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Abstract: The Oak Ridge National Laboratory (ORNL) Spallation Neutron Source (SNS) First Target
Station (FTS), used by the COHERENT experiment, provides an intense and extremely high-quality source
of pulsed stopped-pion neutrinos, with energies up to 50 MeV. Upgrades to the SNS are planned, including a
Second Target Station (STS), which will approximately double the expected neutrino flux while maintaining
quality similar to the FTS source. We describe here several opportunities for neutrino physics, other particle
physics, and detector development using the FTS and STS neutrino sources.



Neutrinos at the Spallation Neutron Source

The Oak Ridge National Laboratory Spallation Neutron Source First Target Station provides neutrons
for diverse science goals by colliding GeV protons onto a mercury target. The protons arrive at the target in
pulses several hundred ns wide at 60 Hz. The proton-Hg collisions create pions; 7~ are largely captured by
nuclei, whereas a very dominant fraction of 7% come to a stop and then decay at rest. The primary decay
products are a monochromatic 30-MeV v, and a u* on a short timescale; the u* subsequently decays to a
ve and a 7, with well-understood spectra ranging up to 50 MeV (below v, charged-current (CC) threshold)
with 2.2-us decay time. The number of neutrinos produced amount to approximately 5 x 104 neutrinos per
flavor per MW-s. The quality of this source is excellent for neutrino physics, given the very high fraction
of pions which decay at rest and a pulsed time structure allowing rejection of off-beam backgrounds at the
10% —10* level. The COHERENT experiment has already taken advantage of this beam [1, 2] with detectors
deployed 16-25 m from the source in “Neutrino Alley”, an underground corridor parallel to the proton beam,
with substantial shielding reducing beam-related neutron flux and 8 meters-water-equivalent overburden.
COHERENT is pursuing multiple physics goals with its suite of detectors [3—7] at the FTS.

The timing structure of the beam provides not only background rejection, but also opportunities for flavor

separation. The prompt v, are in-time with the proton beam flux, while the v, and v, are delayed. The
structure allows well-understood separation of prompt v,, neutral-current (NC) interactions from delayed v,
CC and 7, and v, NC interactions. The timing also enables handle on systematics for BSM signals for which
neutrinos are background (e.g., [8]).
Planned ORNL Upgrades: ORNL is planning an upgrade to the current 1.4-MW beam. The Proton
Power Upgrade (PPU) project will double the power of the existing accelerator structure, to increase the
brightness of pulsed neutron beams and provide new science capabilities. Furthermore, the Second Target
Station (STS) includes a new neutron-production target (of tungsten) along with a new experimental hall
and suite of neutron beam lines. Protons will be divided between the FTS and STS in a 3 to 1 ratio. The
beam power is expected to be 1.7 MW in 2022 and 2.0 MW in 2024. In 2028, after STS construction is
completed, the FTS will receive 2.0 MW at 45 Hz, and the STS will receive 0.7 MW at 15 Hz [9]. These
upgrades provide exciting new opportunities. Neutrino flux is approximately proportional to proton power.
Preliminary studies suggest similar neutrino production from the STS as the FTS [10]. Detectors sited in
between the STS and FTS, at tens of meter baselines, will receive flux from both. It will be technically
feasible to site 10-ton-scale detectors at the STS, with sufficient shielding and overburden.

Physics Motivations

We highlight briefly here multiple motivations for exploitation of the SNS FTS and STS neutrinos [11].
Some of these are described in COHERENT’s LOIs [3-7], but others go beyond the scope of COHERENT.
Coherent elastic neutrino-nucleus scattering (CEvINS): CEvNS is the process in which a NC neutrino
interaction results in the recoil of the nucleus as a whole [12, 13]. The COHERENT collaboration’s program
of CEvNS measurements for a range of nuclear targets, testing the N2 dependence, has potential for a wide
range of physics. CEvNS is a sensitive probe of non-standard interactions of neutrinos with heavy and light
mediators. It can provide measurements of sin® fy and of neutrino electromagnetic properties. A percent-
level precision, CEvNS can probe nuclear structure with unprecedented sensitivity. Furthermore, CEvVNS is
an effective tool for sterile neutrino oscillation searches [14, 15].

Accelerator-produced dark matter: CEvNS is a background for interactions of accelerator-produced
BSM particles that create nuclear recoils. A new 10-tonne-scale recoil detector at the STS would have
significantly enhanced sensitivity [8].

Inelastic neutrino-nucleus cross sections: Neutrinos from stopped pions overlap significantly with the
expected energy range of neutrinos from core-collapse supernovae, which go up to several tens of MeV. The
SNS therefore offers excellent opportunities for the study of neutrino-nucleus interactions of relevance for
supernova neutrino detection, as well as for understanding of processes within the supernova itself, including
both astrophysical mechanisms and nucleosynthesis. The energy regime of interaction products is of the
same order as the neutrino energies. Target nuclei of particular interest are Ar, O, Pb, Fe and C.

Solar neutrinos, which have energies up to about 15 MeV, are an interesting physics target for DUNE [16],
and knowledge of the CC v,—49Ar cross section will enable interpretation of that signal also.

Measurement of inelastic neutrino-nucleus cross sections is also of intrinsic interest for study of the weak
interaction and for nuclear structure physics [6].



A specific example of particular relevance to the U.S. community is argon, the material to be used in
DUNE. DUNE has excellent sensitivity to the v, component of a supernova neutrino burst [17], for which
an observation will yield rich physics and astrophysics. However, there currently exist mo measurements of
neutrino cross sections on *°Ar in the relevant energy range. The dominant v, CC as well as the very-poorly-
understood NC excitation cross sections are both of great interest. Uncertainties in these cross sections limit
the quality of information which can be extracted from a burst observation.

Some existing and near-future COHERENT detectors, while optimized for low-energy recoils, have suffi-
cient dynamic range to study some of these processes in argon, oxygen, lead and iron. However for precision
cross section measurements, including full understanding of the distribution of final-state interaction prod-
ucts, fine-grained tracking detectors will be needed.

Possible Detectors and Facilities

Possible new detectors include those sensitive to keV-scale recoils at the tens of kg to 10-tonne scale.
These include, for example, cryogenic crystals or large noble liquid detectors, such as those proposed by
COHERENT |3, 4, 7], and large single-phase or dual-phase noble liquid detectors. Such detectors may also
be sensitive to inelastic interactions [6]. A large heavy-water detector for flux normalization [18], similar to
that planned for COHERENT in Neutrino Alley, is another possibility.

A fine-grained tracking detector such as a liquid argon TPC (for example, like CAPTAIN [19]) would be
ideal for precision measurements relevant to DUNE low-energy physics. A several-tonne-scale detector could
make cross section measurements with several percent statistical uncertainty. Such a detector could serve
also as a test-bed for new LArTPC technology, such as novel pixellated readouts [20]. Other possible detector
materials and configurations include liquid scintillator, water Cherenkov, lead-based detectors, directional
CEvNS detectors, bubble detectors, high-pressure gas TPCs, and low-threshold bolometers.

Specific detectors may have specific needs, but generically, a hall of 4.5 m x 10 m x 4 m height would
serve for a 10-tonne scale detector. For most physics topics, one wants to be as close as possible to the
target, with as little background as possible; there is some tradeoff between proximity to the neutrino source
and adequate shielding against neutrons. For some physics for which the signal is baseline-dependent, such
as for sterile oscillations, specific locations may be desired. For accelerator-produced dark matter searches,
angle with respect to the beam axis is important. In these latter cases, detector movability is also desirable.
All of these are feasible at the STS for relatively modest investment.
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Fig. 1: Left: Spallation Neutron Source [21]. STS buildings are outlined in orange. Right: Approximate
figures of merit for different stopped-m sources for neutrino physics. The upper right corner is the most
desirable region. Proton power is approximately proportional to neutrino flux. Red squares represent
prompt v, flux; blue squares represent 7, and v.. The y-axis shows the reciprocal of the maximum of
the beam pulse length and the parent particle decay timescale, times pulse frequency, which quantifies
steady-state background rejection. Well-separated blue and red squares indicate that flavor separation is
possible. Past facilities are indicated in black; future ones are in green; concepts are in purple.
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Summary

With this letter we highlight several opportunities of broad relevance for particle physics and for detector
development at the upgraded SNS. Neutrino facilities at the STS will be necessary to fully exploit the
high-quality neutrino source.



1
[1]

[16]

[17]

[18]

[19]

[20]

[21]

References

D. Akimov et al. Observation of Coherent Elastic Neutrino-Nucleus Scattering. Science, 2017. doi:
10.1126/science.aa00990.

D. Akimov et al. First Detection of Coherent Elastic Neutrino-Nucleus Scattering on Argon. 3 2020.

COHERENT collaboration. COHERENT LOI 1: Future COHERENT physics program at the SNS.
2020. Snowmass LOL.

COHERENT collaboration. COHERENT LOI 2: Far-Future COHERENT physics program at the SNS.
2020. Snowmass LOI.

COHERENT collaboration. COHERENT LOI 3: COHERENT Sensitivity to Dark Matter. 2020.
Snowmass LOL.

COHERENT collaboration. COHERENT LOI 4: Inelastic Neutrino-Nucleus Interaction Measurements
with COHERENT. 2020. Snowmass LOIL.

COHERENT collaboration. COHERENT LOI 5: Instrumentation Development. 2020. Snowmass LOI.

D. Akimov et al. Sensitivity of the COHERENT Experiment to Accelerator-Produced Dark Matter. 11
2019.

J. Newby. https://indico.fnal.gov/event/43209/contributions/187864/attachments/129156/
158575/2020Neutrino_COHERENT_Newby_final.pdf.

R. Rapp. https://conference.sns.gov/event/171/attachments/258/1358/fpsts2019_rapp.pdf.

A. Bolozdynya, F. Cavanna, Y. Efremenko, G.T. Garvey, V. Gudkov, et al. Opportunities for Neutrino
Physics at the Spallation Neutron Source: A White Paper. 2012.

D.Z. Freedman, D.N. Schramm, and D.L. Tubbs. The weak neutral current and its effects in stellar
collapse. Ann.Rev.Nucl. Part.Sci., 27:167-207, 1977.

V. B. Kopeliovich and L. L. Frankfurt. Isotopic and chiral structure of neutral current. JETP Lett., 19:
145-147, 1974. [Pisma Zh. Eksp. Teor. Fiz.19,236(1974)].

G.T. Garvey et al. Measuring active - sterile neutrino oscillations with a stopped pion neutrino source.
Phys. Rev., D72:092001, 2005.

A.J. Anderson, J.M. Conrad, E. Figueroa-Feliciano, C. Ignarra, G. Karagiorgi, et al. Measuring Active-
to-Sterile Neutrino Oscillations with Neutral Current Coherent Neutrino-Nucleus Scattering. Phys. Rev.,
D86:013004, 2012. doi: 10.1103/PhysRevD.86.013004.

Francesco Capozzi, Shirley Weishi Li, Guanying Zhu, and John F. Beacom. DUNE as the Next-
Generation Solar Neutrino Experiment. Phys. Rev. Lett., 123(13):131803, 2019. doi: 10.1103/
PhysRevLett.123.131803.

B. Abi et al. Supernova Neutrino Burst Detection with the Deep Underground Neutrino Experiment.
8 2020.

Rebecca Rapp. COHERENT Plans for D;O at the Spallation Neutron Source. In Meeting of the
Division of Particles and Fields of the American Physical Society, 10 2019.

Jianming Bian. The CAPTAIN Experiment. In Meeting of the APS Division of Particles and Fields, 9
2015.

David Nygren and Yuan Mei. Q-Pix: Pixel-scale Signal Capture for Kiloton Liquid Argon TPC Detec-
tors: Time-to-Charge Waveform Capture, Local Clocks, Dynamic Networks. 9 2018.

K. Herwig. https://conference.sns.gov/event/171/attachments/258/1364/Herwig_FundPhys_
Workshop.pptx.


https://indico.fnal.gov/event/43209/contributions/187864/attachments/129156/158575/2020Neutrino_COHERENT_Newby_final.pdf
https://indico.fnal.gov/event/43209/contributions/187864/attachments/129156/158575/2020Neutrino_COHERENT_Newby_final.pdf
https://conference.sns.gov/event/171/attachments/258/1358/fpsts2019_rapp.pdf
https://conference.sns.gov/event/171/attachments/258/1364/Herwig_FundPhys_Workshop.pptx
https://conference.sns.gov/event/171/attachments/258/1364/Herwig_FundPhys_Workshop.pptx

Authors and Endorsers

J. Asaadi, U. of Texas, Arlington

B. Balantekin, U. of Wisconsin, Madison

B. Behera, Colorado State University

P.S. Barbeau, Duke University and Triangle Universities Nuclear Laboratory
J.F. Beacom, Ohio State University

B. Bodur, Duke University

P.B. Denton, Brookhaven National Laboratory

Z. Djurcic, Argonne National Laboratory

E. Conley, Duke University

Y. Efremenko, University of Tennessee, Knoxville

M. Febbraro, Oak Ridge National Laboratory

A. Friedland, SLAC National Accelerator Laboratory
A. Galindo-Uribarri, Oak Ridge National Laboratory
S. Gardiner, Fermilab

M.P. Green, North Carolina State University, Oak Ridge National Laboratory, Triangle Universities Nuclear
Laboratory

1. Gil Botella, CIEMAT

C. Grant, Boston University

S. Li, SLAC National Accelerator Laboratory

B.R. Littlejohn, Illinois Institute of Technology

M. Heath, Oak Ridge National Laboratory

S. Hedges, Duke University

C. Horowitz, Indiana University

A. Major, Duke University

D. Markoff, North Carolina Central University

C. Mauger, University of Pennsylvania

B. Messer, Oak Ridge National Laboratory

J. Newby, Oak Ridge National Laboratory

J. Nowak, Lancaster University

V. Pandey, University of Florida

D.S. Parno, Carnegie Mellon University

D. Pershey, Duke University

G. Petrillo, SLAC National Accelerator Laboratory
R. Rapp, Carnegie Mellon University

J. Reichenbacher, South Dakota School of Mines and Technology
D.J. Salvat, Indiana University

K. Scholberg, Duke University

M. Smy, University of California, Irvine

L. Strigari, Texas A&M University B.D. Suh, Indiana University
R. Tayloe, Indiana University

Y.-D. Tsai, Fermilab/University of Chicago

Y.-T. Tsai, SLAC National Accelerator Laboratory
T. Wongjirad, Tufts University

J. Zettlemoyer, Fermilab



	References

