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Abstract

Low-energy neutrons have been a useful probe in fundamental physics stud-
ies for more than 70 years. With advances in accelerator technology, many
new sources are spallation based. These new, high-flux facilities are becom-
ing the sites for many next-generation fundamental neutron physics experi-
ments. In this review, we present an overview of the sources and the current
and upcoming fundamental neutron physics programs.
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1. INTRODUCTION

The neutron was discovered as a fundamental particle in 1932. Shortly thereafter, its mass was
measured well enough to show that a free neutron would undergo B decay, instead of a bound
state of a proton and electron, as Rutherford (1) first supposed. The earliest experiments involv-
ing neutrons used nuclear reactions as neutron beams, until the graphite reactor in Tennessee,
USA, became available in the late 1940s. The first fundamental neutron physics experiments mea-
sured the lifetime of the free neutron (2) and the electric dipole moment (EDM) of the neutron
(nEDM) (3). Both classes of experiments are still being conducted around the world.

Fermi (4) was the first to formalize the weak interaction with a charged current (V), including
Pauli’s proposed new particle, the neutrino, necessary for energy conservation (5). Some kind of
weak interaction was required to explain the long lifetimes of certain processes, including the
neutron lifetime, which, at ~15 min, was much longer than anything that could be derived from
strong or electromagnetic couplings. Fermi’s formulation of 8 decay had zero range and did not
have a mediator. Heavy mediator particles (bosons), including charged and neutral interactions,
were introduced later (6) to explain flavor-changing processes as well as processes with charge
exchange. The discovery of parity violation led to the introduction of equal parts of axial and vector
currents by Feynman & Gell-Mann (7) in the late 1950s. The inclusion of both currents would
become part of the Standard Model (SM) proposed by Glashow et al. (8). However, experimental
observations suggested that g is not equal to gy, and the strengths of these couplings are an active
area of research today.

Fundamental symmetries is the subfield of experimental nuclear physics research that contin-
ues to investigate the weak interaction with neutrons. Neutron g decay experiments are discussed
in Section 3.1. These measurements fall into two classes: measurements of the neutron lifetime
and correlation parameters of neutron 8 decay products. Both are necessary to disentangle g4 and
gv and look for physics beyond the Standard Model (BSM). Low-energy neutrons have been used
to map the hadronic weak interaction (HWI); recently, great progress has been made at the Spalla-
tion Neutron Source (SNS) (9, 10). Finally, researchers measuring the nEDM have been searching
for a new source of CP violation for almost 80 years, and the next generation of experiments is
under vigorous development.

Spallation and reactor sources produce continuous spectra of neutron energies. A thermal
neutron has an energy of 25 meV, a velocity of 2,200 m s™!, and a characteristic wavelength of
1.8 A. Most nuclear physics experiments are done with cold neutrons (50 peV < E < 25 meV) or
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ultracold neutrons (UCNSs; E < 340 neV). This is because it is often advantageous for the neutron
to spend as much time in the experimental apparatus as possible. For example, in neutron decay
experiments, the decay probability increases with the time neutrons spend in the apparatus. Some
fundamental physics experiments utilize epithermal neutrons (0.025 eV < E < 1 eV) to access
certain amplifications or resonances in neutron interactions with matter. Another feature of spal-
lation sources is that the high-energy tail from eV-MeV neutron energies can be used to probe
sharp resonances in heavy nuclei, as discussed in Section 3.2.2.

While the focus of this review is on fundamental physics at spallation sources, which are be-
coming more prevalent across the globe, for decades research reactors were the workhorse of
neutron sources. Foundational neutron physics research was carried out at a research reactor in
Munich, Germany (FRM-I, also known as the Atomic Egg), that formed the basis for future de-
signs (11). Additionally, many of today’s neutron scattering length data still come from those early
measurements. FRM-II is now up and running, with the potential to provide UCNs for funda-
mental physics research in the future (12). The field of neutron interferometry was developed at
research reactors, and its experiments and methods are well described in a recent book by Rauch &
Werner (13). An overview of experimental programs leading up to the 1990s can be found in a book
by Byrne (14), and a book by Krupchitsky (15) covers polarized beams of slow neutrons in funda-
mental neutron physics. The cold neutron and UCN facilities at Institut Laue-Langevin (ILL) in
France have been and continue to be the home to many fundamental physics experiments (16, 17).
The NIST Center for Neutron Research has been and still is the site of cutting-edge neutron in-
terferometry research (18, 19) as well as fundamental neutron physics g decay research (20-24). In
the past, high-energy neutron sources were also used to measure neutron cross sections and reac-
tions as well as neutron polarizability. These high-energy, unmoderated neutron sources (25-28)
are still in use today, including for nuclear physics studies, but are outside the scope of this review.
Finally, promising fundamental physics experiments with neutrinos have begun to be carried out
at spallation neutron sources (29).

2. SPALLATION SOURCES
2.1. General Principles

The earliest neutron sources used for experiments were reactions such as « + Be — C + n. The
first nuclear research reactors came online in the late 1940s and early 1950s. They rely on neutrons
liberated by fission from heavy atoms, typically uranium. Spallation sources can liberate neutrons
from a wider variety of heavy atoms. In general, neutron production from spallation employs
a pulsed, high-energy beam of protons (or hydrogen ions) that strikes a target of neutron-rich
material to release neutrons, creating a few to up to ~40 neutrons per proton. Other particles are
released and produced as part of this process, but they are either used for other physics studies or
easily shielded. The most common spallation target material has been tungsten, but others have
been employed as well (Table 1).

Once neutrons are liberated from the target nucleus, they can be moderated or slowed down
via a few centimeters of hydrogen, deuterium, or other moderating materials (see Table 1 and the
description of sources in Section 2.2, below). Some target stations have a reflecting material (such
as beryllium) to help the moderation process. Moderated neutrons are then transported down
neutron guides to dedicated beamlines and instruments.

Most nuclear physics experiments that use low-energy neutrons are statistically limited by neu-
tron intensity and thus require the highest possible flux, that is, the cold neutron flux available at
the end of a dedicated neutron guide. For many experiments involving parity violation, a desired
figure of meritis roughly the flux weighted by the neutron polarization. In general, the highest-flux
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Table 1 Operating parameters for existing and upcoming spallation neutron sources with fundamental physics
programs
Source Repetition rate | Maximum power Moderators® Pulse length Target Proton energy

SNS 60 Hz 1.4 MW H,H;O <1 ms Hg 1.3 GeV

LANSCE 20 Hz 0.8 MW Multiple 625 ps \u% 800 MeV

ESS 14 Hz 5.0 MW H 2.86 ms W 2.0 GeV

SINQ Continuous ~1 MW H,,D,0 NA Pb 590 MeV

JSNS 25Hz 1.0 MW H 1 s Hg 3.0 GeV

CSNS 25Hz 0.5 MW (final) Multiple 0.5 ms W 1.6 GeV

*When H is used for the moderators, it is typically supercritical hydrogen.
Abbreviations: CSNS, China Spallation Neutron Source; ESS, European Spallation Source; JSNS, Japan Spallation Neutron Source; LANSCE, Los
Alamos Neutron Science Center; NA, not applicable; SINQ, Swiss Spallation Source; SNS, Spallation Neutron Source.
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research reactors provide more intense neutron beams than do the highest-flux spallation sources.
However, this difference is usually not large enough to be compelling, and source selection is more
often determined by the availability of beam time and/or facility infrastructure. The primary ad-
vantage for experiments done at spallation sources is the well-known time structure of the beam.
A pulsed source has precise timing, which can be used to easily analyze the energy dependence
either of the neutron beam itself or of the background signal, which is important for possible
systematic effects. Additionally, the pulsed structure of the neutron beam allows the beam phase
space to be shaped by use of time-dependent neutron optical components. The pulsed nature of
most spallation sources may provide an additional advantage (30) for polarized neutron studies.

The process of creating UCNSs is somewhat different. It is generally difficult to efficiently ex-
tract UCN:Ss directly from neutron guides that directly view in-pile cold sources at either reactors
or spallation sources. Instead, one of two alternate strategies is currently favored to provide intense
sources of UCNS. In the first, a UCN converter consisting of very cold superfluid liquid helium
(T < 1K) is illuminated by a cold neutron beam with a characteristic wavelength of 8.9 A. Neu-
trons with this energy may scatter off single phonons in the helium, resulting in residual energies
characteristic of UCNs (31). Such UCN sources are equally well suited for reactors or spallation
sources and are particularly well suited for experiments that can be carried out within the liquid
helium converter volume, such as the search for an EDM (32). In the second strategy, a UCN
converter [typically solid deuterium (SD,)] is placed in the vicinity of a cold neutron moderator
and the UCNS are extracted to an external experiment. Such sources are challenging because of
the need to place a cryogenic moderator close to the neutron source (either reactor or spallation).
Because spallation sources typically produce a much lower thermal load than reactors, this strategy
is favored at spallation sources. Indeed, several of the most intense current sources of UCNs (33—
36) are based on dedicated spallation targets coupled closely to liquid deuterium converters. The
spallation targets used in these sources are typically rather low power but couple very well to the
UCN converter.

2.2. Overview of Cold Neutron Sources

Spallation sources have become more prevalentin recent decades as accelerator technology has de-
veloped (see Figure 1 for the geographic locations of spallation sources with fundamental physics
programs around the world). Spallation sources are also attractive from the point of view of safety
because they are not subject to the strict licensing requirements that apply to reactor sources. Most
sources have a fairly similar design, with a pulsed ion beam incident on a neutron heavy target. The
spallation process creates a large charged-particle background in addition to liberating neutrons,
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Spallation neutron sources around the world that offer user facilities for fundamental physics.

requiring significant shielding of the target. Moderators are employed to produce a desired energy
spectrum (for fundamental neutron experiments, a cold neutron spectrum is normally preferred).
Typically, several beamlines view a single moderator. The Swiss Spallation Source (SINQ) at the
Paul Scherrer Institute (PSI) is different and is discussed separately (see Section 2.2.4). Table 1
summarizes the relevant parameters for existing and future spallation sources.

2.2.1. Spallation Neutron Source. Currently, the First Target Station (FT'S) at the SNS at Oak
Ridge National Laboratory in Tennessee, USA, is the most intense pulsed neutron source in the
world. Unlike many other spallation sources, the FT'S employs a rotating liquid mercury target.
The target material is circulated to dissipate heat from the incident proton beam. This end station
was optimized for the production of thermal neutrons, which are most useful for resolving atomic-
scale details. Plans for the Second Target Station (ST'S) have received CD-1 (Critical Decision)
approval from the US Department of Energy, allowing for the release of project engineering
and design funds, if available. The STS will focus on addressing global needs for cold neutrons.
The SNS proton source will receive a power upgrade, and every fourth pulse (15 Hz) will be
sent to the STS’ solid, rotating tungsten target. Current plans include two cold moderators and
one ambient moderator, a proton pulse of 0.75 us with an energy per pulse of 47 kJ, and the
potential for 22 instruments. The proton source power upgrade will allow the FT'S to maintain
the same power per second. Out of more than 20 existing beamlines at the FTS, one (the FnPB)
is dedicated to fundamental neutron physics (for details, see 37). The physics program on the
FnPB began with HWI studies of the NPDGamma (38) and n—*He (10) experiments. Currently,
the Nab experiment (39) is commissioning and will be followed by the nNEDM@SNS experiment
(32, 40).

2.2.2. Los Alamos Neutron Science Center. Los Alamos Neutron Science Center
(LANSCE) is home to two neutron sources, both of which are driven by the 800-MeV pulsed
proton beam from the LANSCE accelerator. The pulses start at 625 ps and are then injected into
the proton storage ring, where they are accumulated and compressed into pulses approximately
250 ns wide. The first neutron source is a high-energy source at the Weapons Neutron Research
Facility, which produces fast neutrons (100 keV < E < 800 MeV) by use of an unmoderated
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target. The low-energy source at the Lujan Neutron Scattering Center provides neutron beams
from subthermal energies up to 100 keV. The proton beam is pulsed at 20 Hz incident on a
tungsten target. Flight Path 12 was constructed in 2003 (41) as a beamline dedicated to nuclear
physics experiments; NPDGamma was the first to take a data set (42). In 2022, a next-generation
spallation neutron target/moderator/reflector/shield assembly will begin installation. The goal
is to improve performance in the intermediate energy (keV-MeV) range and increase time
resolution, which will be useful for a number of upcoming nuclear physics experiments.

2.2.3. Japan Spallation Neutron Source. The Japan Spallation Neutron Source (JSNY) is
housed in the Material and Life Science Experimental Facility (MLF) on the Japan Proton Accel-
erator Research Complex (J-PARC) campus. Protons are accelerated through a linear accelerator
to 400 MeV and then fed into the Rapid Cycling Synchrotron, where they are further accelerated
to 3 GeV. The protons are incident on a cycling mercury target, and the spalled neutrons interact
with liquid hydrogen moderators (coupled, decoupled, and poisoned) and beryllium reflectors.
The neutrons are delivered to 23 beamlines at the MLF. Fundamental neutron physics is con-
ducted on three beamlines: BL0O4 ANNRI (Accurate Neutron—-Nucleus Reaction Measurement
Instrument), BLO5 NOP (Neutron Optics and Fundamental Physics),and BL10 NOBORU (Neu-
tron Beamline for Observation and Research Use). The neutron lifetime experiment discussed in
Section 3.1.1.4 is conducted on BL0S, and the time-reversal violation (TRV) experiments dis-
cussed in Section 3.2.2 will be conducted on BL04 and BL10.

2.2.4. Swiss Spallation Source. SINQ differs from the other sources under discussion here, and
as such, direct comparisons in Table 1 are difficult to make. SINQ is a continuous (rather than
pulsed) spallation neutron source, driven by a 590-MeV proton accelerator. The initial proton
beam has a current of 1.3 mA and a time structure of 51 MHz, but the time structure is lost
following impact on the lead spallation target and moderation (43). The proton beam, at 0.75 MW
in continuous mode, is the most powerful in the world. SINQ has been in operation since 1997; an
upgrade performed between 2017 and 2020 focused on the guide system (44). The UCN source
does not use the main SINQ spallation source but rather extracts a low-current proton beam to a
dedicated spallation target, discussed in more detail in Section 2.3.1.2.

2.2.5. China Spallation Neutron Source. The China Spallation Neutron Source (CSNS) is
an accelerator-based neutron source in Dongguan, Guangdong Province, that operates under the
direction of the Institute of High Energy Physics of the Chinese Academy of Sciences (45,46). The
facility contains a proton linear accelerator coupled to a rapid cycling synchrotron that delivers
1.6-GeV protons to the target station (47). The target station consists of a solid tungsten target and
a target cooling system, which includes deuterium, liquid hydrogen, carbon, and water moderators.
Neutrons will be delivered to a total of 18 planned instruments, 3 of which were operational when
the neutrons were first created in 2017. The design goal of phase I, 100 kW, was achieved in
February 2020, and progress toward the goals of phase II continues. Beamline 12 is equipped to
eventually pursue experimental research on neutron lifetime and decay (48).

2.2.6. European Spallation Source. The European Spallation Source (ESS) in Lund, Sweden,
is nearing completion. The ESS aims for the highest peak intensity among spallation sources,
combined with a long pulse structure (3 ms) and a power of 5 MW. Up to 48 beam ports can be
accommodated. Currently, there is no approved beamline for fundamental neutron physics, but
the possibility remains open.

2.2.7. Other spallation sources without fundamental physics programs. Of course, other
spallation sources exist without fundamental physics programs as defined in this review. ISIS in the
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United Kingdom, a world-leading center in neutron scattering research, has recently used neutron
spin echo to investigate exotic spin-dependent interactions (49), with the possibility of placing
limits on other exotic interactions. The spallation source at the Research Center for Nuclear
Physics in Japan (RCNP) produces a white neutron beam and houses an irradiation program for
nuclear physics. The now-decommissioned sources at IPNS (Intense Pulsed Neutron Source) and
RCNP/KEK enabled early studies of UCN production and p-wave resonances in heavy nuclei,
respectively. In addition, several university-based spallation sources serve as testing grounds for
numerous physics studies.

2.3. Ultracold Neutron Sources

Cold neutrons can be cooled from 60 K to below 3.5 mK through scattering interactions on
solid or liquid cryogenic converters, resulting in UCNS. At this energy, the neutrons’ de Broglie
wavelength is sufficiently large that they can coherently scatter from a collection of nuclei in
solids, acting as an effective potential barrier or Fermi potential, }'y, on the order of 100 neV.
Nii is typically quoted as having the greatest Fermi potential at 7z ™ = 358 neV. Operationally,
this means that UCNs can be totally externally reflected from material walls for all angles of
incidence when their kinetic energy is below the material’s Fermi potential 31, 50). Experiments
have exploited this feature to transport UCNs 10-20 m away from the source in material guides
such as a noninteracting ideal gas and confine them in material traps for hundreds to thousands of
seconds. These properties enable experiments to perform measurements of the neutron lifetime
and B decay correlation parameters (51, 52), place limits on the nEDM (53, 54), and observe
gravitational quantum states (55).

At the energy scale of UCNS, the interactions with gravity and magnetic fields become relevant
and, in some cases, become useful experimental tools. UCNs in the Earth’s gravitational field
experience a potential energy difference of ~100 neV m~!, meaning that, on average, 2 UCN
can rise only 2 m. Dropping a UCN by 1 m will sufficiently increase its kinetic energy, allowing
UCN:s to pass through materials such as gas detector windows. Magnetic fields interact with the
magnetic moment of the neutron, creating a potential —y, - B/|B| & 60 neV T~!. A population
of UCNSs can be effectively 100% polarized by being passed through a magnetic field of 6-7 T,
which provides a 360-420-neV potential barrier for one spin state.

2.3.1. Existing ultracold neutron sources at spallation targets. UCN sources are operated
at facilities that can provide a large flux of cold neutrons, such as reactors and spallation sources.
The discussion in this section focuses on the operation of UCN sources at spallation sources;
however, many of the processes are similar at a reactor source, and a full discussion of all UCN
sources can be found elsewhere (56). The production of UCNS at spallation sources requires a
large flux of cold neutrons to be cooled from a few to ~10~!* MeV. Depending on the facility,
the entire spallation target or a portion of it is surrounded by room-temperature or cryogenic
neutron reflectors and thermal moderators, which are designed to trap and thermalize a fraction
of the spallation neutron flux. The mechanical and thermal details of the reflectors and moderators
depend on the conversion material used in the final step to reduce the energy of cold neutrons to
the UCN regime. Materials such as SD,, solid oxygen, and liquid helium have been studied or are
in use as the conversion medium in UCN sources (56). The design goal is to maximize the overlap
between the neutron energy spectrum produced by thermalizing the spallation neutrons with the
moderator and the energy-dependent UCN production cross section of the converter medium.

2.3.1.1. Los Alamos Neutron Science Center. LANSCE hosts an SD,-based UCN source
(Figure 2a), which began operation in 2004 (33) and underwent an upgrade between 2014 and
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2017 (34). This source was constructed to support the UCNA experiment, which completed data
taking in 2013 (52) and has since expanded operation to host the UCN< experiment (51); a fu-
ture room-temperature nEDM search, UCNProbe (58); and several material studies and detec-
tor development projects. Two main beamlines from the source can host multiple experiments
simultaneously.

The LANSCE accelerator delivers a time-averaged proton current of 10 pA to the helium-
cooled tungsten target. Protons are delivered in several pulses with a repetition rate of 20 Hz over
a 0.2-s window. When the accelerator is operating in production mode, one burst is delivered
every 5 s. During this period, the butterfly valve is open, allowing converted UCNSs to escape, but
it is closed between bursts to prevent UCNs from returning to the SD;. A graphite and beryllium
reflector concentrates a fraction of the spallation neutrons through a moderator of 45 K high-
density polyethylene beads and a 4.5 K SD; crystal. UCN surfaces at the bottom of the source
are coated with *Ni, and the guide system to the experiment hall is coated with NiP (59). The
1-m ascent from the SD, to the horizontal guides is designed to offset the 102-neV boost that
the UCN s receive when exiting the SD,. NiP-coated guides, with a Fermi potential of 212 neV,
deliver UCNG with a cutoff velocity of 5.3 m s™! and an internally measured unpolarized density
of 180 UCNSs cc™! to the exit of the biological shielding.

2.3.1.2. Ultracold neutrons at the Paul Scherrer Institute. Another SD,-based UCN source
has been operating at PSI'since 2011 (35, 36) (Figure 2b). An average current of 2.5-mA, 590-MeV
protons from the PSI cyclotron is incident on a “cannelloni”-type lead, Zircaloy, and D, O spalla-
tion target for irradiation periods of up to 8 s. A 3,300-L, room-temperature (31°C), heavy-water
moderator volume surrounding the target and converter volume thermalizes neutrons liberated
in the spallation process (60). UCNSs are then produced in a 5 K, 30-L SD; volume located inside
the source vacuum vessel. Unlike the LANSCE source, the SD; acts as both a cold moderator and
a UCN converter medium. Significant care is dedicated to slowly freezing the deuterium over
several days into a near-perfect crystal and to maintaining an ortho-D, concentration of greater
than 99% to optimize production. Several groups have observed the effect of the SD; crystal on
production, and Anghel et al. (61) present a detailed report.

UCN:s are vertically extracted from the source volume into the guide system through three
ports; two are 1 m above the SD,, and the other is 2.3 m above. A horizontal flapper valve is
employed just below the lower two ports to isolate the SD, from the guide volume, preventing
UCN:s in the guide system from getting lost in the source. UCN shutters on each exit guide allow
flexibility in operation by selecting a guide or set of guides to provide UCNS to (or condition the
UCN:s from) each irradiation period in the source storage volume before delivering them to an
experiment. The differing heights of the extraction ports give experiments access to UCNs with
different energy spectra due to the additional 130 neV of energy lost to gravity during the ascent.
In 2017, a benchmark measurement using a 20-L standard storage volume was done at PSI. This
measurement yielded a trappable density of 21.9 UCNs cm™ (62)—the largest reported from
the sources studied. Since becoming active, the source has supported various physics experiments,
most notably a new determination of the upper limit on the nEDM using the RAL-Sussex-ILL
apparatus (described in 63), which improved the previous limit by a factor of 1.7 (54).

2.3.1.3. TRIUMF UltraCold Advanced Neutron Source. 'TRIUME, which produced its first
UCN in 2017, hosts the TRIUMF UltraCold Advanced Neutron Source (TUCAN), which was
constructed to support a future high-precision room-temperature nEDM search (57). An initial
prototype source was built in collaboration with RCNP and transferred to TRIUMEF. The design
makes use of the superthermal process in liquid helium, where 8.9-A neutrons downscatter to
UCN energies by exciting a phonon in the liquid helium (50, 64). Spallation neutrons are reflected
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and moderated by a combination of palladium, graphite, and heavy water around a water-cooled
tungsten target. UCNSs are extracted vertically from the liquid helium volume through a valve after
a 60-s irradiation period, with the 450-MeV proton beam at an average current of 10 pA. This
long irradiation approach is made feasible by cooling the liquid helium to below 1 K, suppressing
any excitation modes that could upscatter UCNS. As a result, the storage time of UCNs in the
source volume increased to 37 s, allowing a large UCN density to build up in the source prior to
opening the valve. The density produced by this configuration was measured at 5.3 UCNs cm ™3
in the 60-L guide volume.

The next phase of the TUCAN source will replace the vertical liquid helium vessel with a
horizontal source (Figure 2¢). This upgrade is currently underway, with a planned completion
date in 2022. It will significantly improve cooling to the cryostat, allowing the average proton
current delivered to the target to increase from 10 pA to 40 pA (57). The upgrade will include
a 20 K liquid deuterium cold moderator surrounded by a 300 K D,O thermal moderator and
palladium and graphite neutron reflectors. Estimates of this configuration suggest that the nEDM
cells will be filled to a density of 33.4 UCNs cm~? every 60 s of irradiation, enabling a 10~ nEDM
measurement every 400 running days. Additionally, the upgrade will support two beamlines; one
will be dedicated to the nEDM search, and the other will become a user beamline capable of
hosting next-generation lifetime, asymmetry, or gravity experiments with UCNSs.

2.3.1.4. F-PARC pulsed source. UCNs are created at the J-PARC BLO5 NOP beamline
through the use of a Doppler shifter-type pulsed source (65) that is similar in concept to the
Steyerl turbine at the ILL FP5 (Physique Fondamentale) (16). Very cold neutrons (VCNs) from
the unpolarized branch of BLOS are directed into a focusing guide and then into the Doppler
shift apparatus via a set of 7 = 3.5 multilayer, wideband, monochromatic mirrors. The VCNs are
converted to UCNs by scattering from a NiC/titanium multilayer mirror mounted at the end of
a rotor arm. The rotor assembly rotates at 2,000 rpm and is synced to the accelerator pulse tim-
ing, so that VCNs from every third pulse enter in phase with the rotor. Initial testing measured a
product density of 1.4 UCNs cm™3, which is sufficient for further testing and development of an
nEDM search experiment.

2.3.2. Possible future ultracold neutron sources at spallation targets. The ESS is consid-
ering the inclusion of a fundamental physics beamline and a next-generation UCN source (for
a full discussion of this possibility, see 66). Source designs are still being investigated for their
compatibility with the facility’s physics goals, but it is expected that the densities produced will be
of order 10°~10* UCNs cm ™, significantly higher than densities at operating sources. Construc-
tion of such a source would enable nEDM, B decay, and UCN-based gravity experiments with
unparalleled sensitivity.

2.3.3. Experiments with ultracold neutrons at spallation targets that are their own source.
The preceding subsections discuss UCN sources where the neutrons must be extracted via a guide
system to an experiment, but that is not necessarily required. As demonstrated by the NIST cryo-
genic neutron lifetime measurement, UCNs can be generated and stored in a liquid helium vol-
ume for times longer than the neutron’s B decay lifetime, and the experiment and source can be
colocated (67). The nEDM search at SNS will operate in this mode (68). UCNs will be pro-
duced through interaction of the cold neutron beam at the FnPB with a superfluid *He tar-
get, and the production volume will be the storage cell of the nEDM experiment. A deuterated
polystyrene—coated storage chamber will be irradiated for a duration of several hundred seconds
by cold neutrons from the FnPB moderator. Simulations predicted a trappable polarized density of
~170 UCNs cm™ to be produced each fill cycle, resulting in ~10° UCNs in storage volume (68).
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This method benefits from eliminating all the transport losses and in-transit depolarization asso-
ciated with the extracted source.

3. FUNDAMENTAL NEUTRON PHYSICS

Fundamental neutron physics experiments fall into several classes. As mentioned in Section 1,
precision measurements of the neutron lifetime and correlation parameters in neutron 8 decay are
still being carried out today. Attempts to measure a nonzero nEDM are ongoing, as the question
of the observed matter/antimatter asymmetry of the Universe is one of the most intellectually
compelling pursuits. Recently, significant progress has been made in studies of the HWI with
cold neutrons, but more remains to be done. Finally, interest has reemerged in TRV searches
complementary to searches for nonzero nEDMs. All of the efforts currently underway or planned
for spallation sources are discussed in the following subsections.

3.1. Neutron Beta Decay

Neutron 8 decay is the archetype for all nuclear 8 decays. It is the simplest baryonic weak in-
teraction process and serves as an important interaction to test our understanding of the SM.
The sensitivity of neutron 8 decay to the SM and to BSM physics has been carefully studied and
categorized (69, 70). Specifically, measurements of the neutron lifetime and 8 decay correlations
allow a determination of V,,, the #d quark mixing matrix element in the Cabibbo—Kobayashi—
Maskawa (CKM) matrix. Such a determination can be compared with measurements of V,; and
Vs to provide a sensitive test of the unitarity of the CKM matrix. Because Vg > Vs > Vi, the
uncertainty in the unitarity sum V% + V2 + V2 is dominated by the proportional uncertainty in
V. The unitarity of the CKM matrix is central to the SM. A violation of unitarity might result
from right-handed currents, from other nonstandard couplings, from coupling to additional quark
generations, or as a result of other exotic phenomena.
At tree level, the neutron decay rate, integrated over kinematic variables, is

1 mefC4 2 2 2
r'= ?n = WW;A(@H + 31gal®), 1.

where f® is a phase-space factor, #, is the electron mass, and g4 and gy are the axial-vector and
vector coupling constants. An important input parameter into the SM is the ratio of the axial-
vector constant to the vector coupling constant, A = g,4/gy. Using A and the relationship between
gv and V,,, we can rewrite the inverse of the neutron lifetime as

1
— IVl lgv 1P GE (1 + 3141%), 2.

where G is the Fermi weak coupling constant. By contrast, because the axial current is only par-
tially conserved, the matrix element Mgy in the coupling g4Mgr will vary across nuclei. The
methods for extracting V,; from 0t — 0T nuclear decays depend on quite different detailed nu-
clear and radiative corrections from the vector coupling, gy M, whereas a determination of V4
from the neutron is easier to interpret because it is free from nuclear structure effects. To be com-
petitive with nuclear extractions of V4, an uncertainty of 7, < 0.3 s of the neutron lifetime and a
relative precision of AL/A <3 x 10~* are required. With the most recent result from the UCNt
Collaboration reaching a statistical precision of 0.28 s (0.36 s overall) (51), we have entered what
has previously been labeled the next generation of neutron B decay experiments.

In the following subsections, we discuss both sets of experiments, focusing on those at spallation
facilities. The muddled nature of the current landscape of neutron B decay is well summarized
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(@) (Top) » = ga/gv as a function of publication year. (Bottorz) The same for the neutron lifetime. (b) V4 as a function of 2 = g4/gy. The
diagonal stripes correspond to neutron lifetime extractions from the beam and storage (UCN) methods. The horizontal stripes
represent the unitarity requirement as well as V/,; from a global 07 — 0T analysis (70). Abbreviations: PDG, Particle Data Group;
UCN, ultracold neutron.

in Figure 3: The highest-precision results are not in agreement with CKM unitarity (71-74),
there exists a 40 neutron lifetime puzzle (20, 51, 75, 76), and A determinations via different decay
correlation parameters are also in tension. There is an opportunity for a great deal of experimental
progress to help address this picture.

3.1.1. Neutron lifetime measurements. The first neutron lifetime measurement was per-
formed at the Graphite Reactor at Oak Ridge National Laboratory, USA, in the late 1940s. The
published result was approximately 30 min, much higher than more modern measurements of
~15 min (2). This result was quickly followed by a more precise measurement (77) from Canada,
which yielded a value of 12.8 min with an uncertainty of 18%. Since then, there have been several
attempts, primarily at reactors, to improve the precision of the value.

All measurements of radioactive lifetimes fall into two main categories. The first is referred to
as the storage method. If the material’s lifetime is comparable to the timescale of the experiment,
then a measurement can be done directly, specifically by comparing the quantities of the material
at two different times [N(t) o« N(0)e™"/™]. While this method is not a practical way to measure
the lifetime of something like plutonium, it is well suited to the free neutron, whose lifetime is
approximately 15 min. The second method is referred to as the beam method. It involves detecting
decay products, dN/dt, and comparing them with the known quantity at a previous time, N(z), via
dN@)/dt o« —=N@)/7,.

In the early 2000s, the precision of storage measurements reached 1 s, and upon reanalysis of
old results, a disagreement emerged between storage and beam lifetime determinations. Additional
storage measurements (51, 75, 76, 78) were carried out, and the most recent beam result (20) has
been updated with an independent neutron detection efficiency determination (21), but the 4o
discrepancy remains to this day. It has not been resolved by the era of 1-s precision measurements,
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but upcoming efforts aim to reach subsecond uncertainties, which may reveal systematics that were
not previously considered or not properly taken into account.

3.1.1.1. Storage (ultracold neutron) measurements. The low kinetic energy of UCNs enables
lifetime measurements on a trapped population using any combination of material wall, gravity,
and magnetic fields. In this method, two approaches are possible, sometimes referred to as count-
ing the living and counting the dead. The latter is similar to beam experiments in that the g decay
products are counted and the exponential decay law is used to extract the lifetime. The rate of
emitted electrons or protons that are counted is given by

—t/Tn
R(t) oc ) 3.

n

where 7, is the neutron’s 8 decay lifetime. Ideally, this method enables a direct fit to the exponential
decay of the event rate to extract the lifetime. Experiments such as PENeLoPE (79), HOPE (68),
tSpect (80), and the NIST cryogenic lifetime (67) can be placed in this class. However, all of these
experiments are or were at reactor facilities and are not discussed further in this review.

The more common approach is to count the surviving neutrons after storing them in the trap
for a given time. One can then map the exponential decay curve by performing multiple measure-
ments at various storage times. A more statistically optimized approach is to select two storage
times, a short time #; and a long time #, where the difference is Az = #; — , = 2.27.! Then the
lifetime is determined as

— A
= 4.

R
where N and N, are the neutrons counted after the short and long storage times, and Ny and Ny
are normalization parameters to account for the variability of the initial number of neutrons in
the trap at the beginning of each measurement cycle. Determining the lifetime from Equation 4
is an idealization because it assumes that 8 decay is the only way in which UCNs disappear from
the trap. Thus, the main systematic of this type of experiment is understanding and limiting every
possible non-B decay loss mechanism.

In general, the measured lifetime is the storage lifetime in the trap, which is a combination of
all loss rates:

-1 _ -1 -1
Toap = Tp T E T, 5.
i

where 74 is the actual neutron 8 decay lifetime and 7, are the storage lifetimes due to every loss
channel. In the past, the correction between the trap and the 8 decay lifetime was 10-100 s. Mod-
ern storage experiments have reduced this correction to seconds or less. Over the past decade,
many experiments of this type have produced results, which have been summarized by the Parti-
cle Data Group (81), but only the UCNt experiment at the LANSCE UCN source is conducted
at a spallation facility (51).

3.1.1.2. Beam methodologies for neutron lifetime experiments. The so-called beam method
for the neutron lifetime requires detection of electrons, protons, or both from neutron 8 decay,
as well as the determination of the density of neutrons in the fiducial decay volume. To date,

I'The constant 2.2 is altered when the experimental signal-to-noise ratio is incorporated into the statistical
optimization.
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the approach that has produced the highest-precision results using this method is the Sussex-
ILL-NIST beam method (20, 23, 82), named after the apparatus running at the NIST Center
for Neutron Research. Here, protons are trapped from in-flight decays of cold neutrons within a
fiducial volume. These protons are then directed to a silicon detector at an angle with respect to
the neutron beam. The fluence of the neutron beam is monitored downstream with a dedicated
apparatus. This experiment requires absolute proton and neutron counting and a high flux of cold
neutrons that is typically available only at reactor-based sources. A program being developed at
J-PARC is based on the use of a time-projection chamber as both the decay and the detection
volume. This program is discussed further in Section 3.1.1.4, below.

3.1.1.3. UCN~ experiment at Los Alamos Neutron Science Center. To suppress or eliminate
the corrections arising from UCN losses caused by their interaction with material surfaces, several
experiments have investigated the use of magnetic confinement (67, 78, 80). The UCN<t exper-
iment (Figure 4) used 5,000 permanent magnets arranged in a Halbach array to construct an
asymmetric bowl with an inner surface field of 0.8 T. As a result of the , - B interaction, low-
field-seeking UCNSs are repelled from the bottom of the bowl. UCNSs with kinetic energy below
50 neV cannot ascend enough to escape the top of the bowl and are gravitationally trapped. The
asymmetry in the bowl was implemented to prevent regular orbits, which would permit UCNs
with energy above the trapping potential to remain in the trap for an intermediate length of time.
A small trapdoor in the bottom of the magnetic bowl can be removed to fill the trap and then
replaced during cleaning and storage. The surviving neutrons are counted after the storage pe-
riod (10-5,000 s) by a °B-coated scintillator detector, called the dagger, that is lowered through
the midplane of the trap. UCNSs can be counted as a function of height by incrementally low-
ering the detector, which allows for an energy-dependent determination of the lifetime, mainly
as a check on energy-dependent systematic effects. In 2021, UCNt published (51) a result of

7, = 877.74(£0.2 8)Stat(f8:f§)syst, an improvement of roughly a factor of two over the previous most

precise determination.

Giant cleaner

Halbach array

Active cleaner

Figure 4

The UCNT experimental apparatus (for details, see 51).
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Schematic of the J-PARC lifetime apparatus (for details, see 85). Proton and neutron detection happens in situ in the TPC.

Abbreviation: TPC, time-projection chamber. Figure adapted with permission from Reference 85.

3.1.1.4. F-PARC beam lifetime measurement. A new experiment utilizing the beam method
has been under development for several years at BLO5 NOP at the MLF in J-PARC (83-85)
(Figure 5). This experiment employs a time-projection chamber to measure the neutron lifetime
by detecting particles from two processes. The firstis the neutron 8 decay itself, where the electron
tracks are detected. The second is neutron capture on *He, used to monitor the neutron fluence
in the time-projection chamber volume. Protons and tritium are detected from the *He(n, p)*H
reaction. The neutron lifetime is obtained via

o= 1 <SHe/€He) , 6.

poovy \ Sg/€p

where the S quantities are the numbers of events from each of the two processes and the €s are
their efficiencies, p is the number density of the *He nuclei in the time-projection chamber, and
ooV is the reaction rate. The approach is insensitive to y's, which is a big advantage. Backgrounds
from cosmic rays and other sources are time independent, while the signals from neutron 8 decay

are correlated with the time of flight, allowing for straightforward background subtraction. The
sensitivity of this experiment is quickly growing, and is benefiting from source improvements as
well.

3.1.2. Correlation parameter measurements. Neutron lifetime measurements are sensitive
to the linear combination of the weak couplings g4 and g, whereas measurements of the decay
correlation parameters isolate their ratio, g4/gy, also known as . The differential form of the g
decay equation is (86)

1 pe'pv e Un'pe Un'pv
dWo{?f(E“)[IJF”Ee.EUMEJFA 3 +B E, +...], 7.

where p., p;, and p, are the outgoing electron, proton, and neutrino momenta, respectively; o, is
the neutron spin; and E, is the neutrino energy. f(E,) is in the familiar B energy spectrum. The
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most frequently measured correlation parameters are all related to A:

1 -2
= 8.
S YR
b=0, 9
A4+
A=-2-—" 10.
143237
22— A
B=2—-—_". 11.
1433

The uppercase parameters are spin dependent and require a polarized neutron beam, whereas
the lowercase parameters are spin independent and require an unpolarized beam. For example,
a is the correlation between the electron and neutrino momenta, and A is the correlation be-
tween the initial neutron spin and the direction of the outgoing electron. 4, the Fierz interference
term, corresponds to the deformation of the electron spectrum, compared with the SM prediction
(b = 0 in the SM).

Until recently, determinations of A were derived primarily from measurements of 4, which
requires a polarized source of neutrons and good knowledge of the polarization. The aCORN
Collaboration (22) recently carried out a modern measurement of z. A more precise measurement
of 4, by the aSPECT Collaboration (87), yielded a A value that was not in agreement with the
result from the Particle Data Group (88). More recent A4 results from the UCNA and Perkeo III
experiments can be found in References 52 and 87. Figure 3 summarizes the landscape.

3.1.2.1. Nab experiment at the Spallation Neutron Source. 'The Nab experiment at the SNS
aims to make precision measurements of # with a relative uncertainty of 1 x 107* and 4 with an
absolute uncertainty of 3 x 10~ (39). The experiment will utilize the cold neutron beam on the
FnPB (37) to detect protons and electrons in coincidence for a measurement of #, as well as the
electron energy spectrum for 5.

The Nab spectrometer will guide charged neutron decay particles (protons and electrons) to
large-area, segmented silicon detectors (89) at the bottom and top of the spectrometer. The pro-
tons can be detected in the upper detector only, while electrons can be detected in both detectors.
The experimental design requires knowledge of electron energy (reconstructed for a single decay)
as well as proton momentum (reconstructed from the time of flight relative to electron detection).
"To estimate the proton momentum from the proton time of flight, the Nab magnet utilizes a long
asymmetric magnetic spectrometer, so that protons travel along a 5-m path and enter the top de-
tector fully longitudinalized (meaning that the proton momentum is normal to the face of the
detector). The magnetic filter at beam height in Figure 6 excludes the proton trajectories that
will not meet this longitudinalization condition. Additionally, the upper detector will be held at a
potential of —30 keV so as to accelerate the protons to penetrate the dead layer of the detector.
Simulations of protons and electrons in the spectrometer and detector are under vigorous study.
The Nab experiment has been installed on the FnPB, and commissioning began in 2021. The Nab
apparatus is well suited for follow-up measurements with a polarized cold neutron beam, such as
the pNab experiment.

3.2. Matter/Antimatter Asymmetry

A new source of CP or T violation is one of the highest intellectual pursuits in nuclear, particle,
and astrophysics, as more CP violation is needed to explain the baryon asymmetry of the Universe.
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Figure 6

A model of the Nab spectrometer (for further details, see 39). The cryogenic superconducting magnet,
oriented transversely to the neutron beamline, is shown in green. Purple denotes the magnet compensation
package. The two detector packages are inside the magnet volume, with HV cages situated around the
protrusion of each detector mount. The magnetic field magnitude in the 2z direction is shown on the right,
along with the potential. Abbreviations: ExB, protons experiencing a force in the x direction from the
interaction of electric (E) and magnetic (B) fields; FET, field-effect transistor; HV, high-voltage; TOF,
time-of-flight. Figure adapted with permission from Reference 39.

Sakharov (90) suggests that CP violation, and thus TRV under the assumption of CPT invariance,
is essential to produce the baryon asymmetry in Big Bang cosmology. Although CP violation and
TRV were first observed in K and B mesons (91), the size of the violation was not enough to explain
the baryon asymmetry determined from experimental observations. Thus, new sources of BSM
CP violation and TRV are needed to explain the baryon asymmetry problem. Additionally, new
sources of TRV in low-energy observables manifest in different ways, such that all TRV searches
are not equally sensitive to all possible mechanisms (92, 93). To this end, it is necessary to search for
TRV in multiple systems with sufficient and different sensitivity for a BSM signal. We discuss two
types of searches for CPviolation and TRV with neutrons: the search for a nonzero nEDM and the
search for TRV terms in the forward-scattering amplitude in neutron interactions in compound
heavy nuclei.
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3.2.1. Neutron electric dipole moment searches. The search for a nonzero nEDM is quite
compelling, as the neutron is the simplest and theoretically cleanest neutral, long-lived hadronic
system with which to conduct such a measurement. Current SM estimates of the nEDM are on
the scale of 10732 e-cm, which is attributed to the CP-violating phase in the CKM matrix, Scim-
The most recent experimental limit, 4, < 1.8 x 10726 ¢.cm (90% CL) (54), is still six orders of
magnitude away from the SM prediction, leaving a large phase space for BSM models to exist.
The goal of next-generation nEDM experiments is to increase the sensitivity by a factor of 10 to
100 (34, 40, 94).

Between the current nEDM limit and the SM prediction is a fertile area for BSM physics to in-
duce the CPviolation required to generate the baryon asymmetry in the Universe. Constraints can
be placed on the parameters of minimal supersymmetric models, two-Higgs-doublet models, left—
right symmetric models, and others as the limit on nEDM is reduced (93). To be consistent with
the observed baryon asymmetry of the Universe, some of these BSM models predict a nonzero
nEDM larger than the 1072% e-cm. As a consequence, the next-generation experiments targeting
this sensitivity level will be poised for discovery or will significantly constrain the models. Electron
and nuclear EDM searches are also pushing their limits toward discovery. A discovery in a single
system will not unambiguously determine its origin, and EDM searches in all of these systems
should be viewed as complementary.

3.2.1.1. nEDM@SNS experiment. The nEDM@SNS experiment (40, 68) aims to reach a pre-
cision of 10728 ¢.cm. The technique involves measuring the Larmor precession frequency of neu-
trons, w,, with the magnetic moment (u,) aligned in the plane perpendicular to a static magnetic
field (By) and a static electric field (Eo) applied parallel/antiparallel to By (32). The nEDM, d,,
enters the expression in the following way:
_2(/1“7280 + dnEO)
W, = ——————.
h

The statistical sensitivity of the experiment is driven by three factors: the strength of the applied

12.

electric field (Ey), the number of neutrons precessing (), and the precession measurement time

(1):

1

04, ~ EO-L- \/ﬁ 13.
The N in the denominator refers specifically to spin-polarized neutrons. UCNs will be produced
via superthermal scattering of incoming polarized 8.9-A cold neutrons from photons in superfluid
*He, enabling applications of large electric fields. The measurement will employ an admixture of
3He, which will precess along with the neutrons but at a different frequency, leading to occasional
capture. The energy released from the decay products of this capture will be transferred to the
liquid helium and produce UV scintillation light, where the rate of scintillation will vary with
the applied electric and magnetic fields. This rate can be used to extract the Larmor precession
frequency and the nEDM. Figure 7 depicts the apparatus. The figure shows the design elements
intended to shield against external fields, such as external field cancellation coils and both room-
temperature and superconducting shielding. The nEDM@SNS Collaboration expects to begin
taking neutron data in 2027.

3.2.1.2. n2EDM experiment at the Paul Scherver Institute. 1In 2020, the PSI nEDM experi-
ment completed an improved search using an upgraded version of the RAL-ILL-Sussex apparatus
(53), which reduced the upper limit to d, < 1.8 x 10726 e.cm (54). This effort demonstrated both
that the PSI UCN source was capable of providing a sufficient UCN density to improve the
statistical sensitivity and that the magnetic field nonuniformities could be assessed through the
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Schematic of the nEDM@SNS experimental apparatus (for details, see 68).

addition of an array of 15 external cesium magnetometers at high precision to significantly reduce
the impact on the systematic uncertainty budget.

A room-temperature double-cell experiment currently under development will improve both
the statistical and systematic precision, with a design sensitivity of 10727 ¢-cm (96) (Figure 8). In
the double-cell configuration, the boundary between cells is held at a positive electric potential
while the opposite side of the cell is grounded, creating an electric field that is oriented parallel
to the UCN spin in one cell and antiparallel in the other. This configuration allows simulta-
neous measurements of precession with the spin aligned and antialigned with the electric field,
which can aid in the cancellation of time-dependent systematic effects. Another advantage is that
more UCNS are loaded into the experiment per fill cycle. A six-layer magnetically shielded room
with active compensation will be used to maintain a stable magnetic environment. The n2ZEDM
experiment is expected to reach its precision goal in 500 days of data taking.

3.2.1.3. nEDM experiment at Los Alamos Neutron Science Center. Construction of a room-
temperature nEDM search at the LANSCE UCN source began in 2014 (Figure 9). The first step
was an upgrade of the UCN source to enable statistical sensitivity of 3 x 10727 ¢-cm after S years
(34). This effort will also use a double-precession-cell geometry to perform a Ramsey separated
oscillatory field-style measurement (97) with a mercury comagnetometer and an array of external
magnetometers. A multilayer magnetically shielded room with active compensation was installed
in 2021, and the experiment will begin commissioning and initial testing in 2022.

3.2.1.4. TRIUMF. Having successfully demonstrated the production of UCNS at its source,
the TRIUMF nEDM Collaboration is developing a new liquid helium source and a room-
temperature nEDM experiment. The upgraded source is expected to load the double-cell ge-
ometry with a density of 300 UCNs cm~*, which will enable a 10727 ¢-cm level measurement in
400 operating days (57). A multilayer magnetically shielded room will be installed in 2022, and
construction and commissioning of the nEDM experiment will start the following year.
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UCN guides Vacuum vessel

UCN switch Precession chambers

Polarizing magnet

UCN detectors

Figure 8

Schematic of the n2EDM apparatus at PSI (for design details, see 95). Abbreviations: MSR, magnetically shielded room; UCN,
ultracold neutron. Figure adapted with permission from Reference 95.

Field cage

BO coil

Precession chambers and electrodes
Vacuum chamber

—— UCN switcher

Figure 9

A schematic of the LANSCE nEDM experiment. A double precession chamber system is placed inside a nonmagnetic vacuum
chamber, which in turn is placed inside an MSR with a shielding factor exceeding 10° at 0.01 Hz. A gapped solenoid coil system
provides a uniform 1-p'T magnetic field. Abbreviation: MSR, magnetically shielded room; nEDM, electric dipole moment of the
neutron; UCN, ultracold neutron.
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3.2.2. Time-reversal violation in neutron-nucleus interactions. The search for TRV
through other types of mechanisms has been ongoing for decades, but only in the last few years
have TRV experiments with neutron—nucleus interactions with sufficient precision been realized;
they are now rapidly developing (98, 99). In addition, the sensitivity of neutron—nucleus experi-
ments is complementary to the search for a nonzero nEDM. The basic concept of searching for
TRV in the neutron—nucleus system is to isolate the 7-odd term in the forward-scattering ampli-
tude f(0) of polarized neutrons on polarized targets:

f(0)=A+Bo, Iy+Co, -k, + DIy -k, + Ec, - (k, x Iy). 14.

The term E o, - (k, x Iy) involves the cross product of the neutron spin o,, neutron momen-
tum k,, and the target spin Iy and is both parity- and time-odd. An observable produced in a
time-odd transformation can be constructed by reversing the direction of the neutron momen-
tum and both spins. Effectively, one can reverse the direction of the neutron beam and spins to
extract time-odd information (Figure 10).

The Neutron Optics Parity and Time Reversal (NOPTREX) Collaboration will conduct a
sensitive search for TRV in polarized neutron transmission through polarized nuclei, exploiting
properties of low-energy neutron-nucleus resonances that amplify TRV. Certain nuclei exhibit
amplification of up to 10%, providing high sensitivity to BSM physics and TRV.

In contrast to physics done with cold neutrons, epithermal neutrons are needed for neutron—
nucleus resonances because of the energy regime of the resonances. Spallation sources with
epithermal neutrons have recently been able to provide enough flux to carry out such studies,
particularly at JSNS. With a combination of more epithermal flux, a proposed new measurement
technique (98), and new theoretical developments (99), searches for both parity violation and
TRV in heavy nuclei have resumed at LANSCE and JSNS. Future research will continue at
LANSCE (at beamline FP12), JSNS (at beamlines BL.04 and BL10), and possibly CSNS.

The TRIPLE Collaboration (100) was the first to prove that p-wave resonances of com-
pound neutron-nucleus resonance reactions could be large enough to measure. The collaboration

Before rotation

Neutron spin Polarized nuclear
3He polarizer flipper target
k,
(D= B
Unpolarized ﬁ
beam

—

After rotation . L
Polarized nuclear  Neutron spin

flipper 3He polarizer

From the perspective of k
the neutron, it is traveling n y
through the system f
in reverse. Unpolarized
beam
Figure 10

Conceptual diagram of spin reversal via rotation of the NOPTREX experimental apparatus. The apparatus
is rotated 180° so that observables in the forward-scattering amplitude undergo a time-reversal inversion.
Figure adapted from an image provided by Danielle Schaper.
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measured approximately 80 different resonances in an experimental survey of heavy nuclei in a
range that theoretically predicted large resonances at the time. Since then, improvements have re-
vealed additional possible amplified resonances in a different regime, motivating the NOPTREX
Collaboration to propose a search for parity violation in unmeasured heavy nuclei that could be
new candidate nuclei for TRV.

3.3. The Hadronic Weak Interaction

The weak interaction can be generally categorized into three sectors: the leptonic interaction, the
semileptonic interaction, and the HWI. The underlying mechanisms of the leptonic and semilep-
tonic interactions are understood but are still under vigorous experimental investigation, such as
neutron B decay (as discussed in Section 3.1). The third sector, the HWI, is not as well under-
stood because weak interactions between hadrons occur at a scale where internal structure and the
strong interaction between quarks compete with the weak interaction. The strong interaction at
low energies involves the poorly understood nonperturbative QCD, complicating the HWT (101).
The range of the quark—quark weak interaction is ~100 times smaller than the strong interaction,
so the HWI must contain nonperturbative QCD physics (102). The HWI can be thought of as an
inside-out probe of QCD (103). Quark—quark interactions must abide by both weak and strong in-
teractions, so any deviation from SM predictions must be connected to strong QCD (103). Thus,
the HWTI has the potential to shed light on quark—quark correlations in the nonperturbative limit
of QCD while accessing the underlying weak interaction at the nucleon level, as predicted by the
SM (101).

The typical strong interaction matrix element is a factor of 10° larger than its weak counterpart.
Experiments can isolate the HWI in interactions between nucleons by utilizing parity—the strong
interaction conserves parity, and the weak interaction violates it. Experiments using low-energy
neutrons can exploit parity-violating terms in the forward-scattering amplitude in various systems
to extract coupling constants in an HWI theoretical framework.

The theoretical benchmark of the HWI is a meson exchange model derived by Desplan-
ques, Donoghue, and Holstein (the DDH model) (104). This model describes the low-energy
nucleon—nucleon interaction through pseudoscalar and vector mesons, which couple a weak ver-
tex to a strong vertex. The meson exchange forms a potential that can be described by seven
parity-violating couplings, b}, /%12 and h%!, through the meson exchange (subscript) and isospin
change (superscript) (104). The DDH model offers predictions for the couplings in the form
of reasonable ranges, which can be translated into central values with ~100% uncertainties. Al-
though this framework basically estimates only the order of magnitude of the coupling constants,
it has been an important means of analyzing experimental results (105). Subsequently, various
model-independent effective field theories (EFTs) were developed (106-109). EFTs describe the
HWI atlow energy with five S—P wave transitions between two nucleons, forming five low-energy
constants (LECs) even when using different phenomenology. Because the EFTs are model inde-
pendent, the HWI can ultimately be described by these five LECs. Results using the 1/N, QCD
power counting method on these HWI theories give a better sense of the scale of the couplings to
~30% when expanding the Hamiltonian up to O(1/N;) (110, 111). Additionally, a leading-order
analysis of the hierarchy of the couplings has been performed to help guide the next generation
of low-energy experiments (112).

Low-energy, few-body experiments with neutrons can measure linear combinations of the
LECs with high precision. The experiments can be roughly divided into two classes: (#) mea-
surements of asymmetries in neutron capture on light nuclei and (b)) measurements of neutron
spin precession in light nuclei. A measurement of the circular polarization P, of ys emitted in
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n + p — d + y was performed in 1984 (113) at the 1077 level, which does not contribute to
the precision determination of the couplings of the current era. More recently, two neutron cap-
ture experiments, NPDGamma (38) and n—*He (10), were carried out at the FnPB at the SNS.
NPDGamma measured the spin angular asymmetry 4, of ys in n+ p — d + y, which, for the
most part, isolates the Al = 1 channel, the 5! coupling in the DDH model, and the *S; — *P,
transition in EFTs. The NPDGamma Collaboration (9) measured A4, = —3.0 &+ 1.4 x 1078, a re-
sult that is statistics limited. The »—*He Collaboration (10) measured the longitudinal asymmetry
Ay in the *He(n, p)*H reaction, which is related to the AT =0, 1, and 2 channels; the 4., %%, and
5% DDH couplings; and all the S—P transitions in the EFT LECs. The result was Apy = (1.58 &
097 £ 0.24y) x 1078, yielding the smallest uncertainty in any parity-violation experiment.
Along with the NPDGamma result, the #»—*He Collaboration (10) published a linear combination
of the p and w couplings. It is clear that additional few-body measurements are required to clear
up the HWI landscape. Additionally, once the couplings have been determined, one can test the
analysis of heavy nuclei resonances, as discussed in Section 3.2.2.

A possible experiment to help fully describe the HWI is the spin angular asymmetry 4, of ys
inn+d — t +y (NDTGamma), which is sensitive to the Al = 0 and 1 channels, a combination
that will complement the NPDGamma and »—*He experiments. The asymmetry is expected to be
somewhat larger as a result of the suppressed strong interaction in 2D capture. This process suf-
fers from a very low signal-to-noise ratio and requires a stricter discrimination from background
to boost sensitivity. Unlike the NPDGamma and #n—*He experiments, which were performed in
current mode, NDTGamma must be a counting-mode experiment. Its digital pulse processing
and data acquisition needs could be met with new technology, and NDTGamma plans to make
feasibility and R&D measurements at LANSCE in the near future and assess possibilities at the
ESS.

Another possible set of HWI experiments with neutrons involves neutron spin rotation (NSR).
NSR (d¢/dz) has been measured in the « system, limited by statistics (114). The NSR Collabora-
tion plans to measure d¢/dz in n + & — n + « in liquid helium at the NIST Center for Neutron
Research to higher precision than previously measured. NSR in the o system is proportional to
the AI = 0 and 1 channels, complementary to both »—*He and NPDGamma. Spin rotation in
p and d presents difficult systematic uncertainties to overcome but could be performed at future
higher-flux spallation sources such as ESS. Because NSR measurements typically require higher
neutron fluxes than spallation sources, previous measurements were performed at reactors.

4. OUTLOOK

For more than 70 years, low-energy neutrons have been an extremely productive tool for the inves-
tigation of fundamental interactions. However, because nearly all of the most interesting studies
have been statistically limited, it is not surprising that progress has been closely coupled to ad-
vances in available fluxes, and we expect this situation to continue. For investigations with cold
neutrons, the ESS (under construction) will provide much higher pulsed beam intensities than
are currently available. While there are no immediate plans for a fundamental physics program at
the ESS, the issue is under active consideration. For UCN:s, the use of dedicated spallation target
moderator systems (such as those in operation at PSI and LANSCE) has been extremely produc-
tive, and it is likely that much higher densities of UCNSs will become available as such sources
are fully optimized. Another opportunity that has yet to be fully exploited is the integration of
the UCN source and experimental volume, as has been proposed for the nEDM@SNS experi-
ment. Realization of these opportunities as well as continuing exploitation of spallation source
cold neutron beams offers the prospect of a least a decade’s worth of exciting results.
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