
electrons, as a function of initial electron energy with the assumption of 97 % reflectivity from the
Tyvek® reflector. The top panel shows a statistical ±1� band around the mean.

5 Performance goals134

The energy calibration will be established with Michel electrons from the decay-at-rest of cosmic-ray135

muons that stop in the fiducial volume. These electrons have a well-characterized energy spectrum136

extending to about 53 MeV [39, 40] which significantly overlaps with the electron energy spectrum137

from the ⌫e + D interaction. This technique is used by the Super-Kamiokande collaboration [41]. A138

system of LED flashers, mounted inside the steel tank, will monitor the homogeneity and stability139

of the detector response. This system will provide the ability to incorporate photomultiplier gains140

and the transparency of the water and the acrylic volumes into the detector response.141

5.1 Geant4 Simulation142

To evaluate the expected performance of the heavy-water demonstrator, a Geant4 simulation of the143

detector geometry discussed in Sec. 4.1 was developed. The simulation places the detector inside a144

mock-up of Neutrino Alley including the 2.4 m of concrete overburden for cosmic-ray background145

predictions.146

This detector simulation was used to predict both the expected energy resolution and detected147

photon yield, as well as evaluate the predicted spectra from various signal and backgrounds of148

interest as discussed in Sec. 6. In the simulation, the reflectivity of the Tyvek® coating was assumed149

to be 97 % [42]. The wavelength dependence of the PMT quantum e�ciency was also incorporated.150

Fig. 3 shows the expected energy resolution and detected photon yield of the heavy-water151

demonstrator. For this Geant4 simulation study, electrons (representing the detectable product of152

charged-current interactions) were generated isotropically within the fiducial volume, with known153

initial energies ranging from 1 to 50 MeV. The energy was then reconstructed based on the number154

of photoelectrons recorded by the simulated R5912-100 PMTs. Within a narrow range of initial155

– 6 –

Expected Performance
• Energy resolution ~13% for electron energies above 10 MeV
• Primary background (CC on 16O) removable with energy cut
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Geant4 study from Matthew Heath, ORNL

Figure 4: Left: Preliminary engineering drawing of the detector, showing the fiducial volume in blue. Cen-
ter: Five simulated events. Electrons are created in the fiducial volume; a small number of the resulting
photon paths are shown in green. Right: Estimated count rates as a function of neutrino incident energy, per
SNS beam-year, for the tank configuration, based on SNOwGLoBES studies; smearing from imperfect en-
ergy resolution was not included in this study. Cross sections were weighted by the energy distribution of the
SNS neutrino flux. Oxygen interactions may occur in the fiducial volume or tail-catcher region; interactions
in the acrylic are negligible, as shown. [33].

detectors, for which the neutrino flux is a critical shared systematic uncertainty.

3 Design and Construction of D2O Detector

The D2O detector will be deployed in Neutrino Alley, approximately 20 m from the SNS target (Fig. 1). At
this location, there is very little contribution from decay-in-flight neutrinos (about 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 PMTs to be mounted perpendicular to the hallway walls. To satisfy these
constraints with a cost-effective system, we propose a detector geometry consisting of an upright cylinder,
with 687 kg of heavy water contained inside a clear acrylic vessel 70 cm in diameter and 140 cm tall (Fig. 4).
Within this well-defined volume, electrons from the primary reaction

⌫e + d ! p+ p+ e� (6)

produce Čerenkov radiation, which passes through the acrylic into an outer volume of H2O contained within
a steel tank. Electrons that escape the central volume will still produce Čerenkov light in this “tail catcher”
region, allowing a more complete integration of the total electron energy. Twelve 8” PMTs, immersed in
the H2O, view the fiducial volume from above. Outside the steel tank that supports the PMTs and encloses
the tail catcher, lead shielding and plastic scintillators mitigate external backgrounds due to beam-related
neutrons; radioactivity in the hall; and cosmic rays.

To compensate for the absence of 4⇡ photocathode coverage, the inner walls of the steel tank are covered
in reflective Tyvek R�; even cheap, commercially available Tyvek R� has favorable optical properties [73]. We
expect the light collection to be fairly uniform, but we will not be able to reconstruct well-defined rings.
Energy cuts will therefore be our primary means of background discrimination.
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SNOwGLoBES study from Karla Tellez-Giron-Flores, 
Virginia Tech

Prelim
inary

• About 630 D events expected per SNS year



Outlook
• The next few years

• COHERENT: Build, test, and deploy D2O demonstrator module
• COHERENT: Follow up with second module
• JSNS2: Measurements on carbon

• And beyond …
• New pion-production measurements at low energies from EMPHATIC and 

NA61/SHINE
• CEvNS@ESS D2O design and deployment
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• DOE Office of Science, Award 
Number #DE-SC0010118

• The COHERENT collaboration
• Juanjo Gomez Cadenas (CEvNS@ESS)
• Takasumi Maruyama (JSNS2) 
• Richard Van de Water (Coherent Captain Mills)
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