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ABSTRACT

Ultracold neutrons (UCNs) are neutrons that have been cooled such that their kinetic
energy is on the order of their gravitational potential energy. Experimentally,
ultracold neutrons are valuable because at these energies they are trappable and
provide experimenters with long observation times. In fact, their observation times
are on the order of the free neutron decay lifetime — allowing direct observation
of neutron V-decay. Many contemporary experiments measuring high-precision
processes involving neutrons use UCNs. Two such experiments are UCNA and
nEDM @SNS, both of which form the basis of this work.

UCNA is an experiment that took place at Los Alamos National Laboratory. In this
work, we analyze the 2010-2013 UCNA datasets on neutron V-decay using UCNS.
These datasets were originally designed to measure the asymmetry parameter, ,in
neutron V-decay. However, there was also sensitivity to another physical parameter
in the neutron V-decay rate: the Fierz interference term, 1. The Fierz interference
term in neutron V-decay acts as a probe of beyond Standard Model (SM) physics
interactions, specifically scalar and tensor couplings in the weak interaction. Due
to the vector - axial-vector nature of the weak interaction in the SM, any non-
zero measurements of 1 would be indicative of new, beyond SM couplings. In
this work, we present the extraction of the Fierz interference term as measured by
neutron V-decay for the 2010, 2011-2012, and 2012-2013 UCNA datasets. We
present these measurements using two methods: a direct extraction by measuring
shape distortions in the V-decay electron spectrum, and an energy dependence in
the asymmetry, . These two methods across the three datasets yield six new
measurements of 1 from neutron V-decay data. Our final result is the weighted

average of the three asymmetry-extracted 1 results.

The UCNA datasets were also sensitive to another type of beyond SM interaction:
neutron decaying to dark matter with an accompanying positron-electron pair (first
proposed in [FG18a]). This decay channel was originally proposed in order to
resolve the discrepancy between two measurement methods of the neutron lifetime:
bottle experiments which measure neutron population as a function of time, and
beam experiments which measure the decay protons from conventional neutron V-
decay. Due to the experimental setup of the UCNA apparatus, the UCNA dataset
was sensitive to such a decay channel. Using the 2012-2013 UCNA dataset which
had functioning timing data, we effectively rule out this decay channel as the sole



vi

explanation for the neutron lifetime discrepancy for  84% of the available decay
phase space. Furthermore, we set branching ratio limits on this decay channel as

compared to the conventional weak interaction mediated decay.

The last project in this work is the construction of a large scale magnet for the
nEDM @SNS experiment. The nEDM@SNS experiment is an experiment designed
to measure the neutron electric dipole moment (nEDM) and will take place at the
Spallation Neutron Source (SNS) in Oak Ridge National Laboratory (ORNL). This
experiment will take place in 2027 and make a leading precision measurement on the
nEDM. Part of the experiment is the magnetic system and, within that system, the

o magnet which will provide a DC holding field to UCNs within the experiment’s
measurement volume. The assembly procedure for constructing the ( magnet
is detailed and intermediate quality checks as well as a post-construction room
temperature magnetic field map are presented. The preliminary results indicate
that the completed ( magnet satisfies the specifications and will be useable in the
nEDM@SNS experiment.
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Energy error envelopes that have been symmetrized for 2011-2012,
2012-2013 calibration source data. These are the final error envelopes
used in the asymmetry analysis [Bro+18]. The calibration residual is
defined as "—OCOOCO. ........................
The error envelope generated from the 2011-2012 calibration source
data, applying the new methodology for constructing error envelopes
(see text). 1F and 2F bands are shown. The error envelope is not
symmetrized; this leads to an asymmetric systematic uncertainty but
significantly reduces the overall spread of accepted energy calibration
Variations. . . . . ... e e e e e
Energy calibration variations, similar to figure 4.3, shown for the
2011-2012 asymmetry error envelope. Polynomials up to 3F are
shown. Distributions of the energy variations are shown at five
“slices” — each of the four calibration source energy peaks and
the V-decay energy spectrum end point (included as an additional
reference but not used in final decision making). The distribution
fitted with a Gaussian approximately matches the error envelope T at

the calibration source energy peaks. This ensures that our variation

XVvii

distribution is an accurate statistical representation of the error envelope. 77

The j? distribution of each energy calibration variation (blue) (a)
before and (b) after re-sampling against a theoretical j? distribution
(red). The resulting energy calibration variations can now be ap-
proximated as “statistical” and are used in the systematic studies (see
tEXD). . . . e e
The error envelope generated from the 2012-2013 calibration source

data, same as figure 4.7. . . . .. ... Lo



4.11

4.12

4.13

4.14
4.15

Calibration source energy reconstructions, shown as a function of
calibration period. There are two distinct calibration sets corre-
sponding to the 2011-2012 and 2012-2013 data-taking run. The gap
in the middle is due to a portion of the 2012-2013 calibration being
faulty. The horizontal bars are the errors (and central value) from the
error envelope for each data-taking year. Some data points have 0
error bar which simply means that data point had no calibration data.
We highlight that the calibration source energy peaks approximately
agree at the 137 4 peak and both 2°7 § peaks. There is a non-trivial
disagreement between the !'3 (= peaks year-to-year. This is explored
as a systematic study (see text). . . . . . ... .. ...
Distribution of extracted values of 1- from applying energy calibra-
tion variations to 1 = O simulated asymmetry data. We highlight
the bias and spread as estimators of the error associated with the
energy calibration variations on the asymmetry extraction of Fierz
interference. The peak at 1 = O for the 2010 dataset is likely due to
the symmetric error envelope used allowing a larger phase space of
energy calibration variations that produceal =0. ... .. ... ..
Summary of the percentage corrections applied to the final asymme-
try as a function of energy for the electron backscattering systematic
effect for both years (see [Brol8] for further details). We used the
uncertainties at the end point energies of the fit window to estimate
theeffecton 1 (seetext). . . . . . . . . . . . . . ... ... . ... .
Same as figure 4.13 except correcting for the cos\ systematic effect. .
Distribution of the quenched energy deposited into the West detectors
(minimum energy deposited j 0 :4+) when generating 10° photons
with 400 :4+ initial kinetic energy, pointed directly at the West
detector. This gives an effective trigger probability for photons due to

inner Bremsstrahlung at the midpoint of our neutron V-decay energy
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4.16

4.17

4.18

5.1

5.2

A 2D histogram showing the resulting weighted error using a four-
point weighted average, in the color bar, of 1 where the statistical error
is the error used for the super-ratio extraction and the systematic error
is the used for the super-sum extraction. The high energy cut off was
originally fixed at 740 :4+. In terms of minimizing the weighted
average error on 1, there is a large acceptable region for the low-
energy cut off. The error is varied due to changing the low-energy
cut offs for the 2011-2012 dataset against the 2012-2013 dataset. . .
Different low energy fit window’s ? values. A high energy cut off at
645 :4+ is fixed. A dashed line is included at 10 2 to represent the
1% probability that this fit was a statistical anomaly. We use 10 2
as an approximate cut off before deciding a fit was dominated by
uncertainties that were non-statistical (hence systematic). In general,
we see the same behavior as discussed in section 4.2.2.4 with regards

to the tin stitching: the 2012-2013 uncertainties are systematically

shifted compared to the 2011-2012 uncertainties. . . . . . . .. ..

1 extractions for different octets from GEANT4 simulations (red) and
real data (blue). The simulation is created using initial kinematics
generated from Monte Carlo, run through the GEANT4 simulation,
and processed with our detector response model (unique to each octet)
in order to generate “data-like” datasets from which the 1 value can

be extracted. The data is created by using the same detector response

model as the simulationuses. . . . . . . . . .. ... .. .. ...,

Simple schematic illustrating the concept of neutron lifetime bottle
experiments [Fri22]. At minimum, two different holding times are
used to measure remaining neutron populations and the differences
in number and time can be used to deduce a neutron lifetime.

A schematic diagram of a typical neutron beam lifetime experiment.
The slow neutron beam can be characterized before the decay volume

as well as being counted after the decay volume. Figure taken from

[Wield]. . . . . .
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53

54

5.5

5.6

5.7

Historical trend of neutron lifetime experimental measurements. Or-
ange points are beam experiments and blue points are bottle experi-
ments. The shaded regions are weighted averages 1 standard devi-
ation of uncertainty for beam vs bottle methods. Figure is taken and
modified from [Cas21]. Details of each experiment are in [Wiel8]
and [Gon+21]. . . . . .
A diagram showing the travel paths of a proposed dark matter de-
cay producing a 4-4 pair, compared to a Type 1 backscatter event
[Swal8]. Both would register the same electronic signature, but there
exists a lower limit on the Type 1 backscatter travel time, which is set
by the maximum velocity and the crossing distance between detectors
(4 4 <). The 4-4 pair has no such limitations. This timing signature
is critical in the event separation that allows our analysis to proceed
(SseeteXt). . . . . . e e e
Timing spectra taken from East (red) and West (blue) TDCs in
raw channel count, operated in a “common stop” mode, for Type
1 backscatter events. Self-timing peaks are seen centered around
channel 3150 (red) and 3250 (blue). Significantly more electronic
jitter is seen in the West TDC. A flat 150 channel offset has been
applied in order to align the Type 1 backscatter peak at channel 2600.
A conversion of 44 ?B 2 was applied. Figure first published in
[Sun+19]. . . . . . .
A simple diagram of wire connections between the TDCs and the
UCNA detector [Fill8]. This was used as a guide to estimate the
time delays due to potentially mismatched cable lengths (see text). .
Shows the background-subtracted, relative time differences between
events that first trigger the East detector (blue) and events that first
trigger the West detector (black). An overlaid GEANT4 simulation
(red) with a 2 =B timing resolution shows the expected timing spec-
trum for conventional V-decay Type 1 backscatter events. Dotted
lines illustrate the chosen time window used in this analysis to iden-
tify candidate dark matter decays. Bin width of 50 ps. The channels
are converted to time using the setting from the electronics. This
figure was first published in [Sun+18; Sun+19]. . . . . . . . ... ..
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5.8

59

5.10

5.11

5.12

A simulated timing spectrum of a Type 1 decay event (red) vs a 4-4

dark matter decay event (black), assuming a 1% branching ratio for
the dark matter decay. The timing spectrum is generated by sampling
a simple three-body phase space for the J 4- 4 and assuming the
maximum available summed kinetic energy, 644 keV, for the 4-4

pair. The dotted line represents the chosen timing window for this
analysis. Bin width of 50 ps. Figure first published in [Sun+19]. . .
Simulated timing spectra for Type 1 backscatter events taken from
GEANT4 simulation with different timing resolutions applied in post-
processing (0 =B in purple, 2 =B in green). Background-subtracted
data for East (red) and West (blue) TDCs also shown. From inspec-
tion, 2 =B makes the Type 1 backscatter timing peak match. Studies

were performed with 1 =B time steps but not shown in order to sim-

plify the overall presentation. . . . . . . .. .. ... ... .....

A simple diagram of the kinematic efficiency. The J particle is the
dark matter particle and lost in the UCNA detector. The positron-
electron pair must travel in opposite directions (a) to be detected or
else their signal is washed out by the conventional Type 0 decays (b).

In this diagram, the East and West detectors would be on the left and

rightrespectively. . . . . . . . . . ..

Monte Carlo simulation of arrival times in the detectors for a three-
body decay where <j is a minimum and hence there is maximum
available kinetic energy to the 4-4 of 644 :4+. Timing spectra are
overlaid for events generated in the center of the UCNA decay trap
(green) and uniformly populated throughout the decay trap (black).
The large bin at 100 =B represents an “over-fill” bin — a bin where

all the events beyond are contained as well. In reality, there would be

an arbitrarily long tail to the spectrum that extends § 100 =B. . . . . .

Energy spectrum of (a) background and (b) foreground runs, for three
separate time-windows. We note that there is factor 5 difference
between live times for the foreground and background runs, hence
the differences in total count numbers. Clear structure of a neutron
V-decay backscattering peak at 300 keV is visible for time-windows
i 12 ns in the foreground runs. Dashed lines at 0 keV, 800 keV

indicate the energy region of interest used for the present analysis.

Figure first published in [Sun+18]. . . . . . . . ... ... ... ...
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5.13

5.14

5.15

5.16

5.17

Number of background-subtracted events accepted within our chosen
timing window as a function of the high time cut off. Three different
low time cut offs are used: 2 =B (black), 0 =B (red), 2 =B (green). We
note that the 2 =B is unphysical unless there was s%)stematic elec-
tronic jitter in the TDCs. Verical error bars are set by = # of the total
number of counts and horizontal error bars are set to 1 =B arbitrarily.
The final chosen timing window for the West TDC was »2 =B 12 =B.,
in order to cut out the additional dead-time from wire length differ-
ences (see text). For the East TDC, we used »0 12 =B... Efficiencies
were adjusted for these East/West time window discrepancies.
Background-subtracted 4-4 pair kinetic energy spectra for events
in the chosen analysis time-window. For comparison, simulated
positive dark matter decay signals at summed 4-4 Kkinetic energies
of 322 : 4+, 644 4+ are overlaid, assuming 1% branching ratio. Bin
widths of 25 :4+. Figure first published in [Sun+18; Sun+19]. . . .
A diagram of the impact of the detector response model on sim-
ulated Monte Carlo spectra. The initial spectra is also presented
for comparison. These simulated events have been processed with
the 2012-2013 UCNA dataset calibration. The low energy effects
(' 200 :4+) are primarily due to the trigger function. . . . ... ..
A comparison of the energy deposition spectra for electrons vs
positrons in the UCNA GEANT4 simulation. Simulated by point-
ing 10° positron events with initial kinetic energy 322 :4+ from the
center of the decay trap towards the East detector. The number of
positrons detected in the 322 : 4+ bin is 85% that of the electrons. All
other events events are assumed to be “lost” from the efficiency cal-
culation perspective. These positrons are converted into annihilation
Ws that deposit energy in our detector over a range from 0 1 ""4+
which is broad when compared to the peak width. . . . . . ... ..
Total 4-4 pair acceptance as a function of summed kinetic energy.
We multiply three different efficiencies in this final acceptance: the
kinematic efficiency, the timing window efficiency, and the trigger
efficiency. Furthermore, we correct for the positron-electron dif-
ferences in detector response via GEANT4 simulation calculated

efficiencies. Figure first published in [Sun+18; Sun+19]. . . . . . ..
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5.18

6.1

6.2

6.3

6.4

Confidence limits on the branching ratio of the neutron dark decay
channel, as a function of the kinetic energy of the produced 4-4 pair.
This is directly related to the proposed J mass by <j = <= 2<y
4.4 , which has a range of 937 900 MeV ~ <; 938 543 MeV
in [FG18a]. A branching ratio of 10 2, which would be required to
explain the neutron lifetime anomaly if = ¥ j , 4-4 were the only
allowed dark matter final state, is shown by the dashed line. Data
taken from figure 5.14 is used to generate final confidence limits. We
checked for bin aliasing and look-elsewhere effect (see text). Figure
first published in [Sun+18; Sun+19]. . . . . . . ... ... .. ...
Engineer’s diagram showing the ( magnet structure, constructed
from G10 material [Ale21]. The wire windings are also shown. Sev-
eral components in the structure are highlighted: the wire tensioners
(purple), boss rings (yellow), inner hoops (red), story sticks (blue),

and stiffening gussets (green). All components are described in the

Photograph of author with the UVT in the synchrotron lab area at
Caltech. Photo taken after UVT was delivered and surfaces were
cleaned. Both sets of gauge plates were cleaned and laid out on the
table for initial quality checks. . . . . . . . .. ... ... ...
Photograph of completed dry fit assembly of an inner hoop. In this
picture, the dry fit was completed and then disassembled to prepare
for the gluing operation. The top layer segments are laid in position
and then flipped over so that the glue side is upright. At this point
in time, Saran wrap had not been prepared on the UVT — we added
that into the procedure soon afterwards. . . . . . . ... ... ...
Photograph of completed inner hoop gluing and curing. Vacuum
was removed and plastic sheet removed. In this picture, we can see
the wooden feather blocks, Saran wrap around the hoop, and tell-tale
discolorations that indicate where glue has been spread on the outer

surfaces of thehoop. . . . . . . . .. ... oo
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6.5

6.6

6.7

6.8

6.9

6.10

A schematic of the different elements within the magnet package.
The center axis of the cryostat is given on the left-hand side and the
different elements are placed according to their radial position in the
experiment apparatus. The work in this section describes the Pb End
Capandthe ( Coil. Insection 6.2.4.1 we briefly discuss the Metglas
Flux Return and Pb Side Shield. . . . . . ... ... ... ... ..
Photographs showing (a) completed LEC glued to a sheet of lead
and (b) the same LEC zoomed in on several features cut out. The
lead with give additional magnetic shielding once the magnet is in a
cryogenic environment (the lead goes superconducting). The cutting
is done with piano wire and filing tools. . . . . . . .. .. ... ..
Photograph of first gluing operation. (a) Gluers applied glue directly
to the surface of the SLEC and spread by hand. Some components
were moved off the UVT on to separate work stations to have more
working space. At this stage, there was little order to the operation and
the total working time was 2-3 hours. (b) After gluing and assembly
was completed, vacuum was applied and the whole assembly cured
on the UVT. The SLEC had significantly looser tolerances so a set
of small G10 gauge plates were used instead of the typical robust
Aluminum gauge plates. Towels were laid over the sharper edges in
order to protect the plastic sheet. A seam in the plastic was bunched up
and channeled down to the green-taped lead brick — this techniques
yields a better vacuum and less overall leakage. . . . . . . ... ..
Photograph of first completed boss ring, removed from rest in the
gauge plates, prior to position measurements with the ROMER arm.
We highlight the challenge with this gluing operation by noting the
large number of feature cut outs compared to previous magnet com-
ponents (figures 6.6aand 6.4). . . . . .. ... ...
Photograph of inventory of gussets and story sticks after procurement,
stored in the synchrotron lab at Caltech. . . . . . .. ... ... ..
Photograph of a test set-up for the wire tensioners. Two tensioners
are attached to a test segment of the boss ring (foreground) with a
similar set-up in the background at the end of the two poles. Copper

wire of 24-gauge is wound to mimic the final magnet winding. In the

completed magnet, 72 of these wire tensioners are on each boss ring.
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6.11

6.12

6.13

6.14

6.15

6.16

6.17

Photograph of completed ( magnet structure with partial winding.
The winding pattern is such that we wound half the coil at a time. In
this picture, we can identify the elements of figure 6.1. Wire tension-
ers are “loaded” using toothpicks, pictured in each wire tensioner.

In the final magnet deployment, toothpicks will be removed to give

spring tension to the wire winding. . . . . ... ... ... ...

Simplistic floor plan diagram of gluing operation. The layout and
worker placement was designed in order to comply with Covid-19
safety protocols (see text). Upon receiving approval, we were able to
continue gluing (¢ magnet components throughout the lockdown. .
Photograph of the ROMER arm mounted to the UVT. Power and

connection wires extend from the ROMER to the Dell workstation

used to operate the ROMER arm. . . . . . ... ... ... .....

Measurements of the height of the ROMER arm against two orthog-
onal axes X (a) and Y (b). The coordinate axes are defined relative to
the position of the ROMER arm base which is mounted to the UVT.

The height includes a fixed offset for the height of the base. . . . . .

Distribution of ROMER arm captured points along the interior radius
of the Aluminum gauge plates, taken when mounted on the UVT. An
offset in X-Y has been applied to center the data taken from the
ROMER arm by using the calibration holes on the UVT (see text).

Falls within our positional tolerances of 0 010 inches. . . ... ..

Photograph of author on the UVT ready to take wire slot measure-
ments with the ROMER arm. On the right is a zoom in photograph

of the custom-made wire slot measurement tool, designed to reliably

position the ROMER arm to capture the wire slot. . . . . . ... ..

An example of the typically distribution of wire slot position mea-
surements for a completed hoop. Dashed red lines are at 0 030

indicate our tolerances of 0 5 2< at cryogenic temperatures. This
distribution is typical of our better hoops. For the first hoop glued, we
were around 0 030 and we steadily improved the RMS with each
subsequent gluing. Cold cycling with liquid nitrogen also improved

the RMS of the wire slot distributions. . . . . . . . . . . .. ... ..
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6.18

6.19

6.20

6.21

6.22

Photograph comparison of boss rings before and after cold cycling.
In each of these pictures, the top segment is the bottom boss ring and
the bottom segment is the top boss ring. They have been flipped from
their standard order so we could test the narrow edges of the wire slots
together. In the upper figure, the bottom boss ring had not been cold
cycled. In the lower figure, the bottom boss ring had been cold cycled
once. There is clear visual evidence of relaxation and improved wire
slot positioning after cold cycling. This is corroborated with gauge
pin measurements, described in more detail in the text. . . . . . . .
Photograph of completed mapper arm set-up, installed in the central
volume of the o magnet. The original mapper arm structure (table,
vertical shape, mapper arm) is lengthened by placing a 6 ft. tall
80-20 structure underneath. The entire structure is bolted to the floor
to ensure stability and alignment of the mapper arm to the ( magnet
is done via laser level. This view is along the X direction of the
magnet and one of the cardinal directions in the magnet coordinate
AXES. v v e e e e e e e e e e e e e
Diagram of LabVIEW program used to automate mapping procedure.
Individual modules correspond to instruments used by the Caltech re-
search group. Adapted from DAQ program used by graduate student
Umit Coskun working on the cryo-probe array. . . . . .. .. ...
Magnetic field mapping data. The mapper arm was translated to
several different heights relative to the center of the magnet. The
values are background subtracted. Discontinuities or jumps in the
field values likely correspond to disturbances in the field (for example,
a car driving by outside the lab). The magnetic field ¢ direction is
along the X axis in the chosen coordinate system. The ( values
when translated along the z axis (b) have a 1 5 2< offset applied due
to the position of the axes probes in the probe arm. . . . . . . . ..
Same data as figure 6.21 except overlaid with prediction from Comsol
model of the ( magnet. A flat2 5 < offsetis applied which aligns
the field strengths at the center of the magnet. The same offset in the

z translation as described in figure 6.21 is applied. . . .. .. . ..
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Chapter 1

INTRODUCTION

In this dissertation, we focus on three key measurements of physical parameters of
the neutron, specifically using Ultracold Neutrons (UCNs). These measurements
compose Chapters 4, 5, and 6. In order to place these results in context, specifically
the work in Chapters 4 and 5, we start by presenting an overview of the UCNA
experiment in Chapter 2. In Chapter 3, we discuss the implementation of the same
UCNA apparatus in a GEANT4 simulation for systematic studies in the later analysis
in this dissertation.

In Chapter 4, we discuss the extraction of the Fierz interference term from the
UCNA datasets. In Chapter 5, we present the analysis and associated limits on a
hypothesized neutron to dark matter decay channel with an accompanying electron-
positron pair. In Chapter 6, we switch experimental contexts and present an overview
of the nNEDM @SNS experiment and discuss the construction and assembly of one

key apparatus component: the ( magnet.

In Chapter 7, we conclude with the highlights of the work discussed in this disserta-
tion and provide an outlook to the near future for experiments such as UCNA+ and
nEDM @SNS.

In this Introduction, we present an overview of the physical processes that are
investigated in the rest of this dissertation. In particular, we pay special attention
to physical processes involving UCNs in order to provide context for the results
extracted in later chapters in this work. The organization is as follows: we describe
the neutron and then a subclass of neutrons called Ultracold Neutrons (UCNSs) which
have convenient experimental properties. We then discuss the weak interaction and
neutron V-decay, the decay probed by the correlation coefficients and 1. We also
present an overview of the neutron lifetime, g, as a result of this V-decay. Finally,
we close with a discussion of the neutron electric dipole moment (nEDM) in order
to provide an introduction for the nEDM @SNS experiment.

1.1 The Neutron

The neutron is a simple composite particle made of three quarks. It is charge neutral

(zero charge) and composed of two down (3) quarks and one up (D) quark. The



2

3 quarks carry %4 charge, where 4 is the fundamental electron charge. The D
quark carries , 24 charge. Their masses are <p 3 ""4+ 2%2and <3z 7 ""4+ 22
[GriO8]. The quarks are bound together by the strong force in order to comprise the
neutron. The neutron has a mass of 939 5653 ""4+ 22 a magnetic moment, and
spin—% [Ber07].

We highlight the contrast between the neutron and the proton, both of which are
called “nucleons”. The proton is comprised of two D quarks and one 3 quark. Its
mass is 938 2719 ""4+ 22 [Ber07] and it is also spin—%. It has a charge of ,4. The
proton has a lower mass than the neutron. In fact, the proton is the lightest baryon
which implies that the free proton is a stable particle (assuming Baryon number
conservation). In contrast, the free neutron, with its higher mass, can decay into a

proton. This is discussed further in section 1.3.

1.2 Ultracold Neutrons

Ultracold neutrons (UCNs) are essentially neutrons that have kinetic energy /
350 =4+. UCNs exhibit useful physical properties from an experimental perspec-
tive. Both the experiments in this dissertation and a growing field of fundamental

measurement experiments are using UCNs due to these advantageous properties.

1.2.1 Definition

Ultracold Neutrons (UCNs) were originally hypothesized in the 1950-1960s by
Zel’dovitch [Zel59] as neutrons that have been cooled to extremely low temperatures.
At these velocities, their own gravitational potential energy is on the order of their

kinetic energy and hence gravitational effects on the UCNs become relevant.

UCNs can be functionally defined as neutrons that have the following equivalent

kinematic properties:

* Their individual velocities are 8 < B.
* Their kinetic energies are 300 =4+.

* Their speeds correspond to < (if the gas of UCNs was in thermal equilibrium

with a bath held at < temperatures).

* Their de Broglie wavelengths are j 10B of =<.

Furthermore, UCNs have gravitational potential energy 102 =4+ <. Figure 1.1

shows different regimes of neutrons based on their kinetic energies.
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Figure 1.1: Different temperature regimes (expressed in 4+ ) for neutrons. A thermal
distribution is included for an ensemble of neutrons produced at room temperature
and 30 . Figure taken from [Liu09].

1.2.2 Properties

UCNs, at their typical kinetic energies, exhibit several convenient properties for
experimentalists. We focus on two: the ability of UCNs to fully reflect off the sur-
faces of certain materials, and the ability to contain UCNs due to their gravitational

potential.

Due to the long wavelengths of UCNs, when they impinge upon a surface made of
several atoms in a regular lattice structure, they see an effective solid surface. This is
because the long wavelength of the UCNSs cannot resolve the interatomic spacing of
the material. At a simplistic level, the potential due to this regularly spaced atomic

surface can be modeled by

2¢c\?
+= 2%V 4 (1.1)
<

where < is the neutron mass, # is the number density of the material, and O is

defined as the scattering lengthl. This potential is derived from taking a “forest”

'We note that this derivation implicitly assumes the material to have a positive scattering length
(0 § 0) and hence serve as a material wall. There are instances of a negative scattering length which
imply that the neutron would accelerate forward upon impinging on the material surface. These
materials are not generally considered to be suitable for trapping UCNSs.
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of delta-function potentials located at each atomic center and assuming a uniform
number density (the full treatment is found in [GRLI1]). For different materials,
this effective potential is called the “Fermi potential” and this quantity allows for

direct comparisons of materials based on UCN reflectivity.

We can model UCNSs as a quantum particle interacting with a surface that is repre-
sented by a potential +. This reduces down to the standard, well-known problem of

solving for the reflection, ”, and transmission, ), coefficients of a particle impinging
upon a square potential of height +. One can follow the traditional calculation for a
one-dimensional square potential and derive ”,), and a penetration length, _ (again,
the full treatment is found in [GRL91]). This is the distance within the material
where the transmission coefficient of a wave falls to % of the original transmission
probability, since within the classically forbidden potential the penetrating wave de-
cays as an exponential. Aside from loss mechanisms which can typically be safely
guarded against, good neutron reflectors act as perfectly reflective walls for UCNs
(they provide a high Fermi potential for many penetration lengths into the material)
and enable them to be trapped and bottled. This allows for effective, efficient UCN
storage — one of the major experimental upsides of using UCNSs to study neutron
physics effects. The Fermi potentials of several common materials is given in table
1.1.

Material + [=4+]
Nickel (>®Ni) 335
Iron (Fe) 210
Beryllium (Be) 252
Copper (Cu) 168

Stainless Steel 190

Table 1.1: Fermi potentials of common materials used in UCNA and nEDM @SNS
experiments. Values taken from [GRL91] and [Chu+19] and references therein.

The second convenient property of UCNs is their low kinetic energies and the
subsequent influence of their gravitational potential energy. As mentioned before,
UCNs can be treated as a ballistic particle with simple kinematics. They are under

the influence of their gravitational potential which can classically be given by
+6 = <6 (1.2)

where < is the neutron mass, 6 is the gravitational constant, and is the height

given some reference height. For UCNS, their gravitational potential is 102 =4+ <.
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Hence, a UCN which has kinetic energy 300 =4+ can rise 2 94 < in height

before converting all of its kinetic energy into potential energy and turning over.

This is an advantage because it means that for UCNs stored in a bottle of height

> #
102 =4E <

UCN densities, the UCN-UCN collisions negligibly affect the trapping time. Thus

can typically be trapped from above by gravity. We note that at typical

one can construct a trap on all sides with fully UCN reflective material but leave
the top open as long as the container is high enough. This allows access into the
UCN volume for control, diagnostics, and measurements. One example of such an
experiment is UCNg, further described in [Fri22] and discussed briefly in Chapter
5.

1.2.3 Production

Since the free neutron is not a stable particle, all free neutrons which eventually
become UCNs must be extracted from nuclei which contains bound neutrons. This
extraction process and the subsequent cooling stages to reach UCN temperatures
is referred to as UCN production. We note that there are several different neutron
sources and moderation techniques available to produce UCNSs. Here, we describe

only the general concept of moderation into the UCN regime that is relevant for
UCNA and nEDM@SNS.

For these experiments, neutrons are produced by spallation which is the process of
colliding a beam of light nuclei on a heavy nuclei target. The absorption of the light
nuclei leads to a heavier, excited state nucleus. The resulting decay of the excited
nucleus produces fast neutrons which can be thermalized to room temperatures by
a highly reflective chamber (for example, Los Alamos National Laboratory, LANL
for short, uses Beryllium and Graphite walls) that contains the neutrons and brings
them into thermal equilibrium at room temperature. From there, they travel towards
a series of layers of cold (20 100 ) polyethylene beads (or other moderator)
where elastic collisions within the beads further reduce the thermal kinetic energies

of the neutrons into the cold regime.

We now briefly discuss the techniques used to produce UCNs from cold neutrons
in the UCNA and nEDM@SNS experiments. These are not the only moderation
techniques available and [GRL91] provides a survey of several different experiments

using different UCN moderation procedures.

At LANL, these cold neutrons then interact with a solid deuterium (( ) source.

These cold neutrons can interact with the lattice structure of the ( ; and excite
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a phonon which is carried away into the bulk material. This phonon excitation
decreases the energy of the cold neutron, lowering it into the UCN regime. We note
that when the UCNSs leave the source, they gain a 109 =4+ kinetic energy boost
from the Fermi potential of the (' ;. Section 2.2.1 discusses the details of UCN
production at LANL.

At nEDM @SNS, there is a similar method for UCN production planned except the
cold-to-UCN moderator is superfluid * 4 and these UCNS are produced in-situ (in
the measurement volume region). This is called superthermal production - when
UCNs are produced out of thermal equilibrium with the production material and is
the same conceptually as the method at LANL. It has been shown that liquid * 4
can perform this moderation [GP77]. Within superfluid * 4 - that is, liquid * 4
that has been cooled to / 2 temperatures and reached a Bose-Einstein condensate
state - cold neutrons can be further cooled by transferring their energy into the 4
by generating phonons. By generating a single-phonon excitation in liquid * 4, a
cold neutron can lose nearly all its remaining kinetic energy and reach the ultracold
regime. This process of phonon excitation works for neutrons with kinetic energy
corresponding to 12 or, equivalently, a wavelength of 8 9 A. This is typically
called “down-scattering”. The inverse process, called “up-scattering”, can be shown

via the principle of detailed balance (again, [GRL91]) to be
Ap? = Agsp=4 7 (1.3)

where Ap» is the rate of up-scattering by an amount of energy , Assg= is the rate
of down-scattering by the same energy, and ) is the temperature of the moderator.
For low temperatures such as superfluid liquid * 4 in the nNEDM@SNS experiment,
the up-scattering rate is greatly suppressed by the multiplicative Boltzmann factor.
Thus, this procedure produces a significant excess of cold neutrons downscattering
compared to UCNs upscattering. Current theoretical estimates and experimentally
measured sources verify this technique in order to produce leading UCN concentra-

tions in a measurement volume.

1.3 Neutron Beta Decay
The free neutron, which is a neutron that is not bound within a nuclei, is capable of

decaying via the following interaction:
=0 2,4 & (1.4)

where = is the neutron, ? a proton, 4 an electron, and d; an anti-neutrino of the

electron type. The rest energy difference, namely ,<= <, <;"22 =782 :4+,



udd
n

Figure 1.2: A Feynmann diagram of the neutron beta decay, mediated by the weak
interaction, showing a conversion of a 3 quark to a D quark and associated output
particles that form the decay interaction in equation 1.4.

is transferred as kinetic energy to the three-body decay of the final state particles in

order to conserve energy.

This decay can be shown as a Feymann diagram in figure 1.2. In this diagram, one
internal 3 quark from the neutron is transformed into an D quark via emission of a
» boson which subsequently decays into an electron and electron anti-neutrino.
The D quark together with the unchanged 3 and D quark form a proton. The presence

of a mediating , 1is characteristic of the weak interaction.

1.3.1 The Weak Interaction in the Neutron

The weak interaction is one of four fundamental forces, along with the gravitational
force, the electromagnetic force, and the strong force. The electromagnetic force is
mediated by exchange of a photon and the strong force is mediated by exchange of

gluons at the quark distance-scale and pions at the nucleus distance-scale.

The (charged) weak interaction, namely one that exchanges an intermediary charged
boson , , is responsible for transforming a quark into another type of quark.
The weak interaction affects all quarks and leptons. The mediators of the weak

interaction (, and /) are massive and with masses given by [Gri08]

. =8040 003 4+ 22 (1.5)
**,=91188 0002 4+ 22 (1.6)

The weak interaction Hamiltonian is given by the form

= L KW-,1 W7ko" k-W,1 W7k," 1.7)
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where is the Fermi coupling constant of the weak interaction. We note that the
weak interaction is a vector - axial-vector (V-A) form. This leads to a vertex factor?

for neutron V-decay given qualitatively by
—W,1 W (1.8)
2

p— . . . bR
where 6 = ~ 4cUg is called the “weak coupling constant” and has the same
role as the standard coupling constants in quantum electrodynamics or quantum

chromodynamics.

In the decay described by figure 1.2, the vertex factor in equation 1.8 would hold
for the “bare” interaction, for example at the electron - anti-neutrino vertex. This is
because particles at this vertex are fundamental particles in a vacuum. At the D, 3
vertex, we must make an additional modification to the interaction Hamiltionian and
associated interaction vertex. This is due to the quark interactions (QCD) within
the neutron happening in the presence of two “spectator” quarks — that is, the
remaining D, 3 quarks that do not participate in the decay but modify the couplings.

The Hamiltonian and interaction vertex then become

= tpskeWe,1 Wko" kW1 Wky” (1.9)
86 )
Epzfmw 1w (1.10)

where now we introduce +p3 which is the first element of the Cabibbo-Kobayashi-
Maskawa (CKM) mixing matrix. The CKM matrix describes the coupling of
different generations of quarks to each other when they undergo the flavor-changing
weak decay (in neutron decay, we are coupling a 3 quark to a D quark and hence we
take +p3). Furthermore, we introduce a _ term which is defined as
6

T e (1.11)

and represents the relative coupling strengths of the vector and the axial-vector

interactions in the neutron decay.

The V-A nature of the weak interaction arises from the W ,1  W>” form in equations
1.7 and 1.8. By definition, the different interactions have different behaviors under
parity transformations and are summarized in table 1.2. Namely, in the weak

interaction, both the vector W™ and axial-vector W W> interaction terms are present.

The factor associated with each vertex in a standard Feynmann diagram representation of a
decay or interaction. See [Gri08] or standard text for additional details.



Covariant Classification

kk scalar
KWk pseudoscalar

KWk vector
KW*W3k  axial vector

kF 2k tensor

Table 1.2: Classification of bilinear covariants.

Following the definition of the weak interaction vertex in equation 1.8 (or, equiva-
lently, the Hamiltonian interaction form in equation 1.7), we can define two types of
V-decay transitions when we note that the true weak interaction leads to a mixture
of vector and axial-vector transitions. The Fermi transition is defined as a decay
that proceeds purely through vector (or scalar) couplings and produces =0,
where is the orbital angular momentum, and no parity change. The Gamow-Teller
transition is defined as a decay that proceeds purely through axial-vector (or tensor)
couplings and produces = 0 1 with no parity change. These two classes of
transitions are important because their relative strengths represent the admixture of
different decay channels available to a weak nuclei decay. In particular, the neutron
decays via an admixture of the Fermi and Gamow-Teller transitions and the limits

in Chapter 4 contribute to overall measurements of the strength of these couplings.

1.3.2 Neutron Beta Decay and Correlation Coe [ciehts

Taking the fully generalized Hamiltonian of the weak interaction [LY56], we can
express the fully generalized differential decay rate of the (polarized) neutron as
a function of the emitted electron’s energy, momentum and spin, the neutrino’s
momentum, and the spin of the decay proton (see [JTW57a; JTW57b] for a complete
description). The full description of the differential decay rate simplifies greatly
when we note that, in UCNA, we have polarized neutrons (initial state), and we
integrate over all other kinematic and polarization parameters except the decay
electron’s momentum (notably, we are insensitive to the decay proton and neutrino).

Under these conditions, we obtain a final simplified differential decay rate given by
n . #

3 1,/ 4 5 <4 hfi 4

=— 24 4n 4“ph 1,1—, — — 1.12

3434 2 20 00 4 4 (1.12)

where 4 is the total decay eletron energy, <4 is the rest mass of the electron,
?4 is the momentum of the electron, fi here represents the spin state of the initial

decay neutron, and the quantity on the left hand side is the full differential decay
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rate of the free (polarized) neutron. In addition, , / 4" is the Fermi function
which is a shape correction to the decay electron spectrum that arises from Coulomb
interactions [Wil82].

The individual constants, 1 and in this case, are the correlation coeflicients that, at
this stage, must be experimentally determined and provide insights into the underly-
ing physics in the neutron V-decay. We note there are several other decay correlation
coefficients in the fully general decay rate suchas 0 2 02 & 7 ()

and more, which are not shown in equation 1.12.

1.3.2.1 The Asymmetry Term,

In the decay rate in equation 1.12, the coefficient is called the “asymmetry” term
and it represents the fractional decay rate of electrons whose momentum is aligned
vs anti-aligned with the neutron polarization (initial spin direction). The asymmetry
analysis is the topic of [Men14; Bro18] and indeed the work in the later chapters of
this dissertation build upon the analysis procedures, studies, and insights derived in

those works.

In equation 1.12, the asymmetry term  does not account for energy dependent
corrections and is traditionally distinguished from the experimentally measured
asymmetry by redefining it as . The experimentally measured asymmetry which

is energy dependent is redefined as . The connection between the two is given by
s 4 =% oV cos\ j (1.13)

where %- is the neutron polarization, V = % where E is the electron velocity, and 2

is the speed of light.  cos\ j % in the UCNA apparatus.

The asymmetry can be expressed in terms of the coupling constants of the vector

and axial-vector weak interaction components

0= —1—— 3_12 (1.14)
where _is defined in equation 1.11 and for the neutron this result is derived by taking
** =1 (Fermi matrix element) and ** y = 3 (Gamow-Teller matrix element).
These simple coeflicients arise from the simple structure of the neutron and point
towards one of the advantages of using neutrons for studies: the lack of complicated

nuclear V-decay theory corrections.

Given the relation in equation 1.14, high-precision measurements of  then become

a powerful probe of the value of _ and hence the relative coupling strengths of the
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vector vs axial-vector components of the weak interaction. In fact, measurements
currently provide the most precise measurements of _ with _ = g—+ = 12783,22"
[Bro+18]. These measurements can be combined with the neutron lifetime, ¢-,

which is also sensitive to__in order to test the electroweak Standard Model [Gon+21].

1.3.2.2 The Fierz Interference Term, 1

The 1 coefficient in equation 1.12 is called the Fierz interference term and manifests
itself in the decay rate as an energy shift in the electron energy spectrum. The
description of 1 and analysis associated with extracting a value for 1 from the various
UCNA datasets comprise the work in Chapter 4. The topic of Fierz interference in
the UCNA experiment is covered in [Hic13] and the work in this dissertation builds

upon it and presents an alternative extraction methodology.

The Fierz interference term, 1, with its multiplicative factor, b, can be expressed as
[JTWS57a]

1b: IJWRe j-- j2_0 o (s (% _?_”,j.. )j2” Y 4 g 0 » (115)

b
where the + (-) sign indicates V (V) decay, W = 1 U2/2, U is the fine structure

constant, / is the atomic number, and _ o is given by

{

o =

3

are the angular momenta of the original and final nuclei respectively,

I
I
p—
WO

-
o
I

(1.16)
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where 0

and b is given by

0:2n . D )

b:j" jznj (121] +j2,j %JZ,J +J ’J )J ”J )J 2 - 0:2 s 0 2n

S N I N B
(1.17)

where j** j? and j*" yj? are the conventional Fermi and Gamow-Teller nuclear
matrix elements, the subscripts ( ) +  refer to scalar, tensor, vector, and axial-
vector (see table 1.2), the g, g denote coupling constants (see [LY56] for further
details on the couplings, [JTWS57a] for details on 1).

Assuming a V-A nature of the weak interaction, we can see from equation 1.15
that the 1 term is identically 0. Hence, searches for Fierz interference represent

probes of beyond Standard Model physics and, in particular for neutron V-decay,
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would represent probes of scalar and tensor couplings in the weak interaction.
Measurements of Fierz interference can be related to beyond Standard Model scalar
and tensor couplings by using effective field theories as described most recently in
[GNS19] and the references therein describe other physically motivated theories for

non-zero Fierz interference in neutron decay.
For the neutron, the Fierz interference term simplifies to become

1,31,
1,32

1= (1.18)

where 1 here specifically refers to the Fierz interference for the neutron, 1 rep-
resents the Fermi component of the Fierz interference which is sensitive to scalar
interactions, and 1 y represents the Gamow-Teller component of the Fierz inter-
ference which is sensitive to tensor interactions. This simplification arises due to
the simple nature of the neutron and the lack of complicated nuclear structure to

consider.

1.3.2.3 The Neutron Lifetime, g

As described previously, the free neutron will decay into a proton via equation
1.4 due to the favorable energy differences in initial and final state. The lifetime
of this decay is also partially covered in Chapter 5 when we explore the potential
for a neutron to decay via an unknown dark matter decay channel. Thus, in this

introduction, we provide a short overview of the neutron mean lifetime.

The neutron lifetime measurement is the topic of [Fri22] and additional details are
provided there. The neutron lifetime can be roughly calculated using the Feynmann

diagram in figure 1.2 and the vertices given in equations 1.8 and 1.10.

In the low-momentum limit (& <), the propagator term of the decay can be

approximated as Ef;a which yields the following matrix element for the decay:
_ 864 _
=gk ko <2""|<4 Kay
62 +p3 ) o (1.19)
= —=——KWe, 1 _WWKokgW 1 WKy,
8<?

where K- 744, are the spin wave functions of the neutron, proton, electron and
electron anti-neutrino, and we have inserted equation 1.8 for 2 and equation 1.10

for <. We can use the matrix element of the decay to directly compute the decay
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rate (and hence the lifetime) via Fermi’s Golden Rule

1 _2
Grs \

jritd, 5" (1.20)
where 8§ represents the initial state, 5 represents the final state, and d is a density of
states. Using equation 1.19, this yields

64ci\<?

<3226¢j+p3j2,1 , 3275

g= (1.21)
where ) is a statistical factor to account for the integral over the energy phase space

of the decay.

This simple derivation illustrates the theoretical calculation of the neutron lifetime.
In practice, this computation is difficult due to non-trivial higher-order corrections
to the neutron V-decay. However, modern calculations can achieve a theoretical
prediction on ¢- within the uncertainty of current g- measurements. We note that
calculations are limited by theory uncertainties whereas experimental measure-
ments are reaching new precision benchmarks from improvements in measurement

techniques.

In Chapter 5, we further examine the neutron lifetime and, in particular, analyze
the UCNA dataset under the paradigm of an exotic, beyond Standard Model decay
mode involving a dark matter decay channel. This would be a supplementary (ideally
present at the 1% branching ratio) decay channel to the conventional neutron V-decay

described in equation 1.4.

1.4 Neutron Electric Dipole Moments

Recall from the discussion in the beginning of this chapter that the neutron is a bound
state of three quarks: two 3 quarks with % 4 charge each and one D quark with ,% 4
charge. If the center of charge for each of these quarks had some spatial distribution,
there would, in principle, be an induced electric dipole moment due to the definition
of the dipole moment iiB @@, where @ is the magnitude of the charge and @ is the
vector of characteristic displacement between the charges. Furthermore, since the
neutron is a spin—% particle with a magnetic moment, the interaction Hamiltonian of

the neutron in the presence of electric and magnetic fields is given by

= 4§ fi g fi (1.22)
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where $iis the electric dipole moment and fi is the magnetic dipole moment. This

then reduces for the neutron to

= @ 68 fi wa f (1.23)
where 4 is the fundamental electric charge, G is the characteristic distance between
charges, Biis the spin vector of the neutron, W is the gyromagnetic ratio, and fi fi are
the applied electric and magnetic fields respectively. We note that in this expression

we have redefined the electric dipole moment as 3 = 4G.

We can examine the effects of the Hamiltonian in equation 1.22 under the effect of
different symmetry transformations. The symmetries of parity (P), charge (C), and

time (T) are defined as

« P: the inversion of all spatial coordinates through the origin. % jk,G H 17i ¥
jk, 6 H I".

o T: the inversion of the time coordinate. ) jK.,C"i ¥ jk, C(”i.

* C: the transformation of all particles into their antiparticles. ~jki ¥ K .

We note the product transformation of %) of any system is an invariant quantity,
which is a theorem of Quantum Field Theory. When we examine equation 1.22,
we can identify that the di fi term is even, % odd, and ) odd. Thus, if the
magnitude 3 < 0, the neutron EDM indicates a Hamiltonian that violates ) and %

symmetries. We note that the magnetic term, fi ﬁ, isevenin , %, and).

1.4.1 nEDM Experiments: Past, Present, Projected

Searches for the nEDM have been of primary importance as an avenue to probe new
CP violating beyond Standard Model (SM) physics. The importance of discovering
new CP violation is discussed in section 1.4.2. The progress in sensitivity of nEDM
measurements is shown graphically in figure 1.3. We highlight that this figure also
includes the projected sensitivity of the nEDM@SNS experiment, one of the two
experiments that form the bulk of the work in this dissertation.

Today, the field of nEDM searches has grown as nEDMs continue to prove their value
in probing exotic theories of physics. Typically, beyond SM theories or extensions
to the SM manifest as larger nEDM (and other EDM) values. Thus, throughout
history, the neutron EDM search has ruled out a significant portion of SM extension

theories, as evidenced by the projected nEDM values of popular theories listed in
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Figure 1.3: Measurements of the neutron electric dipole moment throughout history.
Notably, the most stringent completed experiment is at 3= 10 26 4 2<, whereas
the projected sensitivity of nEDM@SNS is 3= 10 28 4 2< (indicated by the red
star). In addition, the point in time when the most sensitive experiments switched
over from beam methods to UCN methods is indicated. Finally, as a historical note,
the discovery of CP violation in the Standard Model (via ¢ decays) is indicated as
well. That is, CP violation that is intrinsic in the SM due to a complex phase in the
CKM matrix. Figure, with minor modifications, taken from [Pen12].

figure 1.3. However, there is still a large discovery potential between the current
best published limits on the nEDM (10 26 4 2<) compared to the SM “floor”
( 10 3' 4 2<). In these five orders of magnitude, there are many compelling
beyond SM physics concepts to probe (see [Chu+19] and references therein for a

comprehensive review)3.

The next-generation of nEDM searches is underway with experiments currently
underway. For example, the most recent published value was by PSI and is 3- =
00 1 Iga 02y 10 264 2< [Abe+20]. The goal for next-generation nEDM
experiments is to improve the precision by a factor 10 100 (see table 1.3 for a
summary of planned experiments). The nEDM @SNS is among the most ambitious

in design sensitivity, aiming for a final sensitivity of 10 284 2<.

3In addition, much of the discussion in this chapter on CP violation and their relation to nEDMs
can be found in greater detail in [Chu+19]
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Experiment Name | Projected Sensitivity at 90% Confidence [10 8 4 2<]
Current Limits 180

ILL-PNPI < 100 (phase 1); < 10 (phase 2)
ILL Crystal < 100

PSI EDM <20

PanEDM <40

Munich/ILL <10
TUCAN/TRIUMF <20

nEDM @SNS <3

ESS <50

LANL <30

Table 1.3: Summary of next generation nEDM experiments located at major UCN
source laboratories. Most experiments are expected to reach these sensitivities by
2030. Projected sensitivities taken from [Fil21].

1.4.2 Beyond Standard Model Searches

The remaining question to answer is the significance of finding a (or setting more
precise limits on) a neutron EDM. Due to the current five orders of magnitude
of “discovery space” for beyond SM non-zero nEDMs, the search for a non-zero
nEDM acts as a search to probe beyond SM physics models that contain new
sources of CP-violation. In the following sections, we discuss the necessity of
new CP-violating interactions and provide one motivation for the search for such

interactions: explaining the prevalence of matter over anti-matter in the universe.

1.4.2.1 CP Violation

Currently, in the SM, there are two natural sources of CP violation: a complex phase
in the CKM matrix and a CP-violating phase in Quantum Chromodynamics (QCD).

Within the SM, there is intrinsic CP-violation in the form of an empirical phase,
called X, in the CKM matrix. This phase, measured in experimentas 10 3, allows
for the current CP violation seen in the decay of the Kaon system and, more recently
discovered, in the decay of the neutral meson systems [Gri08]. In fact, this value
is consistent with the CP-violating branching ratios found in these Kaon and

meson decays and corroborated by theoretical understanding of the general decay

parameters.

Additionally, there has been a proposed phase in the strong interaction, parametrized
by \, that would contain a CP violating term. This parameter would enter in the

interactions of the internal quark structure and contribute to the neutron EDM,
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producing an nEDM value given by [Hoo21]
3. 10 '\4 2< (1.24)

Where first proposed, the phase \ did not relate to any fundamental symmetry and
hence the value was naively expected to be order 1. Contemporary published
limits on 3= 10 2° 4 2< implies constraints of j\j 10 '°. This astonishingly
small value seems to be indicative of a fundamental constraint. Neutron EDM
results continue to exacerbate the strong CP problem, namely the diminishing value
of j\j. Proposals such as axions have emerged to explain this phenomenon and
[Hoo21] provides a review on such proposals.

However, both of these sources of CP violation are insufficient to explain a criti-
cal phenomenon in our universe — that of the baryon asymmetry. Sufficient CP
violation can give rise to a preference for matter over anti-matter (see next subsec-
tion). This is a preference that is reflected in our current universe which is matter
dominated and not one with equal amounts of matter and anti-matter. In the fol-
lowing section, we briefly explore the implication of this reality on new sources of

CP-violation.

1.4.2.2 Baryon Asymmetry

One of the major open questions that the search for new sources of CP violation (in
this case, through neutron EDMs) aims to answer is that of the matter - anti-matter
asymmetry in the universe, otherwise known as the baryon asymmetry. In the
early universe, one source for the net preference of matter over anti-matter is called
baryogenesis and refers to the creation of more baryons compared to anti-baryons.

In order to achieve this, three conditions must be met:

1. Violation of baryon number
2. Departure from thermodynamic equilibrium.

3. Both C- and CP-violating processes.

These three conditions are called the Sakharov conditions [Sak67]. There are a
multitude of theories that have been proposed that satisfy these conditions in order
to explain the level of matter - anti-matter asymmetry we see in the current universe.

Here, we give an intuitive explanation of these conditions and direct the interested
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reader to [Chu+19] and references therein for more technical details of the di erent
theories.

(1) In order for there to be a net amount of matter, the baryon number in the universe
must have increased from an initial= 0 (equal matter and anti-matter), and hence
the baryon number must not be a fundamental symmetry. (2) Whatever interactions
that lead to a preference for matter must not reach thermodynamic equilibrium or
else those same interactions, in the conditions of the early universe, would proceed
backwards and lead to the preferential deletion of matter. (3) The third condition
refers essentially to those processes which preferentially select matter over anti-
matter naturally come with intrinsic C or CP-violation.

In our previous discussions of the SM, there are all the ingredients to satisfy the
Sakharov conditions. Notably, the phasén the CKM matrix plays the role of
CP-violation. However, current experimental measurements of related observables
indicate that the value of the CP-violation in the SM is far too weak to explain the
matter - radiation ratios observed in the current universe (one measure of how much
anti-matter annihilated with matter in the early universe). Thus, new sources of CP
violation at the levels needed to explain the current matter - anti-matter asymmetry
could exist in order to properly satisfy the Sahkarov conditions and explain the
current matter abundance in our universe (see [CDS12] and references therein for an
in-depth review of the baryon asymmetry problem). Those sources of CP-violation
are what nEDMs hope to discover in the next-generation of experiments.

CP-violation contributes to the explanation of the baryon asymmetry by acting as
a necessary ingredient in modern models of baryogenesis - that is, the preferential
creation of baryons over anti-baryons in the early universe and thus leading to the
current baryon asymmetry in the universe. One such theory for baryogenesis is
called electroweak baryogenesis (reviewed, for instance, in [MR12]). It can be
described as the breaking of the electro-weak symmetry as a result of the cooling
of the universe. The hot plasma of the universe forms bubbles of electro-weak
broken phases that introduce a baryon asymmetry. These bubbles move and grow
until the universe has cooled to the point where only the electro-weak broken phase
remains. With the right parameters, this results in the baryon asymmetry observed
in our current universe.

Another popular theory that seeks to explain the baryon asymmetry is called lepto-
genesis . It was originally proposed in [FY86], reviewed in detail in [CDS12] (see
also [BPY05; Dom+21] and references therein), and we present a brief description
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here. Leptogenesis seeks to explain the baryon asymmetry by introducing an ear-
lier lepton asymmetry that then propagates into a baryon asymmetry via the KRS
mechanism [KRS8%] Leptogenesis adds three families of massive, right-handed
neutrinos as an extension to the Standard M@ddlogether, this new extended
neutrino model can introduce a lepton mixing matrix analogous to the quark mixing
CKM matrix. Furthermore, these right-handed neutrinos also seek to explain the
small observed masses of the Standard Model left-handed neutrinos via the seesaw
mechanism (see, for example, [Dom+21]). Lastly, certain leptogenesis models are
congruent with axion-like particles as dark matter candidates. Thus, leptogenesis
has become quite a popular theory for creating a lepton asymmetry that propagates
into a baryon asymmetry while simultaneously proposing to explain the observed
small (non-zero) masses of neutrinos and act as a potential dark matter candidate.

4The KRS mechanism proposes that at the high temperatures of the early Universe, transitions
between gauge vacua can occur unsuppressed via thermal uctuations, compared to the suppressed
transitions from tunneling. These transitions can lead to anomalous non-conservation of baryon
number.

5Recall the three families of neutrincsm,— a— &, in the Standard Model are all left-handed.



20
Chapter 2

THE UCNA EXPERIMENT

In this chapter, we present a broad-level overview of the Ultracold Neutron Asym-
metry (UCNA) experiment. This experiment has been detailed extensively in theses
[Men14; Brol8; Hic13] as well as being the experimental foundation for published
results in [Men+13; Bro+18], and the references therein. We restrict ourselves to
providing a high level overview in order to provide context for the analysis work in
the remainder of this dissertation which focuses on novel measurements from the
completed 2010-2013 UCNA datasets.

We start this chapter with a brief description of Area B at Los Alamos National
Laboratory (LANL), where UCNA is located. We discuss brie y the production

of ultra-cold neutrons (UCNSs) at the UCN facility at LANL and their transport
through various experiment components and laboratory infrastructure to the UCNA
experiment (and other UCN experiments housed in the same location). We a ord
special attention to describing the di erent components of the UCNA experiment
apparatus and in particular the main spectrometer. These components are discussed
again at length in Chapter 3 when they are simulated in software. Finally, we close
this section with a description of the intricacies of the data-taking structure with
UCNA.

2.1 Overview of Experiment

The Ultracold Neutron Asymmetry experiment, or UCNA for short, was an exper-
iment designed to measure the asymmetry parameter in the free n&tdiecay

using ultra-cold neutrons (UCNSs) (see section 1.3.2.1). The UCNA experiment
located in Area B at LANL was a part of the Los Alamos Neutron Science Center
(LANSCE). The work in this dissertation focuses on the UCNA experimental runs in
2010, 2011-2012, and 2012-2013 (the same datasets as in [Men14; Hic13; Bro18]).
The main di erences between each running year are the apparatus geometries and
running conditions. They are described in more detail later in this chapter and as
they become relevant in later analysis work.

Atasummary level, the UCNA apparatus itself is e ectively a spectrometer designed
to measure the energy (primarily), position, and timing (secondarily) of neutron
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Figure 2.1: A simplistic diagram of the spectrometer components of the UCNA
apparatus. The cylinder in the center is the decay trap and the polarized neutrons
(represented as spheres) are nominally contained within the cylinder (here they are
shown outside to simplify the visuals). The imposed magnetic eld is along the
axis of the decay trap, and the detectors are a pair of wirechambers and plastic
scintillators (with other infrastructure that is not shown).

V-decay electrons. Polarized UCNs are trapped in a central cylinder and held
until they undergov-decay. An imposed ) magnetic eld directs the/-decay
electrons outwards to detectors on either side, interchangeably called East and
West detectors or detectors 1 and 2 . Along the way to the detectorsyitiecay
electrons pass through various experiment components which are described later in
section 2.3. A simplistic diagram is shown in gure 2.1. In addition to the main
spectrometer, we also discuss brie y the production of UCNs at LANL and their
travel to the UCNA apparatus.

At the conclusion of the 2013 data-taking run, the UCNA experiment completed
its nal run. The most recent asymmetry data was analyzed and published in
[Bro+18]. Afterwards, the apparatus was left untouched in Area B at LANL.
There are proposals underway to restart the UCNA experiment after a hardware
improvement which would be called UCNA+ [Saul8].

2.2 UCN Polarization and Transport: From Source to Experiment

The following sections brie y describe the UCN production at LANL and their
transportto the UCNA apparatus. Schematics of the source and LANL infrastructure
to UCNA can be found in gures 2.2 and 2.3 respectively.
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Figure 2.2: A schematic diagram of the UCN source. An incoming pulsed pro-
ton beam produces spallation neutrons which are moderated to cold temperatures
through various moderators. Ultra-cold neutrons (UCNSs) are produced after nal
interactions with Solid Deuteriun{ ( 2). These UCNSs travel < upwards to fur-

ther cool and are then sent downstream to UCN experiments. See text for additional
details.

2.2.1 UCN Production at LANL

The UCN source at LANL is a Solid Deuteriun (2) source. The basic foun-
dational principles can be found in [Liu02], and the performance is characterized
in [Sau+04; Sau+13]. In particular, [Ito+18] describes an upgraded version of the
UCN source at LANL. Some of the relevant components of the source in this disser-
tation are discussed as well as a contemporary description of the upgraded source
performance. We note that the contents of [Ito+18] do not re ect the source per-
formance in this dissertation's work but rather add additional contemporary context
for the LANL UCN source for future experimental work.

UCNs are produced by the LANL 2 source via spallation (see section 1.2.3 for
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Figure 2.3: An overhead schematic diagram of Area B showing the UCN source,
UCN infrastructure, and the UCNA experiment. In this schematic, the UCNSs start
in the bottom right at the UCN 2 Source and travel to the upper left into the

1 T Spectrometer . Key elements along the path of the UCNs are labelled and each
are described further in dedicated subsections in the text.

general description). To achieve this, &0 "4+ pulsed proton beam impinges
upon a tungsten spallation target. Neutrons with energi28 "4+ are produced,
moderated to room temperature, and directed toward$ thesource. Beryllium

re ector material (which redirects neutrons) surrounds the target in order to achieve
alarger ux of neutrons directed towards the , source. As the spallation neutrons
travel towards thé », a layer of polyethylene beads held a0 100 (via
recycled gas from thé » cooling) will cool the neutrons to cold neutron (CNs)
temperatures. The resulting CNs enter into a Nickel-58 coated UCN-re ecting
volume (recall from table 1.1 that Nickel-58 has su cient Fermi potential to re ect
UCNSs) that contains a fe@< thick block of ( 2 held at 55 8 . As
discussed in section 1.2.3, the » moderates the CNs to UCNs with a temperature
equivalentof < . Uponreaching a UCN state, optimized UCN rates are achieved
by separating the UCNSs from ti{e > source - in UCNA this is done via a Nickel-

58 coated trap door that rests directly above the, source (called the apper
internally). After the apper, the UCN volume extendsl < vertically in order

to convert the kinetic energy gained by exiting the, into gravitational potential
energy. At the top of this 1 < pipe, the UCN guide pipes are fed outwards
and begin their travel towards the UCN experiments housed away from the source.
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These various components in the UCN source are shown in gure 2.2.

For the experimental runs discussed in this dissertation, the UCN yields were mea-
sured at the UCN guide exit just outside the shielding stack. A neutron capture on
vanadium foil technique was used and benchmarked our UCN productions densities
at44 5 # «2<3[Sau+13]. In addition, as discussed above in section 2.2.1,
[Ito+18] provides a more contemporary measurement of UCN source performance
at LANL.

2.2.2 Exiting the UCN Source Volume
A short summary of the UCN transport is given below. Each component the UCNs
interact with in the travel to the UCNA apparatus is discussed as well.

The initial verticall < transport guides are stainless steel coated with Nickel-58
(Fermi potential oB42=4+). These guides are then connected to standard stainless
steel (Fermi potential 0189 =4+) horizontal neutron guides for transport through
the biological shielding that surrounds the source towards the UCN experiment
area. Within the UCN guide system, there are #&0 bends that remove neutrons

in the interim energies between the higher energy Nickel-58 coating Fermi potential
and the lower energy stainless steel Fermi potential [Pla+12]. These higher energy
neutrons are deposited in the shielding. Upon exiting the biological shielding, the
UCNs continue forward along the UCN guides to a gate valve. The geometry
described above is shown in gure 2.3. The gure also shows all the remaining
components that will be discussed in the subsequent sections.

2.2.3 Gate Valve and Pre-Polarizing Magnet

Beyond the biological shielding, the UCNs continue to travel along the stainless steel
guides, passing through a gate valve. The purpose of the gate valve is to separate
the UCNA apparatus volume from the source volume while the proton beam is on
(and hence UCNSs are being produced). This allows the experiment to take full
background data with all nominal operations except with no UCNSs transported into
the UCNA volume. In a nominal data-taking run, the gate valve is left open and
UCNSs pass through with no interaction.

Beyond the gate valve is@) pre-polarizing magnet (PPM). The PPM imposes a
longitudinal eld for the UCNSs to polarize along and minimizes UCN losses when
transporting through a Zirconium foil, located in the center of the magnet, which
is in place to separate the vacuum of the UCN source from the vacuum of the rest
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of the apparatus. The full details of the PPM can be found in [Hol12; Hol+12].
The separation of these volumes signi cantly reduces the amount of radioactive
contaminants that can be transported into the UCNA experiment. Beyond the PPM,
we have mostly polarized UCNs and must maintain this polarization for proper spin
manipulation downstream (see section 2.2.5). As such, the UCN guides switch to
non-magnetic materials such as electropolished copper.

Throughout the lifetime of the experiment, sections were replaced until the guides
were primarily Diamond-like carbon (DLC) coated copper, which has a Fermi
potential of249 =4+ [Atc+07]. The production of DLC UCN guides and their
resulting UCN transport is covered in [Mak05]. Further development of UCN guide
coating, including the DLC copper UCN guides used in the 2010-2013 UCNA
apparatus, is covered in [Mam10]. During the operation of the experiment in the
2010-2013 data-taking runs (this dissertation's work), the guides were made of pure
copper but the decay trap had been replaced with DLC-coated copper.

2.2.4 Switcher for UCN Measurements

After the PPM, the longitudinally-polarized UCNs move along the DLC-coated
copper guides (again, chosen to maintain polarization). They thenreach a switcher
valve a component that switches the passage of the UCNs. In nominal data-
taking runs, the UCNSs are directed by the switcher towards the UCNA apparatus.
When the switcher is activated, the decay trap volume of the apparatus (section
2.3.1) is connected to 54 UCN detector [Mor+09] for part of the polarimetry
measurements.

2.2.5 7 T Polarizing Magnet (AFP)

After the switcher, the UCNSs continue past p primary polarizing magnet, called

the Adiabatic Fast Passage (AFP) spin ipper. The goal of this magnet is to produce
a highly polarized population of UCNSs for loading into the UCNA detector as well
as performing spin ipping. The details of the AFP spin ipper can be found in
[Hol12; Hol+12]. A summary of its performance is presented in [Men14; Brol18]
as it pertains to the 2010, 2011-2012, 2012-2013 UCNA data-taking runs. After
the AFP, the UCNSs are guided into the main detector apparatus decay trap volume
(section 2.3.1 and onwards). There, they are held until they undergo n&tdiexcay,

the discussion of which forms the remainder of this chapter. The total transit time
until the rst UCNSs arrive when using the characteristic speeds in our experiment
is several seconds.



26

We note that from 2011 onwards a shutter was installed between the decay trap and
the guides that empty into the decay trap. This was to allow any residual neutrons in
the coupling guides to empty into the decay trap before depolarization measurements
[Deel9].

2.2.6 Neutron Polarization

Recall that the goal of UCNA is to measure the asymmetry of the nelton
decay. This asymmetry exists along the magnetic moment of the neutron and the
resulting direction of thev-decay electron. In order to have directionality, the
incoming neutrons must be polarized. In the UCNA experiment, maintaining a
high polarization fraction and properly characterizing depolarization is one of the
topics in [Deel9] for the 2011-2012 and 2012-2013 datasets. For the previous data-
taking runs, polarization is covered in [Hol12]. The relevant polarization details
for the 2010, 2011-2012, 2012-2013 UCNA asymmetry analyses is presented in
publications [Men+13; Bro+18].

Interms of performance, the UCNA experiment was able to achieve nal polarization
fractions given in table 2.1.

Year Spin State Value

2010 Y % j 0995 0005
2011-2012 % 049970 00030
2011-2012 % 09939 00025
2012-2013 % 09979 00015

2012-2013 % 09952 00020

Table 2.1: Results for average polarization fractions for the datasets presented in
this dissertation work. For the 2010 result, see [Men14]. For the 2011-2012, 2012-
2013 results, see [Deel9; Brol8]. In the later years, we present polarization for
spin- ipper o (-) and spin- ipper on (+) states.

2.3 The UCNA Spectrometer

The main UCNA spectrometer is where the bulk of the details of this chapter are
focused. It is the topic of several in-depth discussions in [Pla+08; Pla+12; Pla+19]
as well as theses that this dissertation is built upon such as [Men14; Bro18]. Some
details of the di erent components of the UCNA spectrometer are necessary to
understand the simulations (Chapter 3) and analyses (Chapters 4 and 5) covered in
this dissertation. As such, each element is summarized in detail individually. A
schematic of the UCNA spectrometer is given in gure 2.4.
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Figure 2.4: A top view cross-sectional schematic view of the UCNA experiment
apparatus. In this schematic as shown, UCNSs travel from the bottom of the diagram
into the centralV decay volume. Their decay products, speci cally the electrons,
are shaped outwards towards the East Detector and West Detector.

2.3.1 Decay Trap

In gure 2.4, the UCNs enter the central decay trap. Within the decay trap, the
UCNs are held until they undergo free neuttédecay. The details of the trap are
presented in this section.

The decay trap i8 < in length, 124 2< in diameter, and constructed out of
electropolished copper (originally) and later DLC-coated copper (2010 onwards
[Mam10]) which acts as a UCN re ector. The vacuum maintained in the decay trap
was10 ° Torr during data-taking operation. The UCN density in the decay trap was
measured via &4 UCN detector located below@64 2<? hole in the decay trap.

On the East and West sides of the decay trap are thin foils designed to contain
the neutrons within the central volume (while allowiNegdecay electrons to pass).

The goal was to increase the UCN density and decay rate. These decay trap end
caps (interchangeably called the decay trap windows) were di erent for the three
data-taking runs 2010, 2011-2012, 2012-2013 and are discussed later in section 2.4.
We note these year-to-year changes in the decay trap windows were one of the main
drivers for choosing to separate the nal analyses into three distinct dataset analyses.

Until now, we have focused on the UCNs from production, through transport, and
ultimately into the decay trap for holding and decay. For the remainder of this
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section, we shift our focus instead to the UGMecay products given in equation
1.4, speci cally the electron, as they travel through the spectrometer. We note
the proton is not tracked due to its very low kinetic energy, and the electron anti-
neutrino is not tracked due to the negligible probability of identifying neutrinos in
our apparatus.

2.3.2 Multi-Wire Proportional Chamber (MWPC)

When the neutron/-decay electrons are produced, they are directed outwards to-
wards either the East or West detectors viathe 1 T imposed magnetic eld (described
in section 2.3.4). After passing through the decay trap windows, the rst major com-
ponent the\-decay electron interacts with is the multi-wire proportional chamber
(MWPC), occasionally termed the wirechamber in this work. The main details
of the MWPCs are discussed in [Ito+07] and again in [Pla+12]. A basic summary
of the geometry, technical settings, and advantages are given below in order to give
the reader context for the MWPC utility in future chapters. Details relevant for the
2010-2013 data-taking runs are in [Men14; Bro18].

The wirechambers consist of two cathode planes (a plane of 64 parallel wires)
arranged perpendicular to each other. The wires were gold-plated aluminum and
were50 "< thick in the 2010 data-taking run an@®s2 "< thick in the 2011-2013
data-taking runs. They are separated2¢y4 << from each other and cover a
ducial volume in the central decay trap df26 12¢6 2<2. The two cathode
planes are separated by@2<. Within the center of the cathodes is an anode plane
(wires oriented vertically) withl0 "< diameter gold-plated tungsten wires. The
entire wirechamber was nominally lled withOO Torr neopentane gas £ 12),

which provides high detection e ciency for the passage of charged particles. For
some data-taking runs in 2012-2013, the neopentane gas ran out and isobutane
( s 10) was used instead. The gas and wires are separated from the vacuum of the
spectrometer apparatus By < aluminized Mylar windows. The front window is
reinforced with Kevlar strings located &k < intervals.

During operation, the MWPC provides additional signal measurements in UCNA.
Charged particles passing through the MWPC ionize the gas withir2700 +
potential di erence is applied to the anode (cathodes held at ground) and the charged
particles will drift under this potential di erence towards either the cathode or anode
plane. The integrated wire signals are read out and these signals provide a measure
of energy deposited within the MWPC. Furthermore, charge deposition on the
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wires provide position reconstruction for the passage of charged particles and allow
the analyzers to make ducial radial cuts on the decay trap. The perpendicular
arrangements of the cathode planes yields horizontal-vertical positioning (X-Y in
the UCNA coordinate system).

In addition to the ducial position cut, the MWPC assists with other analysis deci-
sions. Recall that the PMTs are located outside of the detector package and must use
sets of 12 light guides to collect the scintillation light (discussed in section 2.3.3).
The position reconstruction of the MWPC allows for corrections due to PMT/light-
guide interactions. As well, the additional lower threshold energy deposition on the
MWPC allows for more stringent event type classi cation (see section 2.4.4). Fi-
nally, the MWPC itself is highly insensitive to gamma rays - in the analysis, gamma
ray suppression is greatly improved by using a coincidence trigger cut between the
MWPC and plastic scintillator. This gamma ray suppression is utilized in section
4.3.3.7. Together with the plastic scintillator, the MWPC adds signi cant hardware
and analysis advantages in our signal reconstruction, as we will see in further anal-
yses in Chapters 4 and 5, as well as the original asymmetry analyses in [Men+13;
Bro+18].

2.3.3 Plastic Scintillator

Just beyond the MWPC is the plastic scintillator which nominally converts all the
kinetic energy of th&-decay electron into a detectable light signal [Pla+08; Pla+12].

In UCNA, al5 2< diameter3+5 << thick disk was used. The disk was EJ-204 ,
made by Eljen Technology. The thickness was chosen to fully\stbgcay electrons

up to the endpoint energy82:4+). The diameter was chosen to cover the ducial
volume of the decay trap. The plastic scintillators on the East and West sides are each
surrounded by 12 light guides which feed oufl. < to four photo-multiplier tubes
(PMTSs) located outside th@6 ) eld (see section 2.3.4 for a discussion on eld
expansion). This was necessary since PMTs are not able to operate in elds as large
as those in UCNA. Prior to 2010, UCNA used Burle 8850 PMTs. Afterwards, they
were upgraded with Hamamatsu R7725 PMTs and custom-designed bases [Hic13].
A Bismuth-207 pulser gain monitoring system was added to each PMT and they are
brie y discussed again in section 4.2.2.4.

2.3.4 Magnetic Field
In this section, we discuss the imposed magnetic elds in the UCNA apparatus.
Within the decay trap, the UCNSs that enter are polarized and thus aligned (or anti-






