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Abstract

To probe the origins of the baryon asymmetry, baryon number violation, the last unconfirmed
Sakharov condition, must be definitively observed experimentally. Similarly, the nature of dark
matter is currently unknown, and calls out for new candidates to be investigated. Each of these
issues can be considered through the study of neutron transformations.

Some rare baryon number violating processes, such as neutron-antineutron transformations,
are expected to probe baryogenesis. Here, I show progress on this discovery target through
construction of more accurate Monte Carlo models, the design of future detectors, creation of more
complete atmospheric neutrino background simulations, and use of automated analysis techniques
within the the NNBAR/HIBEAM experimental program at the European Spallation Source (ESS)
and the Deep Underground Neutrino Experiment (DUNE). First simulation-based sensitivities for
these experiments will be discussed. Modeling of rare neutron-antineutron transformation and
subsequent annihilation will be discussed at length for multiple nuclei useful to these and other
collaborations. To go along with this work, more comprehensive lepton-scattering nuclear models
must be integrated into neutrino event generators for proper atmospheric neutrino background
simulations. I discuss the first furnishing of these backgrounds for DUNE, and I highlight a
potential path forward for the community in this vein using precision electron scattering modeling
as a facsimile.

Aspects of other potentially related neutron—mirror-neutron oscillations pertinent to dark matter
and the neutron lifetime anomaly will also be considered for the ESS HIBEAM experiment.
Here, I will present the first experimental sensitivity calculations for a broad range of modular
experimental setups which will serve as research and design stepping stones toward NNBAR while

producing a multitude of physics results over short time scales.
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diagrams, can explain the BAU through a new scalar field S, which decays into

heavy diquarks. . . . . . . . . L
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1.10

1.12

A simplified overview of hypothetical new physics’ testability by prospective
energy regimes. Approximate scales or scale ranges are shown; post-sphaleron
baryogenesis is given in red, leptogenesis models in green, electroweak baryogen-
esis in pink, and grand unification in dark blue. For post-sphaleron baryogenesis,
consider [50, 47]; for minimal leptogenesis [207]; for resonant leptogenesis [106].
Note that minimal leptogenesis can have a lowered (slightly fine-tuned) scale
of ~ 10°GeV by taking account of effects such as neutrino flavor within the

expanding plasma in the early universe [297]. Remade in collaboration with Y.

Kamyshkov. . . . . . . . . e

Expected converted T,; lower limits are shown compared to expected theoretical
values of 7,,; within post-sphaleron baryogenesis [47]. For an idealized DUNE
detector, shown in blue, a 25% signal efficiency and zero background has been
assumed; previous DUNE simulation studies [257] using automated boosted
decision tree analysis methods are not shown here, but will be discussed later in
Chap. 4; these have lower efficiencies and are not backgroundless. For the NNBAR
experiment at the ESS, one assumes a 1000-fold increase in the sensitivity or figure
of merit ((Nt?)) [56, 204, 271, 19] with an implicit assumption of a similar signal
efficiency and backgroundless search, as in ILL [56]. These are also compared to

measured lower limits from Super-Kamiokande I-1V [409, 410, 6], while Super-

Kamiokande I [4] is too low to be shown. Adapted from [47].. . . . . . ... ...

Lower limits on the free neutron oscillation time from past (blue) experiments
on free and bound neutrons. Projected future (red) sensitivities from HIBEAM
and NNBAR are shown together with the expected sensitivity for DUNE [257].
The most recent and competitive result from the ILL is also shown [56]. Limits
from bound neutron searches are given from Homestake [143], KGF [276],
NUSEX [73], IMB [259], Kamiokande [390], Frejus [103], Soudan-2 [150],
SNO [23], and the most recent Super-Kamiokande analysis [6]. For the bound neu-
tron experiments, various model-dependent intranuclear suppression factors [201,

175, 177, 275] are used to estimate a free neutron transformation time lower limit.

Courtesy of D. Milstead. . . . . . .. . .. .. ... .. .. ..



1.13

1.14

1.15

1.16

A generalization of a galactic rotation curve is seen, with the expected velocity
distribution shown in blue (A), and the measured distribution shown in red (B).
The expected curve follows a Keplerian decline, assuming that the observable

(luminous) matter makes up the vast majority of total matter within a galaxy. Taken

from [262]. . . . . . e e e

The available parameter space of potential spin-independent dark matter cross
sections (such as those for a WIMP) has significantly shrunk. This pushes the

overall relevant search areas toward lower, nucleon-order mass regimes toward the

upper left of the plot. Taken from [392]. . . . . . . . ... ... ... ... ....

Top: A collection of measurements made between CN beam (red) and UCN bottle
(blue) techniques is at odds with one another by ~ 40. A new TPC technique
(purple) using beams of CNs will increase its precision in the coming years.
The z-axis shows publication year. Courtesy of Y. Kamyshkov. Bottom: An
ideogram of several of the same CN and UCN measurements is shown; the y-

axis is arbitrary, but illustrates the relative probability of a given measurement’s

certainty via addition of gaussians. The Taken from [393]. . . ... .. ... ...

Further separation of 7,, experimental techniques is possible, and can be correlated
with their consistency among different values of of the CKM matrix element

Via [122, 86, 264] and the weak coupling constant g4 (note that |\| = . Mod-

EES
gv

ern values of V,,; and g4 seem to agree well with expected values of UCN bottle
experiments, though material gravitational traps [365] and magnetogravitational
traps [324] do appear to separate from one another even after data corrections
for known phenomena such as neutron absorption against the material walls.
Depending on the particular flavor of BSM physics, the beam or bottle lines could
move, becoming consistent; each is possible with particular sterile (mirror) neutral

particle oscillation phenomena. Top courtesy of Z. Berezhiani and Y. Kamyshkov,

taken from [86]. Bottom taken from [122]. . . . . . . . . . . . .. ... ... ...
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1.17

1.18

1.19

1.20

“Combined fit to the normalized UCN counts as a function of applied magnetic
field B for 75 s (dark green solid squares and solid line) and 150 s (light green open
triangles and dashed line). Positive (negative) B values correspond to B field up
(down).” The granularity of this n — n’ disappearance measurement leaves much
to be desired, as several potential resonance points (around ~ +12 uT) at each
storage time have gone unresolved and cannot confirm the valleys hypothesized

best fit, requiring further measurements with more precise methods, as will be

discussed within Chap. 3. Figure and caption taken from [32]. . . ... ... ...

A pictorial representation of the SM and SM’ sectors, where a mirror Z
symmetry is shown. Gravitational interactions (expected for any DM candidate)
are not depicted, nor the hypothetical very weak interactions between the sectors
mediated by new heavy gauge bosons. All particles and interactions within
each separate sector can be assumed to be identical, though instantonic processes
during each sectors’ parallel dynamics following the big bang could have lead

to vastly different final states (temperatures, helium abundances, etc.) on cosmic

scales [199, 200]. Courtesy of B.Rybolt. . . . . . .. ... ... ... ... ....

Diagram showing the mirror mixing of a neutron (udd) through heavy scalars and
additional gauge singlets to a sterile dark neutron (u'd’'d’). Taken from [90].

Feynman diagrams for various magnetic moments. Top: The magnetic moment of
the neutron involves lines and loops (not shown) dressing udd quarks. Middle: A
simple extension of this though can be applied to a diagram of nominal n — n’
mixing [90], where now ordinary and mirror photons dress constituent quarks,
inducing a transitional magnetic moment, TMM. Bottom: A more general TMM
mechanism can be seen at loop level with photon dressings. Note that though the

for a TMM k = £’ it is generally assumed that x and € are independent parameters

within the phenomenology. Courtesy of Y. Kamyshkov and Z. Berezhiani. . . . . .
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1.21

1.22

1.23

1.24

1.25

1.26

1.27

Left: amplitude of the probability function for n — n’ as a function of |§| and
1

€Enn’

foravalueof 7 = 7,y = = % = 500s. Right: fraction of neutrons which have
been converted as a function of |§ | travelling 25 m in a vacuum at a velocity of
1000 m/s. Predictions are shown jointly for conversions induced by mass mixing

and a TMM (7 = 500s and x = 3.5 x 1075, orange), and for mass mixing alone

(7 = 500s, blue) alone. Courtesy of D. Milstead. . . . . ... ...........

Left panels: Illustration of the principles of searches for mirror neutron mixing
in a UCN trap (a) and for beam neutrons. Regeneration, disappearance and n —
{n,n'} — n modes for neutrons along a beamline are shown in (b),(c), and (d)
respectively. Courtesy of D. Milstead. Right panels: Examples of n — n’ — n
regeneration (top) and n — n’ disappearance (bottom) style searches are shown
with gaussian noise in neutron monitors/detectors; resonances occur at appropriate

magnetic field values. If the transition amplitude is strong, the data can be easily

fitted according to formulations such as Eq. 1.34. Taken from [96]. . . . . . . . ..

Excluded neutron oscillation times in blue for n — n’ disappearance from UCN
experiments [57, 364, 32, 99, 91, 8] as a function of the magnetic field B
The projected sensitivity for HIBEAM (disappearance mode) is also shown in
magenta for one year of running at the ESS ANNI beamline, assuming a low

1 MW operating power, and will be discussed at length in Chap. 3. Courtesy of

D. Milstead and Z. Berezhiani. . . . . . . . . . . . . . ... oo

A single generalized electron (e, mass m) scattering Feynman diagram where the

proton (p, mass M) is considered as pointlike, interacting via the exchange of a

single gauge boson (photon, y). . . . . . . . ... Lo

A general momentum conservation diagram for the same process, consisting of a

frame (y, ) in which the proton is initially motionless. Taken from [402] . . . . .

A generalized diagram of deep inelastic scattering, showing the breakup of the

pointlike proton through a momentum transfer. Taken from [401]. . . . ... . ..

A generalized diagram of deep inelastic scattering, showing the breakup of the

proton through a momentum transfer to a single valence quark carrying some

fraction of the total proton momentum. Taken from [401].. . . . . . ... ... ..
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1.28 Generalized quasielastic scattering on single and correlated pairs of nucleons
within the nucleus. Courtesy of S. Pastore. . . . . . . ... ... ... .......

1.29 Top: The leading one-body current term showing scattering on two uncorrelated
nucleons. Bottom: An interference term is shown with a two pion exchange
between two correlated nucleons; the vertex of the scattering lepton’s virtual
photon can connect with one of the pion legs. Of course, each additional new
diagram progressively changes the total inclusive cross section perturbatively up
to any order, but most quantum Monte Carlo calculations take account only of

one-and-two body scattering. . . . . . ... ...

2.1 The radial distribution of the relative density of protons and neutrons throughout
the 2C nucleus (they are identical). The solid black line is a Woods-Saxon density
distribution, while the blue step function is an approximation used to divide the
nucleus into seven zones of constant density. Right: The radial dependence of
the absorption probabilities P, for the 2C are shown for an antineutron (solid
orange) and an antiproton (dashed grey) [252]. Note that an eighth, highly diffuse
zone extends from the end of zone seven atr = 4.44fmtor = 10fm. . .. .. ..

2.2  (Anti)nucleon densities are shown for deuterium. The 7 radial distribution (red),
arbitrarily rescaled to fit the figure, is compared to the nominal neutron distribution
(blue). Courtesy of J-M. Richard. . . . . . . .. ... ... .. ... ........

2.3 (Anti)nucleon densities for the 1ds/, shell of 40Ar. The 7 radial distribution (red),
arbitrarily rescaled to fit the figure, as compared to the nominal neutron distribution
(blue), and the annihilation density of Eq. 2.7, also arbitrarily rescaled (dashed
black). Courtesy of J-M. Richard. . . . . . ... ... ... ... .........

2.4 The same (anti)nucleon densities for Figs. 2.3, but now for the 1 f7 /5 shell of 40AT,
Courtesy of J-M. Richard. . . . . . . . .. .. ... ... ... .

2.5 Antineutron densities for the shells of °Ar. Courtesy of J-M. Richard. . . . . . ..

2.6 The relative change to the width of the 1ds/, shell is shown when a factor f, is

applied to the real potential, and f; to the imaginary part. Courtesy of J-M. Richard.
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2.7

2.8

2.9

2.10

2.11

2.12

The factor v multiplying the width of the 1ds, shell when a factor 14-0.4 exp(—20(r—

r.)) (r is in fm) is applied to the absorptive potential. Courtesy of J-M. Richard. . .

Radial distributions for the 1P, shell of '°O: neutron, antineutron, and annihila-

tion. The units are arbitrary for the vertical axis. The annihilation density shown

103

in dashed black is the same as shown in Fig. 2.9 for 0. Courtesy of J-M. Richard. 103

Radial position annihilation probability distributions are shown for two nuclei, °O
in solid blue and “*°Ar in dashed gray, using an arbitrary vertical axis. These
are compared to the fitted, eight-zoned nuclear density distribution of '°0 in
solid orange, and *°Ar in dotted purple. For context, one may reduce the mean
nuclear radius of the *°Ar curve, moving leftward to nearly overlap with the curve

describing %0 [70], though this should not and is not perfect due to a larger range

of states widening the total distribution [71]. . . . . . . . ... ... ..o,

The spatial distribution of the nucleon potentials Vy = — (7w y +¢), with appropri-
ate partitioning of the nucleus into seven zones for protons (solid histograms) and
neutrons (dotted histogram for non-symmetric *°Ar) for '2C (yellow), 'O (blue),
and *°Ar (orange) nuclei. For symmetric nuclei, the solid and dotted histograms

lay atop one another. ¢ is the average nuclear binding energy of 7 MeV per nucleon.

Remade in collaboration with E. S. Golubeva from [229]. . . . . . . . ... .. ..

The black histograms shows the momentum distribution of intranuclear nucleons
in both '2C, %0, and “°Ar nuclei, summed over all zones. The thinner colored lines
show histograms which correspond to contributions from individual zones of the
nucleus to the total momentum distribution (only odd-numbered zone distributions

are shown so that the picture is not indecipherable). Probabilities inferred from

samples of 100,000 events. Remade from [229]. . . . . . . ... ... ... ....

The pion multiplicity distribution for pp annihilation at rest (taking into account
the decay of meson resonances). The solid histogram shows the model, with the

points showing experimental data [269]. Courtesy of E. S. Golubeva [229].
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2.13

2.14

2.15

2.16

2.17

2.18

2.19

The momentum distribution of charged pions produced in pp annihilation at rest
(taking into account the decay of meson resonances). The solid histogram shows

the model, with the points showing experimental data [347]. Courtesy of E. S.

Golubeva [229]. . . . . . . e

The probability (%) of formation of a given number of charged pions for pC

annihilation simulation. Experimental data: pink circles-[22], light blue squares-

[338]. Made in collaboration with E. S. Golubeva, and redone from [229]. . . . . .

The probability (%) of particular values of total charge () carried away by
pions emitted from the nucleus. The solid histogram shows a pC annihilation

simulation. Experimental data: light blue squares-[406], pink circles-[154]. Made

in collaboration with E. S. Golubeva, and redone from [229]. . . . . . ... . ...

The probability (%) of the events with a given number of exiting protons. The solid
histogram shows a pC calculation, including all evaporative protons. Experimental

data: light blue squares-[338], pink circles-[406]. Made in collaboration with E. S.

Golubeva, and redone from [229]. . . . . . . . . .. ... o

The exiting proton kinetic energy spectrum due to antiproton annihilation at rest
on 2C nuclei. The solid histogram shows the simulation result. The dotted
histogram shows the contribution which evaporative protons impart to the whole

distribution. The points show the experimental data taken in [292]. Courtesy of E.

S. Golubeva [229]. . . . . . .

The momentum distribution for 7+ emitted from pC annihilation at rest. The
dashed red histogram shows the distribution generated from simulations without
an antinucleon potential (Calculation #1), while the solid black shows simulation

with an antinucleon potential (Calculation #2). All experimental data points are

taken from [295, 292]. . . . . .. e

The distribution of total invariant mass of nC annihilation products. The dotted
histogram shows the distribution of invariant mass due only to original annihilation

mesons at the annihilation point. The solid histogram shows the invariant mass of

pions and photons emanating from the nucleus after intranuclear transport. . . . . .
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2.20 The distribution of total momentum of 7C annihilation products. The dotted
histogram shows the distribution of total momentum of all original annihilation
mesons. The solid histogram shows the distribution of total momentum of pions
and photons emanating from the nucleus after intranuclear transport. . . . . . . . . 132

2.21 The total mesonic initial state parameter space is shown for extranuclear nC
annihilation. . . . . . ... oL o 133

2.22 The total pionic/photonic final state parameter space is shown for extranuclear nC
annihilation. . . . . . . .. L L 133

2.23 Several plots are shown for various generator assumptions. In solid blue, it is seen
that the naive intranuclear radial position of annihilation probability distribution
generated by a Woods-Saxon (abbreviated “WS”), as presented in GENIE; the
relevant nuclear density is also shown in dashed blue (see Eq. 2.43. In orange, the
modern, quantum-mechanically derived, shell-averaged, true intranuclear radial
position of annihilation probability distribution as developed in Sec. 2.5 is shown,
present in the independent generator described here; the effective “nuclear density”
is shown in dashed orange. Distributions are normalized to the same arbitrary
integral for a direct comparison, and the scale is arbitrary. . . . . . . ... .. ... 136

2.24 The distributions of total initial annihilation meson energy are shown for this work
(solid line) and GENIEV3.0.6 (dashed line) using local Fermi gas models. Via

conservation, each of these is equivalent to the distributions of the annihilating n/N

2.25 Top: This work, showing the initial (anti)nucleon momentum distributions, using
a zoned local Fermi gas model with an additional »n potential. Bottom: the same
for the GENIEV3.0.6, showing a local Fermi gas model and the default nonlocal
Bodek-Ritchiemodel. . . . . . .. .. ..o o 139
2.26 Two dimensional 7 and n momentum-radius correlation plots for this work (top
two plots, using a zoned local Fermi gas and zoned Woods-Saxon annihilation
position distribution) alongside GENIEV3.0.6’s local Fermi gas and nonlocal
Bodek-Ritchie single (anti)nucleon momentum nuclear models (bottom two plots,

also with a smooth Woods-Saxon initial 2 annihilation position distribution). . . . 142
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2.27

2.28

2.29

2.30
2.31
2.32

2.33

2.34

2.35

The distributions of total initial annihilation meson momentum are shown for this
work (solid line) and GENIEV3.0.6 (dashed line) using local Fermi gas models. . . 143
The initial mesonic parameter space (total momentum versus invariant mass) is
compared for multiple generators; top, this work; bottom, GENIEv3.0.6. The
“no resonances” phrase refers to a GENIE Mother particle status code cut which
removes virtual contributions to invariant mass. . . . . . . . ... ... 144
The final state mesonic/pionic parameter space (total momentum versus invariant
mass) after intranuclear transport is compared for multiple generators; top, this
work; middle and bottom, GENIEvV3.0.6 local Fermi gas and nonlocal Bodek-
Ritchie, respectivley. Differences in these may lead to different detector signal
efficiencies. . . . . . . .. L 145
The outgoing 7" momentum spectrum is shown for several local Fermi gas models. 148
The outgoing p momentum spectrum is shown for several local Fermi gas models. . 148
A correlation plot showing all intranuclear n — n derived remnant nuclei with
A > 2 is shown following the breakup of the 'O nucleus. When ignoring
evaporative particles with A < 2, there are on average two residual nuclei per
annihilationevent. . . . . . . . ... Lo o 149
The de-excitation single emission photon spectrum of remnant nuclei arising from
the nuclear decay and evaporative process following intranuclear n — 7 in 10,
shown in linear and logarithmic scales (labeled with predominant nuclear isotopes
for clarity). There are events where two photons are emitted, though these are
produced exceedingly rarely and are not included here for simplicity. . . . . . . . . 150
Heavy mesonic resonances can arise following an 7V annihilation within the
nucleus, some of which may decay into ~ys; see [229] for branching fractions. This
holds for only around < 10% of events. . . . . . .. .. ... ... ... ..... 152
The local nature of the annihilation pair (7p) momentum is shown. Other than

counts, the behavior is very similar for nn pairs. . . . . . . .. ... ... ... .. 152
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2.36 Top: The initial state’s truth invariant mass of annihilation-generated mesons

3.1

32

33

34

3.5

3.6

and photons vs. radius is seen before FSIs, showing the local effects of the
(anti)nucleon potential and associated mass defects. The stepping shape seen here
derives from the zoned nature of the nuclear density (see again Fig. 2.9). Bottom:
The same for the final state’s truth invariant mass of all pions and photons following
FSIs, showing the importance of taking account of both the (anti)nucleon potential

and radial position of the annihilation to avoid excessive final state interactions. .

Top: Cross section view of the ESS target monolith. Bottom: the ESS target

monolith housing and bunker (outlined in blue), viewed from above. Courtesy of

V.Santoroand L. Zanini. . . . . . . . . . . ..

Overview of the ESS, beamlines and instruments. The locations for the proposed

HIBEAM and NNBAR experiments are also shown. Courtesy of the NNBAR

collaboration. . . . . . . . . . . L,

A schematic overview of the ANNI fundamental physics beamline floor plan which

would be used in HIBEAM. The figure is adapted from [379]. Courtesy of the

NNBAR collaboration. . . . . . . . . . . . o e

A basic schematic overview of the optimized vertically-curved S-shaped neutron

guide system used in the ANNI design, preventing direct sight of the cold

moderator, and so reducing backgrounds. Taken from [379]. . .. ... ... ...

The incident beam velocity spectrum coming from the ANNI/HIBEAM beamport.

The results use a simulation event file provided by the authors of [379]. . . . . ..

The ANNI beam divergence as a function of velocity at a distance of 50 m from the
beamport is shown; gravity is taken into account, and the entire flux (irrespective

of any virtual detector’s effectively ~ oo size) is considered. The results use a

simulation event file provided by the authors of [379]. . . . . . .. ... ... ...
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3.7

3.8

39

3.10

3.11

A top view of the the ANNI neutron beam tracks obtained by Phits. The origin
of the coordinate system is in the experimental area, after ANNI’s curved guide
extraction. Gravitational effects are not taken into account in this plot, but do little

to effect this top view. The results use a simulation event file provided by the

authors of [379]. Courtesy of B. Meirose. . . . . ... ... ... ... ......

A cross section view of the target region showing the ANNI neutron beam
trajectories [379] obtained after gravitational transport over ~ 50 m of vacuum.

The observed interference-like pattern is due to bounce-to-detector distances along

ANNI’s S-shaped curved guide. . . . . . . . . . .. ... ... ... ...

The smoothed total unreflected flux per 1 MW of spallation power for the ANNI

beamline is shown as a function of final detector radius assuming ~ 50 m of flight.

Schematic overviews of a n — n’ disappearance-style search at HIBEAM/ANNL
Top: diagram showing apparatus components; fluxes at the beam shutter position
are expected to be ~ 1.5 x 10 n/s, and ~ 6.4 x 10'°n/s at the detector
downstream. Bottom: A simplified schematic illustrating the basic principles of
the n — n' search. The symbol M represents a current-integrating beam monitor
with an efficiency of ~ 20-30%. The symbol C represents a current-integrating
beam absorption counter with an efficiency of ~100 %. A magnetic field is applied

in the same direction in the two tubes (shown by the up and down arrows within

the parentheses). Top courtesy of M. Frost, Y. Kamyshkov, and D. Milstead. . . . .

Sensitivity at 95% C.L. for the discovery of 7, via disappearance (“DIS”) and
Tane Via regeneration (“REG”) for various detector radii for the nominal 1MW
HIBEAM/ANNI flux at ~ 50m. A background rate of 1n/s is assumed for the

regeneration search. Plots have been smoothed. Discussions of a regeneration

search are contained in Sec. 3.3.2. . . . . . . .
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3.12 A simplified schematic of the n — n’ — n and n — 7' — n regeneration
searches. Two vacuum aluminum tubes with symmetric lengths of 25 m are
shown. The symbol N represents a low efficiency beam monitor, R shows a
high-efficiency *He low-background detector, and S is a very high efficiency beam
absorber. A magnetic field is applied in different directions (shown by up and down
arrows within parentheses) within the two vacuum tubes, and the configurations
can be alternated to choose between hypothetically identical (opposite) magnetic
moments of n and n’ (7'). Original figure, edited for publication [19] by D.
Milstead and Y. Kamyshkov. . . . . . ... .. ... ... ... .. .. 173

3.13 95% C.L. sensitivities for the oscillation time as a function of the apparent
background count for regeneration-style searches of 7,,_,,/—, and 7,7, In a
low magnetic field configuration after ~ 50 m of flight. These plots assume a
0.5m radius detector for the nominal 1 MW HIBEAM/ANNI flux. See again
Figs. 3.8, 3.9, and 3.11 for additional context. . . . . .. ... ... ... ..... 175

3.14 An — {n/,7'} — 7 regeneration search schematic. Two aluminum vacuum tubes
with a 1 m diameter can be used. The symbol NV represents a low efficiency beam
monitor, A shows an annihilation tracking detector enclosing a carbon foil target to
capture the nC annihilation event, and all of this can be surrounded by V', a cosmic
veto system. A magnetic field is applied in different directions in each of the two
tubes. Original figure, edited for publication [17] by D. Milstead and Y. Kamyshkov. 175

3.15 Generalized schematic overview of the planned magnetic shielding scheme.
Courtesy of the NNBAR collaboration. . . . . . . ... ... ... ......... 181

3.16 Generalized schematic overview of the NNBAR detector. See later Figs. 3.18 for
more context. A smaller prototype version is possible for HIBEAM for n — n
and n — {n’, 7'} — 7 searches and general research and design purposes for the

second stage NNBAR experiment. Courtesy of the NNBAR collaboration. . . . . . 183
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3.17

3.18

3.19

3.20

Final expected (anti)neutron positions at the detector position (~ 200 m) for the
NNBAR flux [204, 19]; vertical drop of the hotspot is seen due to gravity, which
most effect the slowest and most important velocity components of the neutron
spectrum; the rightward offset is intentional to avoid potential backgrounds on
a direct line of sight from the moderator, and is not expected to be an issue

with HIBEAM given ANNI’s S-shaped curved guide. Event file courtesy of M.

Frost [204]. . . . . . . e e

Top: The cylindrical detector design with side and front views. Middle: The
box detector design with side and front views. Bottom: An event display using
GEANT4 of a nC annihilation [229, 71] within the box NNBAR detector design
using components described in this section. Front (left) and side (center) views are
shown. The identities and kinematic energies of the outgoing particles are given in
the box to the right. Smaller versions of these detector concepts can be tested with
HIBEAM; detector components are intended to be tested as an outgrowth of the
ongoing HighNESS project [356], of which the NNBAR conceptual design report
is a part. Courtesy of S-C. Yiu, B. Meirose, A. Oskarsson and D. Milstead [67], and
the HIBEAM/NNBAR Detector Simulation and Computing Working Group [61].
Preliminary reconstructed invariant masses of a 250 MeV 7° beam entering the
center of the full NNBAR detector within GEANT4 simulations (still developing).

This simulation utilizes all of the detector components described in this section.

Courtesy of S-C. Yiu [419]. . . . . . . . . . . e

nC annihilation-generated daughter particle spectra for 100,000 events. De-
excitation photons emitted from nuclear remnants are not shown; all photons
shown here are due to heavy resonance decays. It is expected that charged pions

with 2 25MeV of energy are trackable, while protons will require 2 200 MeV to

pass through the 2cm of aluminum. . . . . .. ... . ... ... . ..
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3.21

3.22

3.23

3.24

The decaying 7° — v spectrum is shown for 7°’s generated via nC annihilation
(see again Chap. 2); all events have been decayed within a truth-level GEANT4
simulation, and NNBAR/HIBEAM detector effects are not present. A small
selection of 2193 events are shown, with a mean value of 177 MeV of kinetic

energy; the peak value is ~ 100 MeV. Thus, very few events would be missed with

a 67.5MeV trigger cut. Courtesy of S-C. Yiu. . . . ... ... ... ... .....

Sensitivity (in ILL units) for a n — n search at HIBEAM/ANNI as a function of
the radius of the annihilation target, assuming 1 MW of operating power. Given
the usage of the ILL unit, this figure assumes comparable levels of reconstruction,
background levels and rejection rates, signal efficiency, etc.; however, these will
likely improve through the use of newer detector technologies and the potential
installation of ellipsoidal-style supermirror reflectors. Plot has been smoothed. . .
Top: A simple geometric overview of considerations for neutron transport with
an ellipsoidal mirror. For these computations, only a “half”’-ellipsoid spanning the
space between the left-most and central tangentially circumscribed circles has been
considered, though the full cross sectional curve is shown for effect. Bottom left:
The dimensions (~ 7 X 11 cm) of the ANNI source are shown before entering the
beamline; the vertices of this rectangle constrains the geometry of the ellipsoid.
Bottom right: A representation of a possible ellipsoid is shown with a polygon
inset whose vertices represent those of the ANNI source. The length of the half-

ellipsoid is taken to be roughly half of the available beamline length at a ~ 26.5 m,

and sois not showntoscale. . . . . . . . . . .. ...

A two-dimensional correlation plot of viable axially symmetric ellipsoidal reflector
geometries which can fit within the allotted space of the HIBEAM/ANNI beam-
line, assuming a ~ 26.5m total length. This sampling was done via random
number generation of 5 million potential values for both the foci positions, along
with the semi-major and semi-minor axes; thus, only ~ 15% pass the requisite

geometric constraints from the containment of the source and the instrumentation

space for the beamline with an assumed 0.5 m-diameter © detector. . . . . . . . . .
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4.1

4.2

4.3

4.4

Top: An overview of the full DUNE experiment is shown. An accelerated proton
beam spallates on a target at Fermilab, producing unstable particles (usually
mesons) which in turn decay into neutrinos. The newly created neutrino beam
then travels through the Earth some 1300 km to the Sanford Underground Research
Facility in Lead, South Dakota, where the oscillated neutrinos are then measured

within the detector modules. Bottom: An overview of a single 10kt fiducial

volume DUNE detector module. Taken from [396]. . . . . . .. . ... ... ...

A schematic overview of a LArTPC is shown. Charged particles ionize the

LAr medium, and the produced electrons are drifted to wires to produce three-

dimensional images of the topology. . . . . . . . .. ... ... ... ... ... .

Top: DUNE coordinate system variables; illustration courtesy of V. PEC. Middle:
A visual explanation of atmospheric flux vs. neutrino direction within the DUNE
detector coordinate system; events coordinate projections must be rotated to
match. Bottom: The nominal Honda (topocentric horizontal) coordinate system
is shown misaligned with the DUNE far detector coordinate system (aligned with
the beam axis). A series of rotations must be completed to make sure the many
directionally-dependent detector variables are properly transformed, while the

topological objects of the neutrino interactions themselves are not rotated. This

is completed within the GENIEV3.0.6 generation step. . . . . . . . . . . ... ...

Top: Total neutral and charge current cross sections used within GENIEv3.0.6
using the default, relativistic, nonlocal Bodek-Ritchie nuclear model of Fermi
motion with a phenomenological short-range-correlated tail, from the G18_10X
tune. Other model configurations exist, and were all considered independently.
All cross section splines have been recomputed for each nuclear model used in this
work. Bottom: Previously unknown, a characteristic “stepping” of the atmospheric
spectrum can be seen with high statistics and fine energy binning over a low
initial energy range. This is due to the convolution of flat bins of logarithmically
spaced energies from the Honda fluxes and an approximately linearly increasing

cross section over the bins’ widths. Such effects will be mostly smeared out in

FECONSIIUCHION. . . . v v v v v v e e e e e e e e e e e e e e
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4.5

4.6

4.7
4.8

4.9

4.10

4.11

An illustrative plot is shown of branching ratios for a dark photon decay considered
in [130] for contributions to measured standard processes. Many of these same
resonances can be considered in terms of energy transfers rather than a dark photon

mass, and can thus contribute to multihadron backgrounds for rare processes such

as intranuclear n — n. Taken from [130]. . . . . . . . . . .. .. ... .. ....

Oscillation probabilities as a function of L/FE are shown for NuFit best fit results,

and are used to estimate backgrounds for these particular studies. Courtesy of I.

Martinez-Soler [291]. . . . . . . . e

The density profile of the Earth, as used for the oscillations of neutrinos in this study.223

Expected oscillated total event count spectra per 10 kt-yr, flavor-by-flavor, as a
function of one of three available nuclear models in GENIEvV3.0.6 G18_10X-
derived proprietary tunes (other model configurations year rather similar plots).
Here, a relativistic nonlocal Bodek-Ritchie nuclear model is shown. Others exist:
a nonrelativistic local Fermi gas nuclear model, and a nonrelativistic nonlocal
effective spectral function nuclear model. All predictions are within ~ 10% of one
another. These curves can easily serve as the (pseudo)analytical distributions used

within developing atmospheric oscillation sensitivity studies pursuing reweighting

schemes such as CAFAna [53]. . . . . . . . . . . . . . .. ... ... ... ...

A plot of final state protons is shown for neutrino interactions on °Ar using a
full intranuclear cascade and local Fermi gas (hA_LFG). When localization of

intranuclear scattering centers is preserved, the harder blue spectrum is seen; when

localization is turned on, the softer red spectrum appears. . . . . . . .. ... ...

A simulated intranuclear “°Ar n — 7 signal event using the hA_BR nuclear model

configuration is shown with topology nin — nn’7%7*7~. Made in collaboration

with V. Pecand Y-J. Jwafor [12]. . . . . . . . . . . . . . . ... ... ...

Event display for a NC DIS interaction initiated by an atmospheric neutrino. Made

in collaboration with V. Pec and Y-J. Jwafor [12]. . . . . . . . . . . .. . ... ..
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4.12 Top and Middle: A selection of BDT input variables are shown for signal and
background events. Bottom: Separation of a small number of signal events is
shown against a 400 kt-yr exposure of atmospheric neutrinos; signal dominates at
high CNN scores with a combined BDT score cut of 2 0.999, and a cut is made
on the CNN score of 2 0.97. Courtesy of Y-J.Jwa. . . . . ... ... ... .... 236

4.13 Top: The flat (unweighted) pionic parameter space is shown for the GENIE
hA_LFG model configuration at truth level for signal (left) and background (right).
Bottom: The BDT-score weighted plots of the same pionic parameter spaces are
shown, again for truth level quantities. The BDT uses reconstructed quantities to
generate a score. Plots made in collaboration with Y-J. Jwa. . . . . . . .. ... .. 238

4.14 Top: The truth-level pion multiplicity of signal (left) and background (right) is
shown versus the BDT(CNN) score using reconstructed quantities. Bottom: The
total invariant mass of all final state pions is shown for signal (left) and background
(right) versus the BDT(CNN) score. Plots made in collaboration with Y-J. Jwa. . . 239

4.15 Illustrative tables and sample comparison flow diagrams are shown to explore
potential theoretical model uncertainties of intranuclear n — 7. Signal and back-
ground comparisons can be made model configuration by model configuration, and
intermixed. . ... L. e e 242

4.16 An ideogram shows the accepted background counts (appearing to be signal) for
two model configuration analyses as shown in Tab. 4.4, including for the Bodek-
Ritchie [109] used in the DUNE technical design report [257, 12] (red) and local
Fermi gas models (blue), each using the hA Intranuke 2018 intranuclear cascade
within GENIE. The y-axis scale and placement of model points is arbitrary; each

count point is normalized for 400 kt-yr of operation, with errors estimated via
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4.17

4.18

4.19

5.1

A reproduction of Fig. 1.11 is shown with new sensitivity overlays for DUNE
using the low statistics simulations described in this chapter. It can be seen that
their range largely overlays that of the Super-Kamiokande I-IV limit [6]. It is
expected that new methods of particle identification, briefly discussed in Sec. 4.4.4,
will increase these limits. Similarly, more robust oscillated atmospheric neutrino

background simulations using new high statistics (Tabs. 4.1 and 4.2) will give these

limits more credence. . . . . . . . . . e,

A semantic segmentation confusion matrix of truth vs. reconstructed (“assigned”)
PID is shown for various simulated particle types; note that “hip” stands for
“highly ionizing particle” and “mu” is a muon. Correct inference capabilities
are high along the diagonal, boding well for future combined analyses with a

BDT(CNN,PID) using measured multiplicities as inputs to increase the signal to

background ratio. Courtesy of C. Sarasty. . . . . .. ... .. ... .. ......

Top: A three-dimensional view of a well reconstructed charged current v, 44, €vent
is shown via SpacePoints, where each colored point categorizes the particle which
passed through a particular voxel. Dark blue represents showers, yellow is any
diffuse activity, dark green are kaons, dark pink are Michel electrons, light blue
are highly-ionizing particles, orange are muons (none to be seen), and light green
are pions. Bottom: Another well reconstructed charged current v, 4, €vent is

shown with a large electromagnetic shower (blue) and a single proton (red) being

emitted. Courtesy of C. Sarasty. . . . . . . . . . .. ... ... .

The *He transverse response density is shown for q = 500 MeV/c. The surface plot
shows the response density as functions of relative energy e and center-of-mass
energy F. ., of pairs of nucleons being actively scattered upon by the incoming

electron, leading to microscopic knowledge of semifinal states before intranuclear

transport and final state interactions. Courtesy of S. Pastore. . . . . .. ... ...
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5.2

5.3

54

5.5

The interpolated nonrelativistic nuclear response surfaces { R, |q|,w} are shown
with sub-MeV grid-spacing. The underlying ~ 1 MeV-spaced {|q|,w} grid forms
the fundamental objects cast in tabulated form which GENIE then dynamically

bilinearly interpolates upon to form all subsequent double differential cross

sections for QE EM scattering. Lines along the surfaces serve as visual aides only. .

The shapes of the single nucleon electric and magnetic form factors [244] used in

the QMC STA implementation are shown. . . . . . ... ... ... ........

Approximate scaling is observed for both the one-body diagonal term (“1bdiag”)
and total (“Tot.” = one body diagonal + one-body off-diagonal + interference +
two-body) electromagnetic response contributions across longitudinal and trans-
verse components; this appears particularly strong in the total transverse response.
Note the respective (marginal) destructive and (strongly) constructive behavior
of the longitudinal and transverse components when moving from a one-body
diagonal to total response paradigm by adding additional interference and two-
body terms. The average scaling function is calculated from all shown total
responses. Though computed, responses for |q| = {300, 350} MeV/c are currently
not included in this analysis due to presence of the elastic peak, thus spoiling

scaling across all components. The longitudinal component of |q| = 1000MeV/c

hasnotyetbeen computed. . . . . . . . . ... L L Lo

Comparisons between newly created scaled (dashed) and originally computed
(solid) one-body diagonal and total nuclear response functions are shown. Note the
excellent agreement of the transverse responses due to the lack of strength of the
elastic peak in this particular component, while the reduced strength of the scaled
longitudinal responses removes the elastic strength due to higher momentum
transfer responses outweighing the average scaling function; however, too much

strength is lost here due to the averaging scheme in both the longitudinal and

transverse responses. Other methods may be pursued in future work. . . . . . . . .
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5.6

5.7

5.8

5.9

5.10

The original [318] and scaled two-body particle identity-specific nuclear response
functions are shown for pp and nn pairs, mirroring Figs. 5.5. Only the |q| =
{500,600, 700}MeV/c responses are shown here; in principle, the number of
known responses can increase, allowing for better-behaved and expansive inter-
polation for a densifying of the two-body { Ry, |q|, w}-surface; from this, more
robust double differential cross sections could be derived. Note the different
ranges (strengths) of the different components of each channel due to differences

in underlying pairing dynamics; the nn longitudinal responses are not shown due

tolow values. . . . . . . e e

Alignment of form factor normalized response functions is shown when graphing

. o . . . . /
against the nonrelativistic dimensional parameter ¢,,,.. . . . . . . . . . . ... ...

Longitudinal nuclear responses comparisons between QMC STA theory out-
puts [318] and available empirical data [405, 139]. Many response components are
shown, including but not limited to interference and one-body off-diagonal terms,
whose destructive qualities within particularly the longitudinal response limit the
strength of the pure one-body contribution. Thresholds refer to a small, free
shift-parameter which has been simplistically tuned in post-processing to better

fit available response data. Transverse responses also show good agreement with

data, and canbe seenin [69]. . . . . . . . .

A series of *He double differential leptonic cross sections are shown for various
beam energies and angles, derived from the scaled responses coming from the
average scaling function. Behavior is good overall, with all curves properly and
consistently undershooting the QE-peak due to lack of resonant production. This
is especially true for beam energies < 2GeV and more forward angles, though
even highly transverse cross sections appear quite consistent with data. However,

one can see that strength is missing from the top-most plot at low energy and high

angle, due to the current averaging scheme of scaled nuclear responses. . . . . . .

A prediction of total inclusive double differential electron scattering cross sections.

The pp and nn channels are alsoshown. . . . . . ... ... ... .........
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5.11

5.12

5.13

Two kinematics are shown for double differential cross sections showing data,

scaled theoretical curves, and GENIE generator outputs. Great consistency in all

three is observed throughout the QE regime. Courtesy of S. Gardiner. . . . . . . .

A spherical cow is shown (black) of a particular radius R. Though a pair of
correlated cows (blue n; and green ns) move about within the cow, it turns out
that one can only track them with some form of geometric degeneracy. One
can only utilize [414] by throwing from a one-body position distribution P(r;)
first, followed by throwing from a two-body separation distributions P(r5); thus,
triangulation of these cows leads to a semi-toroidally degeneracy upon rotation
(orange) of the separation sphere through space, unless broken by some other
angular input. The pink region (lying outside the black cow) is disallowed, and
would itself skin the torus (orange) with with a disallowed volume upon rotation.

A simplified, classical view of the kinematics at play at the interaction vertex is
shown. A lepton with initial momentum p is incident upon a pair of correlated
nucleons with total momentum P’ and relative momentum p’ and transfers q of
momentum to the pair, leaving the outgoing lepton with p’. Geometrically, the
incoming and outgoing lepton momenta span the interaction plane (IP), from which

the angles of all four nucleon pair relevant momenta are referenced; these can be

mapped to each other by momentum conservation and Law of Cosines. . . . . . . .
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Chapter 1

Introduction and Physics Overviews

To study rare processes requires an attack plan on multiple fronts. First, one must properly conceive
of and constrain the potential beyond Standard Model phenomena at a theoretical level, employing
quantum mechanical formalisms. Following this, one must consider the phenomenological
modeling, potentially via simulation, of the rare process, along with any associated backgrounds.
The precision of these simulations in many ways will dictate the potential sensitivity of a given
experiment, as it’s interpretation is based by default on the rare process’ modeling. Thus, to
discover new physics, one must consider both the particle and nuclear physics at play within
a given process carefully, beyond of course the difficulties of a proper detector simulation. In
this thesis, I work toward these developments within the Deep Underground Neutrino Experiment
and the NNBAR/HIBEAM experimental program at the European Spallation source, principally
considering Monte Carlo simulation modeling to assess the viability of searches for rare processes
such as neutron transformations.

In this first chapter, I begin by summarizing the problems and enumerate some theoretical
aspects of baryogenesis and dark matter, as well as give an overview of lepton scattering physics.
In the former cases, neutron oscillations will be discussed as a potential solution; the latter is
an important consideration for improving background estimations for future intranuclear baryon

number violation searches. The design of experimental tests and uses of these theoretics in



simulation, along with validation and associated data comparisons where possible will be the focus

of the chapters hereafter'.

1.1 The Standard Model

One of the central accomplishments of the Standard Model is the supremely simple way in which
it is constructed at its most fundamental levels. Though the Model is known to be incomplete (as

will soon be discussed), it’s beauty can be holistically encapsulated by the gauge group structure

QSM = SU(3)C X SU(Q)L X U(l)y, (11)

containing three fermion generations experiencing some of all or the strong (color, SU(3),.), left-
handed (L) weak (SU(2)1), and electric (U(1)y) (hypercharge) interactions. Following Wigner,
particles are identified as the irreducible representations of this global gauge symmetry group, with
quarks in one fermionic representation and leptons in another. With this gauge symmetry and the
SM’s particle content, one may construct the accidental apparent global symmetry

e,l,T

Gsn = U(Ws x [ U(M)e, (1.2)

c

at perturbative levels; here, U(1)z is the baryon (13) number symmetry, and [[*" U(1) are the
three lepton flavor symmetries with total lepton number £ = L, + £,, + L. Fermions (though
not necessarily neutrinos without some arguably simple extensions) gain masses through Yukawa
interactions after spontaneous symmetry breaking [231]. Embracing an overarching and collective
view, the theory is decisively beautiful, though some inherent flaws remain.

The successes of the Standard Model of particle physics (SM) cannot be understated. The
injection of field theories and Lagrangian formalism into quantum mechanics (QM) has yielded
an impressive list of well defined, precisely calculable physical observables across a multitude of

electromagnetic, weak, and strongly interacting systems. To date, no high statistics data (outside

Note here that for all proceeding chapters, all figures without any specific caption detailing their provenance are
of my own design and making. My contributions to the many fields of study detailed throughout this thesis stem
primarily from these many figures. All code, simulations, and details of their production are available upon reasonable
request.



of the neutrino, v, sector) has shown any definitive deviation from the SM’s robust predictions at
high energy (~TeV) scales: there has been no sighting of sparticles, extra dimensions, or other
exotic, beyond Standard Model (BSM) phenomena thus far.

None-the-less, the problems that many of the concepts mentioned above were designed to
rectify, remain, stubborn as ever. In my opinion, chief among the most important problems in
physics today are the baryon asymmetry of the universe (the BAU, also known as the matter-
antimatter asymmetry of the universe, or the baryon abundance), and the unknown nature of dark
matter (DM). Each represents a possibly fundamental disability of the SM (see Eq. 1.2), and they
remain some of the toughest quandaries for scientists to resolve within the great structures of
nature.

In order to explain such quandaries, the SM must be extended, but the question remains as
to how. Previously, within extensions such as supersymmetry (SUSY, which had promised a rich
landscape of new and exciting particles and phenomena to be observed and studied), scientists
focused on reaching higher and higher energy scales; this is known as the energy frontier. Today,
another set of perspectives is beginning to take hold: the low energy and intensity frontiers are
now being sought out within the high precision era in order to uncover any potentially new signals
drowned out by the noise. It is this philosophy, and its many crossovers, which drives much of
my and others’ work on baryogenesis, lepton scattering, and DM today, where long time scale and
or precision measurements of SM observables aim to find any lurking, previously hidden physics
above SM backgrounds (such as those from atmospheric neutrinos, to be discussed later). I will
discuss prospects for these over the coming chapters across several experiments, including the
NNBAR/HIBEAM two-stage experimental program at the European Spallation Source (ESS), and
the Deep Underground Neutrino Experiment (DUNE). All studies have required ample simulation

developments to assess their experimental viabilities.



1.2 The Baryon Asymmetry of the Universe, the Sakharov
Conditions, and Baryogenesis

Given what is known of the big bang and the plausible mechanisms by which it arose, physicists
have found the universe today to be flat (zero net energy density), expanding, and made principally
of matter [20]. Most scientists believe that the universe began from a charge (C') symmetric state,
wherein all masses of particles and antiparticles were balanced, the decay widths of those particles
identical, and their electric charges opposite. However, while such a symmetric state would
require equivalent number densities of particles and their antiparticles, it is instead seen (albeit
only in the local cosmic neighborhood) that the universe is predominately made of matter rather
than antimatter. Here, electrons, protons, and neutrons dominate the density of their respective
antiparticle cousins. This fact is solidified by the observation of little to no flux of energetic v-
radiation due to annihilation events (for example, in a pp collision, production of 7°’s can occur,
which can subsequently decay into 27). This observation, along with data showing the near perfect
isotropy of the CMB [20] radiation allows one to calculate a convenient, dimensionless number
characterizing the magnitude of the BAU [171, 173, 172]:

np—n

8= 5 ~ 10710, (1.3)

Ty

where [ is the BAU, ng the number density of baryonic charge, nz the number density of
antibaryonic charge, and n., the number density of cosmic-microwave background photons [20].
Accurate estimates of (3, which is (assumed to be) constant in time, are confirmed by the
astronomical observation of light elements (nuclei) throughout the universe. These elements
include jHe, 5He, ’Li, and especially ?H, all thought to be made during the first few minutes
following the big bang. In models of such nucleosynthesis, these observations are key and sensitive
inputs, and offer a good understanding of the baryonic number density during this epoch.

It should be noted that in the case of a pure, symmetric state of the universe, one would expect
for there to be effectively no baryons (or antibaryons) at all due to mutual annihilation occurring
down to a temperature of roughly 1 GeV (where they would “freeze” out), giving rise to a surviving

BAU of [173, 171, 172]



Ty

ng =ng~ =~ 10_197%. (1.4)

TannMpMpy
Here, 0,,,, is the cross-section of nucleon-antinucleon annihilation, mp is the baryon mass, and
Mpy is the Planck mass. This quantity, of course, is far too small compared to Eq. 1.3, showing an
effective nine orders of magnitude overabundance when considering the universe today [172]; an
understanding of this asymmetry could hold important clues to BSM physics [50, 47], as it seems
a clear violation of Eq. 1.2.

To help explain this incredible discrepancy, in the 1967, Andrei Sakharov proposed his famed
conditions. These can be nicely summarized in the following example. Let the universe be created
from a C-symmetric vacuum state with total baryon and lepton numbers of zero. Consider an
arbitrarily heavy particle that existed close to the beginnings of the universe, X, and its antiparticle,
X. Recall by consequence of the charge-parity-time reversal symmetry (CPT) theorem that, for
any quantum field theory, all decay rates of particles and antiparticles contained within that theory
are identical. If X were to decay with a branching fraction f into a state with baryon number 5,
and into another possible state B, with branching (1 — f) (and vice versa for X), then it is seen

that the change in the baryon number before and after the decays is

IAB| = By — Bo = By — (0) = By, — Br,
= [fBi+ (1= f)Bo] = [fB1+ (1 — f)B,)]

=(f=NBi+[(1=f) = 1= f)B;

= (f = f)(B1— Ba) #0. (1.5)

From this simple example, and the plain observation of the existence of the universe, one must
conclude that 1) f # f, which means there is C'P non-conservation within nature, and 2) B, # B
implies that B non-conservation has at some point occurred. These are two of the three Sakharov

conditions, which, in full, are:

1. C'P non-conservation implies the interactions of particles and antiparticles in physical

processes are different.

2. B non-conservation implies that baryon number (alone) is not a good quantum number.

5



3. Departure from thermal equilibrium (not discussed directly within the context of Egs. 1.5)

implies that the original configuration of the universe was not perfectly symmetric.

All three of these arguments are central to any understanding of the evolution of the universe, and
act as key boundary conditions upon any permissible model which claims to be consistent with its
existence [172, 263, 349, 352]. This was the first hint of the need for BSM physics. Two of the
three of these conditions have been empirically demonstrated: C'P violation, as observed in K°
and K° decays [148], and departure from thermal equilibrium in the early universe, as observed
in temperature data from the cosmic microwave background (CMB) radiation? [20]. Only one of

Sakharov’s conditions has yet to be definitively observed: baryon number violation.

1.2.1 B — L Conservation in the Electroweak Sector

Fermions interact via vector minus axial-vector (V' — A) terms present in the lagrangian density
of the electroweak sector within the SM; this leads to the fact that the axial-vector current is not
generally conserved for massive particles. Due to this, the Bell-Adler-Jackiw (also known as the
axial) anomaly develops at non-perturbative scales [156]. This led t’Hooft and Veltman [156, 387]
to his renormalization of the SM, requiring that the SM have equal numbers of lepton and quark
families. Simultaneously, it was shown that the baryonic and leptonic currents were conserved
over all flavors for Dirac fermions:

30 e = Ol o = Ol o = Ot o — AB = AL, (1.6)

quark baryon

This led to the creation of a new, “good” quantum number for non-perturbative regimes: the
combined form B — L, which is always conserved in SM processes, to all orders. This is rather
different than the “good” individual B or £ quantum numbers present at perturbative regimes

within the SM (and are thus representable by Feynman diagrams; see again Eq. 1.2).

2This effect is broadly illustrated by the CMB, as it is evidence of an out of equilibrium phase transition between
ionized and atomized phases of nucleons and electrons, and was only smoothed out by the expansion rate of space in
the early universe.



1.2.2 Electroweak Baryogenesis and the Sphaleron

It can be shown from such baryonic and fermionic currents that a respective topological number
exists which effectively separates different possible vacuum state configurations for leptons and
baryons. These different configurations can be illustrated by the blue and red outlined circles
in Fig. 1.1, each of independent topological numbers n = 1 and n = 2. It was thought that
topological tunneling through an energy “barrier” (the periodic function shown in black) separating
these states could, be emblematic of simultaneous baryon and lepton number violation, accounting
for the matter-antimatter asymmetry (this process is being illustrated in cartoon fashion in light
green); classical motion over the barrier is also possible. At energies above the electroweak phase
transition in the early universe, it has been suggested that the rates of processes with AB # 0 are
faster than the expansion rate of the universe, meaning that any asymmetry between baryons and
antibaryons would be removed. To be clear, it could be the case that in electroweak interactions at
high temperature, one may conserve B — L, but instead B + L is erased. Cognizant of these facts,
they can be shown to be ineffective at reproducing the observed BAU [173, 171, 349]. Some recent
progress is also discussed in [341], and other reviews include [54].

If this is the case, then the anomalies of the SM, especially in the electroweak sector, while
capable of rendering the model renormalizable, are ineffective at generating any asymmetry (they
would, in fact, act as a terminator of any asymmetry [173, 171, 172]). Precisely, if the electroweak
phase transition is of second order and thermal equilibrium is not disturbed, then the asymmetry is
not generated. This turns out to depend critically on the mass of the Higgs boson, where for a high
mass (2 100 GeV) the transition will be of second order, while for a low mass (< 50 GeV), it will
be of first order, and regions of asymmetry could be generated. However, considering the Higgs is
heavy, it is now known that the transition must have been second order, resulting in effectively no
asymmetry whatsoever [156, 173, 171, 172, 185, 246, 387, 263].

The electroweak phase transition and its ability to generate the BAU is recognized to create far
too weak of an effect to act as an adequate explanation of the BAU as observed today. In order
to mitigate these facts, the sphaleron mechanism was proposed [387, 386]. Speaking roughly,
it is known that processes with a non-zero change in baryonic charge are, at high temperatures,

accompanied by changes in the structure of the Higgs field. It is possible to deduce that the
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Figure 1.1: A simplified schematic plot (taken from Dolgov’s discussions throughout [171, 172,
173], Kuzmin et al. [277], and Rubakov and Shaposhnikov [349]) of potential mechanisms of
baryon number violation between different topologial vacuum states. The continuous, periodic
barrier represents the Higgs field at early time, and minima of this potential represent classical
vacua. (Green) The sphaleron mechanism is illustrated, likely active at high temperatures (~
10 TeV), and represented by classical motion over the potential barrier. (Orange) Topological
tunneling between topological states through the potential barrier is illustrated. Figure adapted
from [349].



sphalerons are objects that, if assumed to be in thermal equilibrium with one another (and so
described by a Boltzmann exponent dependent upon the Gibbs free energy) at 