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Searches for sub-GeV Dark Matter with NOvA and LDMX and
Performance Studies of the Cosmic Ray Veto for MuZ2e

Tyler Gregory Horoho

(ABSTRACT)

The constituents of dark matter are still unknown, and the viable possibilities span
a very large mass range. Specific scenarios for the origin of dark matter sharpen the
focus to within about an MeV to 100 TeV. Most of the stable constituents of known
matter have masses in the lower range, and a thermal origin for dark matter works
in a simple and predictive manner in this mass range as well. Non-gravitational cou-
plings of dark matter to Standard Model particles would make it possible to produce
dark matter at accelerators. Through 120 GeV proton-nucleus collisions, NOvA is
effectively a beam dump experiment for producing and detecting dark matter. This
thesis presents a search for dark matter — electron scattering in the NOvA near detec-
tor from sub-GeV dark matter produced at the target. A future search for sub-GeV
dark matter with the Light Dark Matter eXperiment (LDMX) is discussed, along
with a study of LDMX’s expected sensitivity to visibly decaying dark photons. Ad-
ditionally, performance studies of the Mu2e cosmic ray veto (CRV) are presented.
A calibration procedure for the CRV counters is discussed, along with tests of the

efficiency, position resolution, and light yield decline of the CRV counters.
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Chapter 1

Introduction and Motivation

The Standard Model of particle physics is our most complete and accurate picture
describing the composition of the Universe and interactions within it at the most
fundamental level. Decades of discovery for particles predicted by the Standard Model
have been a great triumph for particle physics, culminated by the discovery of the
Higgs boson in 2012 [1, 2]. The particle content of the Standard Model, shown in
Figure 1.1, contains six quarks and six leptons that compose the matter of everyday
life, four gauge bosons that are responsible for three of the four fundamental forces
of nature (electromagnetism, the weak nuclear interaction, and the strong nuclear
interaction), and the Higgs boson, which provides a mechanism for particles to obtain

mass.

However, there are several empirical observations that cannot be addressed within

the framework of the Standard Model:

e Observations in astronomy indicate that the Universe contains a large amount
of “dark matter,” which has not been directly observed and so far has only
been inferred through its gravitational influence on visible matter. A more
comprehensive discussion of the evidence for dark matter and explanations for

it is given below.

o The Universe is dominated by matter over antimatter, which is possible in



the Standard Model through processes that violate charge-parity (CP) symme-
try. However, the amount of CP violation predicted by the Standard Model
is not sufficient to explain the observed matter-antimatter asymmetry of the

Universe [3].

» Neutrinos have been observed to oscillate in their flavor as they propagate, and
therefore have mass [4, 5|. Neutrinos do not acquire mass through the same
mechanism as other fermions in the Standard Model and should consequently

be massless.

Many theories beyond the Standard Model (BSM) can explain the above phenomena,
and predictions in these theories are within reach of current- and next-generation

particle physics experiments.

1.1 Overwhelming Evidence for Dark Matter

There is an overwhelming amount of evidence for the existence of dark matter. Over
the last roughly 100 years, astronomers have continued to observe anomalies in data
that point in the direction of new physics, and yet particle physicists have come up
empty for an explanation. Evidence for the existence of dark matter is found on

multiple distance scales in the Universe and through multiple detection mechanisms.

The first hint for the existence of dark matter came in 1933, when Fritz Zwicky used
the virial theorem to calculate the total mass of the Coma Cluster from the observed
velocities of nebulae in the cluster [6]. Zwicky found that the total mass to keep the
cluster gravitationally bound must be significantly larger than the observed luminous

matter, which he attributed to “dark matter.” Zwicky’s work was largely unnoticed



Standard Model of Elementary Particles

three generations of matter

interactions | force carriers

(fermions) (bosons)
| Il 1l
mass  =2.2 MeV/c? =1.28 GeVic? =173.1 GeVi/c? 0 =125.11 GeVi/c?
charge | %4 % % 0
spin | ¥ U k2] C R t 8 0 H
up l charm l top J l gluon higgs
=4.7 MeV/c? =96 MeV/cz =4.18 GeV/cz 0
] ] =1 0
« + & » .
down | strange ' bottom J L photon
_J
=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeV/c2 =91.19 GeV/c? m
-1 e -1 =il "[ 0 Z
% Y R 1
H @ (3
electron muon tau Z boson 8 2
7 03
Z <1.0 eVic? <0.17 MeV/c? <18.2 MeV/c? =80.360 GeV/c? LIJ (@]
O | 0 0 +1 e
= [» Ve % VH % V1 1 W g QO:
o [
w electr_on muon tau <L o0
- neutrino neutrino neutrino W boson A "'>J

Figure 1.1: The Standard Model of particle physics is a group of the known elementary
particles, consisting of six quarks, six leptons, four gauge bosons, and the Higgs boson.

for decades, and it was not until the 1970s that more evidence for dark matter became

too apparent to ignore.

1.1.1 Galaxy Rotation Curves

In the late 1970s, Vera Rubin, with Kent Ford and Norbert Thonnard, observed
that the orbital velocity of stars and diffuse gas in the outer galactic disk of spiral
galaxies was too large to be accounted for by ordinary matter! alone [7]. Along

with luminous matter from stars, Rubin included measurements from diffuse gas,

L¢ordinary matter” = matter understood within the context of the Standard Model of particle
physics.



which came from 21 ¢m light emitted by the spin-flip transition of electrons in neutral
hydrogen. This allowed the orbital velocity measurement to extend well beyond
where luminous matter is emitted from the galactic disk. Figure 1.2 shows the galaxy
rotation curve for the spiral galaxy NGC 6503 and how the distribution of visible and
dark matter would affect the observed rotation speeds.? Outside of the stellar disk of
the galaxy, the orbital velocity is expected to fall off as v> = GM/r from Newtonian
dynamics. Measurements show instead that the rotational velocity remains constant
or slightly increases at large radii. From the Newtonian dynamics formula above,
a constant rotational velocity would be satisfied if the mass distribution increased
linearly with radius, meaning there is a large amount of mass—comparable to the
amount of mass seen in the luminous matter of the galaxy—Ilies outside of the stellar

disk, called the dark matter “halo.”

1.1.2 Baryon Acoustic Oscillations

Galaxy rotation curves indicate that dark matter halos have approximately 3-10
times more mass than the visible matter in galaxies. More precise measurements on
the total amount of dark matter in the Universe relative to the amount of baryonic
matter® are measured from anisotropies of the Cosmic Microwave Background (CMB)

radiation [9].

The CMB is the thermal “afterglow” of the Big Bang. Conditions were too hot in the

early universe for stable atoms to form, and the Universe was filled with an opaque

2Zwicky also noted that observations of the rotational velocity of spiral galaxies by van Maanen
were t0o high to keep the galaxy bound by the amount of luminous matter [6].

3Technically, “baryonic matter” should only constitute protons and neutrons, but I will use this
term to refer to protons, neutrons, and electrons in the context of early Universe physics.
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Figure 1.2: The rotation curve of NGC 6503 (points). The best fit is shown as the
solid curve, along with the contribution from the stellar disk (dashed curve), diffuse
gas (dotted curve), and the dark matter halo (dot dashed curve). From Ref. [§].

plasma.? When the Universe expanded and cooled enough for stable atoms to form,
the thermal radiation of the Universe could travel freely, which can now be detected
as a blackbody spectrum peaking in the microwave frequency due to cosmological
redshift. The CMB radiation is almost perfectly isotropic; it has a mean temperature
of 2.7K and root mean square variations of around 100 uK [9]. Variations away from

the mean temperature in the CMB are shown in Figure 1.3.

These small perturbations away from perfect isotropy are due to fluctuations in the

4Thomson scattering of light by charged particles constituting the plasma is why the Universe
was opaque.



Figure 1.3: The Cosmic Microwave Background has small temperature fluctuations
due to over/under-dense regions in the early Universe.

density of baryonic matter caused by acoustic density waves in the primordial plasma
of the early Universe, known as baryon acoustic oscillations (BAO). These acoustic
waves are caused by the interplay between the gravitational attraction of all matter
and the repulsion of baryonic matter from outward exerted radiation pressure in the
over-dense regions. Dark matter stays at the center of these over-dense regions since
it has a very small or no coupling to photons, so it does not oscillate like the baryons.
Therefore, by looking at the size and frequency of baryon acoustic oscillations, which
is embedded in the density fluctuations of the CMB, a measurement of both the total

matter content and the baryonic matter content in the Universe can be made.

The total matter density Q,, and the baryonic matter density Q, are determined
as parameters in a fit to the observed power spectrum of the CMB, shown in Fig-
ure 1.4. The Planck Collaboration measured the total matter density of the Uni-
verse to be Q,,h* = 0.1430 + 0.0011, where 4 is the dimensionless Hubble parameter
h = Hy/(100km/s/Mpc) ~ 0.674 [9]. Of this, the contributions from dark matter Qs
and baryonic matter Quh* are Q h* = 0.1200 + 0.0012 and Q,h* = 0.02237 + 0.00015.



This means there is about five times as much dark matter in the Universe as baryonic

matter according to CMB measurements.
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Figure 1.4: The power spectrum of the Cosmic Microwave Background. The red
dots represent measurements from the Planck Collaboration [9], and the blue curve
represents the best-fit model, which assumes the presence of cold dark matter and a
cosmological constant (ACDM).

The observed amount of baryonic matter from the CMB is in agreement with predic-
tions from Big Bang Nucleosynthesis (BBN), which describes the production of hydro-
gen, deuterium, helium, and lithium in the first few minutes after the Big Bang [10].
Measurements of the abundance of light elements in the Universe agree remarkably
well with the inferred baryon density from baryon acoustic oscillations [11]. This
provides an independent confirmation that a large amount of non-baryonic matter is

needed to explain the total matter content measured from the CMB power spectrum.



1.1.3 Weak Gravitational Lensing

The abundance of dark matter in the Universe has remained relatively stable on
timescales that we can observe. The CMB provides a snapshot of the dark matter
abundance at around 380,000 years after the Big Bang, when the Universe was cool
enough for neutral hydrogen to form. The abundance of dark matter billions of years
after the Big Bang is gauged through weak gravitational lensing of the large-scale
structure of the Universe [12]. Gravitational lensing is the deflection of light from
distant objects through the gravitational warping of spacetime caused by massive
objects in the foreground. Surveys of galaxy clusters and the gravitational lensing
caused by these galaxy clusters show that there is not nearly enough luminous matter
in the clusters to account for the amount of lensing observed [12]. The amount of
dark matter in the large-scale structure required to match the observed lensing is
consistent with measurements on the CMB: about five times more dark matter than
baryonic matter. These measurements also support the idea that dark matter played
a key role in the large-scale structure formation of the Universe. Lensing measure-
ments showed a filamentary structure to the distribution of mass in the Universe, and
galaxies were distributed throughout these filaments. This structure mapped from
gravitational lensing is also consistent with mapped catalogs of stars, galaxies, and
quasars. Simulations of the evolution of the Universe to form this structure require

the presence of dark matter [13].

Alternative explanations to dark matter, such as large-scale modifications to grav-
ity [14], are strongly disfavored by weak gravitational lensing observations of the
mergers of galaxy clusters [15, 16]. During the collision of galaxy clusters, visible
matter in the clusters interacted and slowed, whereas the majority of the mass con-

tinued largely unaffected. The distribution of visible matter in the clusters is mapped



by looking at visible light and X-rays—indicative of star formation in the extreme
environment of a galaxy cluster merger. The distribution of mass is mapped from the
observation of weak gravitational lensing in the cluster. Figure 1.5 shows an image of
the Bullet cluster and the distribution of both visible matter and mass. The discrep-
ancy between the distribution of visible matter and the distribution of mass in the
Bullet cluster cannot be explained by a large-scale modification to gravity (without
dark matter needing to be introduced anyway) and provides strong evidence for a

dark matter explanation to all of the above astronomical observations.

Figure 1.5: Image of the Bullet cluster. The blue contours show the projected mass
density from gravitational lensing. The magenta contours show the X-ray brightness
map measured by the Chandra X-ray Observatory. From Ref. [16].

The Bullet cluster observation also places stringent constraints on dark matter self-
interactions. Because the dark matter component of the cluster merger remains spa-
tially separated from the hot gas (which experiences significant drag and slows down),
the dark matter must be nearly collisionless. Observations of the Bullet cluster place
a limit on the self-interaction cross section per unit mass of dark matter to be less

than around 1cm?/g [17].
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Along the same lines, simulations of collisionless dark matter fail to account for
some observations on the scale of galaxies and small groups of galaxies. The density
of collisionless dark matter in galaxies is predicted to increase sharply toward the
galactic center, but observations of dwarf galaxies and low-surface-brightness galax-
ies show flat central density profiles [18]. Additionally, simulations predict that the
Milky Way’s dark matter halo should contain several massive subhalos with satellite
galaxies. These subhalos are “too big to fail” at forming stars, meaning they would
inevitably have become visible galaxies. However, the number of observed bright
satellites around the Milky Way is fewer than what simulations predict with colli-
sionless dark matter [19]. A possible solution to these two problems is if dark matter

has a small, velocity-dependent self-interaction [20].°

1.1.4 Multi-messenger Astronomy Constraints

To further emphasize that all of the observed phenomena are due to some yet-to-be
discovered particle and not the misunderstood nature of gravity [22], multi-messenger
astronomy measurements of neutron star mergers strongly constrain alternative the-
ories of gravity. Neutron star mergers are a source of gravitational radiation from
the inspiraling of massive objects and electromagnetic radiation from the resulting
kilonova of the merger. Modifications to gravity that explain dark matter phenom-
ena predict that there would be a significant delay (by as much as several hundred
days) between the observed gravitational wave signal and the electromagnetic signal,
but the two signals are observed nearly simultaneously, as expected from general

relativity [23].

5 A velocity-independent cross section for dark matter is strongly disfavored, as an excess of dark
matter annihilation signals would be observed [21].
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While there is a large amount of evidence for dark matter through a variety of indirect

measurements at multiple cosmic distance scales, the true nature of dark matter

remains a mystery. These indirect measurements also leave the possible identity of

dark matter largely unconstrained; the lightest viable candidates are about 1072

times the mass of an electron and the heaviest viable candidates are several solar
6

masses®, or about 10°? times the mass of an electron. This is about 90 orders of

magnitude to search. What we do know about dark matter is summarized as follows:

1. Its presence has been observed indirectly through gravitational effects, but never
directly by “seeing” it. Therefore, dark matter must have no interaction or a
very feeble interaction with photons, which implies it has little or no electric

(or magnetic) charge. It also does not strongly self-interact.

2. There is about five times as much dark matter in the Universe as baryonic

matter.

3. Dark matter abundance has remained constant over time (or at least since
recombination), so dark matter is stable or has a lifetime far greater than the

age of the Universe.

4. Evidence for the existence of dark matter is observed across the whole sky.
With this and the cosmological principle’, one can assume dark matter exists

everywhere, including throughout the Milky Way and around Earth.

5. Since dark matter seemingly played a large role in large-scale structure forma-

tion in the Universe, it must be non-relativistic.

6 Although not completely ruled out, primordial black holes are very tightly constrained and thus
are not favored [24, 25].

"The cosmological principle is the notion that the Universe is homogeneous and isotropic, at least
when viewed on large enough distance scales.
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1.2  Thermal Relic Dark Matter

Exploring Point 2 above, the fact that there is roughly the same amount of dark
matter as baryonic matter (at least within the same order of magnitude) is a com-
pelling reason for one to assume that there may be an interaction between dark
matter and ordinary matter that connects their origin in the early Universe. Under
this assumption—that dark matter and ordinary matter were in thermal equilibrium
with each other in the early Universe through some interaction—the mass range for
potential dark matter candidates becomes much more tightly constrained, between
the sub-MeV to ~100 TeV range [26]. In the early Universe, when the temperature
was much higher than the dark matter mass and the density was high, creation and
annihilation processes were in thermal equilibrium. As the Universe expanded and
the temperature fell below the dark matter mass, creation processes became ineffi-
cient and the dark matter number density began to annihilate away. At some later
time, the annihilation rate became lower than the Hubble expansion rate and annihi-
lation processes also became inefficient. At this point, the dark matter abundance was
“frozen out” to a stable value, which is observed today. A diagram of this freeze-out

mechanism is shown in Figure 1.6.

Starting from the Boltzmann equation, the observed abundance of dark matter Q,
is used to determine the necessary thermally averaged annihilation cross section (ov)
for dark matter by equating the annihilation rate to the Hubble expansion rate. This

yields a model-independent relation of 28]

3x 107 ecm3s™!

(ov)

Qn

X

(1.1)

meaning that based on abundance measurements from the CMB, (ov) ~ 3x10726 cm? s
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Figure 1.6: The mechanism of thermal freeze-out. The solid line is the density of
dark matter that remains in thermal equilibrium as the universe expands and cools.
The dashed line represents the freeze-out density for different (ov) scenarios. The red
region corresponds to a time in the universe when the production and annihilation
rates are equal. The purple region corresponds to a time when the production rate
is smaller than the annihilation rate, but both still regularly occur. The blue region
corresponds to a time when the universe’s expansion has overwhelmed the annihilation
of dark matter. From Ref. [27].

As mentioned above, the assumption of dark matter being a freeze-out thermal relic
constrains the dark matter mass to be in the sub-MeV to ~100 TeV range. The upper
limit comes from unitarity constraints on the partial-wave expansion of dark matter
annihilation [29]. The lower mass limit (~1 MeV) comes from the fact that if dark

matter is too light, it would be relativistic at freeze-out and could not adequately
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contribute to the observed large-scale structure formation [9, 12].

1.2.1 The WIMP Miracle?

The co-moving annihilation cross section above is what one would expect for a new
particle that interacts via the Standard Model weak interaction in the GeV to TeV
mass range [30], called the weakly interacting massive particle (WIMP). WIMPs
are naturally predicted in supersymmetric extensions to the Standard Model, with
some of the lightest particles predicted in supersymmetry being viable dark matter
candidates [31]. Supersymmetry postulates a symmetry between integer spin particles
and half-integer spin particles, which implies the existence of partner particles for all
known particles with different spin properties. Supersymmetry could also explain why
the Higgs mass is so much smaller than the Planck mass, which was one of the original
motivations for the theory [32]. If evidence for supersymmetry was found through
collider experiments, which probe electroweak-scale energies, this would be a strong
clue toward a WIMP explanation for dark matter. For these reasons, WIMPs have
historically been a popular dark matter candidate and one garnering the attention of

many experimental searches.

At this time, there is currently no evidence for conventional supersymmetry from
experiments at the Large Hadron Collider, which is the only accelerator complex op-
erating at energies that can probe predictions from supersymmetry [33]. In addition,
searches for the direct detection of WIMPs through their scattering on the nuclei
of noble liquids have not yet found a positive signature [34-37]. The sensitivities of
direct detection WIMP searches are rapidly approaching the “neutrino fog,” which

are dark matter-nucleon coupling strengths where events originating from neutrino
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interactions will impose a significant background—complicating the viability of this
search method [38]. Figure 1.7 shows the sensitivity of direct detection experiments
for GeV-scale dark matter, with the neutrino fog shown in dark blue. The sudden
dip in the neutrino fog around 10 GeV is due to a transition between solar neutrinos
as a dominant background (below 10 GeV) and atmospheric neutrinos as a dominant
background (above 100 GeV). In this transition region the major source of background
neutrinos comes from diffuse supernova neutrinos [39]. The loss in sensitivity of many
of these experiments around this same mass is due to a different mechanism; below
20 MeV, nuclear recoils from dark matter start to become too soft to resolve in de-
tectors. Current world-leading sensitivities for GeV-scale dark matter-nucleon cross

sections are already within an order of magnitude of the neutrino fog.

The annihilation cross section is related to the dark matter mass m, and the mediator
mass mgq as follows [41]:

2

(ov) o« % (1.2)
()

For a WIMP candidate, ®@ is the Z boson. For smaller WIMP masses, (ov) becomes
smaller, which increases the expected abundance (since Q, o 1/(ov)). Based on
the relic abundance of dark matter measured by the CMB, calculations by Lee and
Weinberg show that dark matter particles interacting via the weak interaction would
lead to an overproduction of dark matter from what is observed if the dark matter
mass is less than about 2 GeV [42]. With WIMPs not being a viable model below
2 GeV, a new interaction needs to be introduced to search for sub-GeV dark matter
candidates. This circumvents the Lee-Weinberg bound by introducing a comparably

light mediator through which light dark matter particles could annihilate.
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Figure 1.7: A summary of experimental sensitivities to the dark matter-nucleon cross
section for GeV-scale dark matter. The shaded gray is the excluded parameter space
and the dashed lines show the expected 90% confidence level exclusion sensitivities
of various experiments. Note this figure is from 2022 and recent results from LZ
have excluded much of the parameter space from their expected sensitivity [36]. The
neutrino fog is shown in the blue contours. From Ref. [40].

1.2.2 Light Dark Matter

This thesis will explore a model known as vector portal dark matter [41, 43], meaning
that the “portal” interaction between the dark sector and visible sector is mediated by
a new vector boson. The minimal vector portal model consists of a dark photon (A’),

which is a new dark Up(1) gauge boson that kinetically mixes [44] with the Standard
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Model photon, and a dark matter particle y carrying Up(l) charge gp that serves
as the dark matter candidate. The Up(l) symmetry is broken, so the A’ acquires
a mass my through the Higgs mechanism. This symmetry breaking could be (but
is not necessarily) governed by the same mechanisms as in electroweak symmetry

breaking [45]. This produces the following Lagrangian:

1 1 e
L= Lo -7 F "+ Emj,A'ﬂA; = 3 Fn P+ Ly, (1.3)

where Lg)\ is the Standard Model Lagrangian, F*” is the electromagnetic field strength
tensor, F,, = d,A, — 0,A, is the dark field strength tensor, & is the kinetic mixing
parameter between the dark photon and the Standard Model photon, and £, is the

dark matter Lagrangian, which depends on the nature of the dark matter:

igpA, (Y 'y — x'x") + myx"x + %(9#)(*8”)( (Scalar )

L, = LepAl oy Yoy + myox + 10,00 (Majorana fermion y)

igpA X 1Y X2 + %ml Xix1 + %mz)('z)(z + Y171 0ux2 (Pseudo-Dirac fermion y)
(1.4)

The pseudo-Dirac fermions y;, are mass eigenstates of a Dirac pair of two-component
Weyl fermions (1, €) that have opposite Up(1) charge and a Up(1) conserving (break-

ing) Dirac (Majorana) mass term mp (my), with my, =~ mp ¥ my, [46].

Something that has been swept under the rug above is that kinetic mixing between
the dark photon and Standard Model photon necessitates the existence of massive
particles W, ¥ that couple to both gauge fields. An example of this kinetic mixing at
the one-loop level is shown in Figure 1.8. These particles could have masses far above
the energy scale of the symmetry breaking, but the kinetic mixing persists at much

lower energy scales. This one-loop process generates kinetic mixing with strength [44,
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45]:

€go my
= lo (
my

&= 15 log —)~ 107° - 1073, (1.5)
T

where e is the electromagnetic coupling constant. A similar relation follows if the
theory only contains one massive particle carrying both charges, with my replaced
by the theory’s UV cutoff energy A. Grand Unified Theories motivate two-loop kinetic

mixing in the predicted range & ~ 107 — 107 [45].

¥
A’ Y

\I]/

Figure 1.8: A one-loop kinetic mixing process between the A’ and photon, with
massive fermions ¥ that carry both electric charge and Up(1) charge.

The minimal vector portal model has four free parameters: m,,my, &, and ap =
g5/4n. To keep the theory perturbative, both & and ap must be less than unity. An
upper bound of ap < 0.5 is motivated by the running of ap and keeping the theory
perturbative up to the electroweak scale [47]. The annihilation cross section at the

tree level is [48]

8r ag’apm’y?

i (1.6)

oV = —
3 (m}, —4m2)?

where a is the electromagnetic fine-structure constant.

This thesis will explore two different mass hierarchy scenarios in the model, which
substantively change the physical processes to search for. The first scenario is if
my > m,, specifically ms = 3m,. In this scenario, the A" will almost always decay

on-shell to a pair of dark matter particles, given that ap > ae. The second scenario
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is if my, < m,. In this case, it is kinematically forbidden for an A" to decay on-shell to
dark matter, so the preferred decay channel will be to Standard Model particles like
an e*e” pair, provided that my > 2m,. An A’ could still decay to dark matter off-shell,
but this is suppressed by a 1 /mi, propagator factor. This mass hierarchy scenario is
less interesting from the perspective of a simple dark matter model that predicts the
correct relic abundance, but it is still interesting from the perspective of a search for
a new long-lived particle that provides evidence of new physics. Near ms = 2m,,
dark matter annihilation is resonantly enhanced, allowing for sufficient annihilation
rates for smaller couplings between dark matter and the Standard Model [49]. The
annihilation cross section also becomes insensitive to ap near this resonance. Be-
cause smaller couplings are required in this resonant regime, it is generally harder to
probe thermal relic values in experiments. But the mass assumption my, = 3m, is
sufficiently far from the resonant enhancement and is also small enough that thermal
relic parameter values are not overstated in reach plots. This mass assumption is
the same as that made by other measurements, which allows for easier comparison of

results [50-55].

For use later in this thesis, Eq. (1.6) is re-written for the mass scenario my = 3m, as

87 av?Y
== 1.7
ov= 2 (1.7)
where the dimensionless parameter Y, defined as
o\
Y = ap (—X) ) (1.8)
Ny

characterizes the interaction strength between dark matter and Standard Model par-

4
ticles. Note the term (mX/mAf) . As stated above, the assumption my = 3m, is
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small enough that thermal relic parameter values are not overstated in reach plots,
which are usually plotted in Y vs m,. Larger mass ratios will essentially lower the
expected values for Y without changing the physically interesting parameter, the

coupling strength between the dark sector and the visible sector &.

1.2.2.1 Empirical Motivations for Vector Portal Dark Matter

There are a few empirical observations that have historically motivated the dark pho-
ton and vector portal dark matter. Although a dark sector explanation for these
observations is now disfavored, the dark photon still remains a viable model to facili-
tate interactions between dark matter and the Standard Model. The first observation
was the 511 keV positron excess in the galactic center measured by the INTEGRAL
telescope [56]. It was suggested that dark matter annihilation (yy™ — e*e™) could be
the cause. However, this explanation is now disfavored due to constraints from BBN
and the CMB. The process yxy' — e*e™ would inject energy into the early Universe’s
plasma, disrupting BBN and causing disagreement from what is observed. In addi-
tion, the required dark matter annihilation cross section for the observed positron

excess is much higher than what is allowed by CMB constraints.

Another observation motivating the dark photon was the measurement of the mag-
netic moment of the muon (muon g —2). Measurements at Brookhaven National
Laboratory showed a discrepancy by over 30~ between the observed muon g —2 and
theoretical predictions [57]. Follow-up measurements of the muon g —2 at Fermilab
further strained the discrepancy to more than 5o~ [58]. To explain the discrepancy
between the prediction and measurement, a contribution to the muon g — 2 by the
dark photon was suggested [59]. However, the dark photon explanation for the muon

g — 2 anomaly is now disfavored for the following reasons. The preferred parame-
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ter space for dark photons to explain the anomaly has been probed by several other
experiments at 90% confidence level with no positive signature seen [60-62]. Also,
the muon g — 2 anomaly is now seemingly less anomalous, as new calculations of the
hadronic vacuum polarization contribution to the muon g —2 from lattice QCD have

lessened the tension between measurement and theoretical predictions [63].

Visibly decaying dark photons have been proposed as an explanation for the 6.80
excess of events in the invariant mass distribution of e*e” pairs produced in the
nuclear transitions of excited *Be* to its ground state via internal pair production [64].
This proposed protophobic boson would have a mass of 16.7 MeV and a coupling to
electrons between 2x 107 and 1.4 x 1073. However, a dark photon explanation is also

now disfavored, as much of the parameter space preferred by this new boson has been

ruled out by NA48 and NA64 [61, 62].

1.2.2.2 Detection Methods

This thesis will present an accelerator-based search for light dark matter, which com-
plements direct detection searches [65, 66]. Accelerator production mimics the rel-
ativistic kinematics of the early universe; in these conditions, the production and
scattering of dark matter are not suppressed by velocity or spin effects. Velocity-
and spin-suppression can pose a significant challenge for direct detection searches

compared to accelerator searches, as seen in Figure 1.9.

The discovery of a new particle that has properties consistent with a dark matter
candidate is not necessarily confirmation of the discovery of the dark matter per-
meating the Universe. For this confirmation, a signal would need to be observed in

direct detection experiments that matches the expectation from this new particle.
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Figure 1.9: Comparison of sub-GeV thermal relic targets in direct detection searches
and accelerator-based searches. The thermal relic target region for direct dec-
tion searches spans around ten orders of magnitude, whereas the same region in
accelerator-based searches is condensed to about two orders of magnitude. From

Ref. [67].

Accelerator-based searches can characterize the particle properties, more easily probe
parameter space, and provide hints to direct detection experiments on where to hone
their search, and direct detection experiments provide evidence of the cosmological

abundance of the particle, making the two search methods complementary.

Due to the kinetic mixing between the photon and dark photon, dark photons can
be produced in any interaction that would produce photons in the final state. The
dominant production mechanism depends on both the experimental setup and the

mass of the dark photon. In proton-beam fixed-target experiments, which typically
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produce a shower of hadrons, the decay of neutral mesons (such as 7% ) will be the
dominant production mechanism if the dark photon is less massive than the meson.
In electron-beam fixed-target experiments or for very massive dark photons with a
proton beam, bremsstrahlung will be the dominant production mechanism. These

production mechanisms are illustrated in Figure 1.10.

p

Figure 1.10: Dark photon production via the decay of neutral mesons (left) and
bremsstrahlung (right).

There are many ways of identifying the production of dark matter in fixed-target
experiments. One way is by looking for a signature of dark matter scattering in a
detector downstream of the target, typically known as a “beam dump” search. Beam
dump searches rely on both the production and re-scattering of dark matter, as seen
in Figure 1.11. The number of expected signal events in a beam dump experiment
scales as

Nsignal x Nbeam : Pprod : Pacc : Pdeta (19)

where Npeam is the number of beam particles on target, Pproq is the probability of dark
matter production, P,. is the probability the dark matter particle passes through
the detector due to angular acceptance, and P4 is the probability of detecting a
dark matter re-scattering signal. Beam dump searches can exploit the versatility of
detectors that may not necessarily be designed to search for dark matter re-scattering.

For example, most of the current constraints on sub-GeV dark matter are set by
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experiments nominally designed to detect neutrinos [51, 55, 68].

A’ Production in Target DM Scattering in Detector
e X X

€ €

Figure 1.11: A cartoon showing dark matter production (left) and re-scattering

(right).

Another way of identifying the production of dark matter in fixed-target experiments
is through a missing-momentum/energy signature. In this type of search, only the
production of dark matter is required (the left diagram of Figure 1.11). In a missing-

momentum/energy search, the number of signal events scales as

Nsignal & Nbeam ' Pprod ' Pmissa (11())

where P is the probability the dark matter escapes the detector without in-
teracting. Since the cross sections of dark matter production and dark matter-
nucleon/electron scattering are small due to the necessarily feeble coupling strengths,
Pproa and Pge; are small while Py will be close to 1. Therefore, typically several
orders of magnitude fewer beam particles on target are required to generate the same
number of signal events in a missing-momentum/energy search compared to a beam
dump search. However, the technical requirements for a missing-momentum experi-
ment pose their own challenges. A hermetic detector is required to ensure Standard
Model processes are not mistaken for a signature of dark matter production. The de-

tector must also be radiation-tolerant, since a high fluence of particles and radiation
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will be produced in the beam interactions with the target, and hermeticity requires

the detector to be placed near the interaction point.

This thesis will describe a beam dump search for light dark matter with the NOvA
experiment, which provides world-leading constraints to MeV-scale vector portal dark
matter. A future, missing-momentum search for light dark matter with the Light Dark
Matter eXperiment (LDMX) will also be discussed, along with a study to determine
LDMX’s expected sensitivity to visibly decaying dark photon signatures (A" — e*e™),
probing the mass hierarchy scenario my < 2m,. Finally, on a tangential note, per-
formance studies of the cosmic ray veto (CRV) system for Mu2e are presented. The
LDMX hadronic calorimeter is based on the design of the Mu2e CRV, so the per-
formance studies of the CRV presented here will inform the expected detector per-
formance of the LDMX hadronic calorimeter. Mu2e will search for the neutrino-less
conversion of a muon to an electron, which is predicted to occur in many BSM theo-

ries.
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Part 1

Search for Light Dark Matter with NOvA
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Chapter 2

The NOvVA Experiment

The NuMI Off-axis v, Appearance experiment, or NOvA (the v is stylized as a v), is a
long-baseline neutrino oscillation experiment based at the Fermi National Accelerator
Laboratory (Fermilab) and Ash River, Minnesota. NOvVA is designed to observe
V() = ve(V,) appearance and v,(v,) — v,(v,) disappearance using two detectors: a
near detector (ND) situated 1 km downstream of the neutrino production target at
Fermilab to measure the flux of neutrinos, and a far detector (FD) situated 810 km
downstream of the neutrino target in Ash River to observe v, appearance and v,
disappearance. The analysis in this thesis is focused on a dark matter search in the
ND, so only details about the ND are provided here. However, both the ND and FD

are functionally identical, i.e., they use similar materials, designs, and electronics.

2.1  The NuMI Beam

NOVA sources its neutrinos from the Neutrinos at the Main Injector (NuMI) beam
at Fermilab [69]. A diagram of the accelerator complex at Fermilab is shown in
Figure 2.1. A beam of 120 GeV protons is accelerated and directed onto a graphite
target. Charged hadrons produced in this collision—mainly pions and kaons—can
then be focused according to their charge using magnetic focusing horns. These

charged hadrons then decay into the desired beam of neutrinos or antineutrinos,
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depending on the charge sign focused by the focusing horns.
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Figure 2.1: Diagram of the Fermilab accelerator complex [69].

The protons originate from a 35keV H™ source, where a radio-frequency quadrupole
accelerates the ions to 750 keV into the linear accelerator (Linac) [70]. The Linac then
accelerates the ions to 400 MeV before sending them through a carbon foil to strip
two electrons from the ions, leaving only a proton. The protons are then injected into
the Booster ring, where they are accelerated to 8 GeV and grouped into 84 bunches
at 52.8 MHz (called a “batch”) [70]. These Booster batches are then injected into the

Recycler and Main Injector rings.

The Recycler and Main Injector are two synchrotrons with a circumference 7 times
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larger than the Booster, allowing them to store and accelerate 6 Booster batches. The
Recycler acts as a staging area and transitions batches from the Booster to the Main
Injector. In the Recycler, proton batches are “slip-stacked”, where two batches are
combined into one to increase the proton intensity delivered by the Main Injector [70].
Slip-stacking is achieved by injecting two batches one after the other and slowing down
the first batch until the two overlap. After batches from the Booster are combined
into six double batches, they are delivered to the Main Injector. The Main Injector

accelerates the batches to 120 GeV before they are delivered to the NuMI target.

The beam of 120 GeV protons from Fermilab’s Main Injector is directed onto a
graphite target. A diagram of the NuMI beam line is shown in Figure 2.2. In-
teractions of the proton beam in the target produce hadrons, primarily pions and
kaons. Charged hadrons produced in the interactions are focused toward the beam
axis by two magnetic horns. The direction of current in the magnetic horns selects
for charge sign in the hadrons, and this consequently selects for either neutrinos
or antineutrinos. Forward horn current (FHC) selects positively charged particles,
which primarily decay to neutrinos. Reverse horn current (RHC) selects negatively
charged particles, which primarily decay to antineutrinos. After the focusing horns,
the charged particles enter a 675 m long decay pipe, where they decay primarily into
muons (antimuons) and muon-antineutrinos (muon-neutrinos). A hadron absorber
downstream of the decay tunnel removes the remaining protons and other hadrons
from the beam. Muons are absorbed by the subsequent earth shield, while neutrinos

continue through to the NOvA ND and beyond.
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Figure 2.2: Diagram of the NuMI beam line showing how the neutrino beam is selected
with the focusing horns.

2.2  The Near Detector

The NOvA ND is situated 14.6 mrad off-axis from the NuMI beam line and is 100 m
underground at Fermilab. The ND’s placement 100 m underground provides the
benefit of a significantly reduced rate of cosmic rays. This off-axis placement is to
ensure a narrow range of neutrino energies for the 810 km baseline of the oscillation
analysis, which also benefits this analysis by restricting the neutrino energies. The
distribution of neutrino energies expected in the ND, as a function of the off-axis
placement of the detector, is shown in Figure 2.3. Although not optimized for a dark
matter search, NOvA’s off-axis location provides a near-optimal flux of potential light
dark matter particles. Figure 2.4 shows the dark matter flux for a range of light dark
matter masses as a function of the off-axis location, with NOvA’s angular coverage

highlighted in green.

The NOvA ND is a segmented tracking calorimeter constructed from extruded polyvinyl
chloride (PVC) cells filled with liquid scintillator. Each cell is 3.9 cm wide, 6.6 cm
deep (in the beam direction), and 4 m long. The liquid scintillator is a blend of 95%
mineral oil and 5% pseudocumene with trace concentrations of wavelength-shifting

fluors [71]. The composition of the detector by mass is 67% carbon, 16% chlorine, 11%
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Figure 2.3: The neutrino energy distributions observed by the ND for different off-
axis configurations from NuMI.
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Figure 2.4: The expected flux of light dark matter over various off-axis positions.
The angular coverage for NOvA is shaded in green and the angular coverage for
MINERvVA, an on-axis detector, is shaded in blue.

hydrogen, 3% titanium, 3% oxygen, and other trace elements. Each PVC cell has a
wavelength-shifting (WLS) fiber to collect light, shift its wavelength from blue (400—

450nm) to green (490-550 nm), and deliver it to an avalanche photodiode (APD).
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The PVC cells are coated with titanium dioxide to increase reflectivity and allow
more light to be captured by the WLS fiber. An illustration of a NOvA ND cell is

shown in Figure 2.5.

4dcemXxX6cm

Ny
——— e ==

To APD

Figure 2.5: Ilustration of a NOvA ND cell with wavelength-shifting fiber.

Each plane of the ND is made up of 96 cells. Sequential planes alternate in their
vertical or horizontal orientation so that three-dimensional position reconstruction
can be done. A schematic of this 3D reconstruction, with the top and side detector
views, is shown in Figure 2.6. The fully active portion of the ND consists of 192 planes
for a total depth of 12.9 m in the beam direction. At the end of the ND, there are 11
additional planes of PVC interlaced between 10 cm steel plates between PVC planes
to better contain muons produced in the detector (called the “muon catcher”). The
muon catcher is only two thirds the height of the main detector, and the analysis in

Chapter 3 did not utilize the muon catcher in any way:.

Being a low Z calorimeter, the ND is optimized for distinguishing electron show-
ers from hadronic showers and muons. As electrons travel through the ND, they
immediately induce electromagnetic (EM) showers that begin to spread out. The
(mostly carbon) materials of the ND result in the detector having a radiation length!
of ~36cm (~ 5.5 planes) and a Moliere radius® of ~ 11cm (2-3 cell widths). A #°

produced in a neutrino-nucleus interaction will immediately decay into two photons

LA radiation length is the mean distance an electron will travel before losing ~63% of its energy,
or 77% of the mean free path of a high energy photon will travel before undergoing pair production.

2The Moliére radius is the radius of a cylinder containing on average 90% of an electromagnetic
shower’s energy.
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Figure 2.6: An example neutrino interaction in the NOvA detector. The left plot
shows a 3D view of the detector, where the alternativng orientation of the PVC
cells can be seen. The right plot shows the two plane views of the detector for each
orientation of the cells.

due to its short lifetime. These photons will undergo pair production and leave an
electromagnetic shower in the detector, making them difficult to distinguish from
electrons. However, photons are more likely than electrons to travel several planes
before pair-producing because of the long mean free path of the detector. This sepa-
rates them from the point of interaction, allowing for easier distinction from electron
showers. Other final-state particles can easily be distinguished from electrons as well;
muons will leave long, straight tracks in the detector and hadrons will generally leave

much longer, wider showers due to the hadronic nature of their interactions.

The two ends of each WLS fiber are optically connected to a single APD cell. Each

APD collects the light from both ends of 32 fibers. The APDs have an 85% quantum



35

efficiency for the 490-550 nm light delivered by the fibers. Light is converted to an
electrical signal through the photoelectric effect, and the electrical signal is amplified
by 150-fold. Electrical signals are recorded as “hits” when the signal exceeds the
analog to digital conversion threshold. This threshold is individually determined for
each APD pixel based on the amount of thermal electronic noise. Thermal noise is

reduced by keeping the APDs cooled to -15°C by a thermoelectric cooler.

Each APD is connected to a custom front-end board (FEB) that performs the ampli-
fication, integration, shaping, digitization, and packaging of signals from the APD.
The heart of the FEB is an application-specific integrated circuit (ASIC). Each ASIC
serves 32 input channels (for each pixel of the APD) that are each amplified, inte-
grated, shaped, “multiplexed” (multiple channels are grouped together) 8-to-1, and
sent to an analog-to-digital converter (ADC). The multiplexing occurs at 16 MHz.
After the ADC, digitized signals (converted to a 12 bit format) are sent to a field-
programmable gate array (FPGA), which decides whether to keep an event or drop
it. Data is then sent to a data concentrator module (DCM), a custom single-board
computer. The DCM takes the input of up to 64 FEBs and time-orders input signals
corresponding to 50 us windows, or “microslices”. These microslices are then further
organized into 5 ms “millislices”, which are then sent to a farm of servers. There, the
data is stored on a buffer node, awaiting triggering. Data on the buffer nodes are
stored for ~20 minutes before being deleted. When a trigger is received, data on the
buffer nodes is inspected for millislices that have a timestamp in coincidence with the
trigger. If that condition is met, the buffer nodes send the triggered millislices to a
data logger that writes the data to disk. Note that the trigger used in the analysis
described in Chapter 3 is simply the 9.5 us proton delay window on the NuMI target,

each occurring about 2s apart.
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2.3  Event Reconstruction

To make the hits recorded by the data acquisition system useful for physics analy-
sis, event reconstruction is necessary. The event reconstruction chain is a series of
algorithms that takes in hits, groups them together based on their proximity in space
and time, classifies individual particles within the event, and calculates kinematic
variables associated with the event. These algorithms are applied to both real data
and simulated data. This allows simulation tools to be validated and for data to be

understood based on truth-level information available in simulation.

In a given time window of the trigger, there may be multiple interactions in the detec-
tor, as shown in Figure 2.7. These interactions are happening almost simultaneously,
so separating the many difference interactions requires both temporal and spatial
information to “slice” the event. Figure 2.7 also shows the coordinate system for the

ND, where the origin is at the center of the front face of the detector.

Hits nearby in space and time are grouped into a “slice” using a clustering algorithm
called the Time Density Slicer (TDSlicer). This process is done separately for each
detector view (xz plane and yz plane). Cluster centroids are identified by finding
local maxima in the density of hits using a density clustering algorithm [72]. From
the centroids, slices are built up by adding nearby hits within a minimum distance
from other hits in the slice [73]. The xz and yz views of the slices are then combined,
along with time, into full 4D slices by averaging the z-position and time values between

possible pairs of view slices.

For each slice, an interaction vertex is identified. The vertex reconstruction algorithm
uses a modified Hough transform with a Gaussian-smeared voting scheme [74]. This

pattern recognition algorithm takes pairs of pixels in each detector view as an input,
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Figure 2.7: An example ND event display showing multiple interactions within a
single event. The top pane shows the xz plane of the detector and the bottom pane
shows the yz plane of the detector. The beam direction is from left to right. The
color scale shows energy deposition.

and fits a line in polar coordinates® between the points. The polar coordinates for
each pair of points are mapped in (p, 6) space, where peaks will arise from particle
trajectories in a slice. The highest peak in (p, 8) space is taken as the first Hough line,
and hits lying along the line are removed from consideration in the next iteration of
the algorithm. The process is repeated with the remaining hits until they have all
been assigned to Hough lines. The intersections of Hough lines are used to seed an
elastic arms algorithm [75]. This algorithm searches for an optimal vertex by finding a

set of lines, or “arms”, that describe the particle tracks in the slice. The optimal arms

3Polar coordinates (p, 8) are used instead of (x/y,z) in order to parameterize vertical trajectories.
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and vertex is the set that minimizes an energy cost function based on the distance
and the association factor between hits and arms [76]. Hits are penalized for not
being associated with any arms, and arms are penalized if their first hit is far from
the candidate vertex. An example result of this vertex finding algorithm is shown in

Figure 2.8.

NOvVA - FNAL E929

o }’1
Run: 22357 /1 B
Event: 16934 / - ,

208 _u e ..i

UTC Sun Feb 28, 2016

218 220 222 224 226
14:44:25.490674976

Figure 2.8: The result of finding Hough lines, shown in yellow, and the candidate
vertex, shown as a red cross, for an example slice.

From the newly defined interaction vertex, hits in a slice are grouped together into
particle “prongs,” which are clusters of hits with a defined starting point and direction.
This process, hereinafter called Fuzzyk, uses a probabilistic clustering algorithm [77]
based on the Fuzzy k-means technique [78]. Fuzzyk allows hits to belong to more
than one cluster—hence “fuzzy”—and is probabilistic because a hit does not have to
possess a membership probability of one. This allows isolated hits to be treated as
noise rather than being associated with a particle cluster. In each detector view, the

Fuzzyk algorithm maps out the angular hit distribution from the vertex. The angle
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with the greatest hit density is used as the first prong trajectory, and hits are assigned
membership probability to the prong [76]. Hits with less than 1% membership in that
prong are used in the next iteration of finding a prong. The last step is to match
the 2D prongs between the two detector views to make a 3D prong. Any prongs that
can’t be matched between the detector views remain as 2D prongs. Figure 2.9 shows
the result of the Fuzzyk algorithm on an example slice. In the analysis described in
Chapter 3, selection cuts are made on these prongs to isolate interactions that more

likely occurred from the interaction of dark matter with the detector.

NOVA - FNAL E929

Run: 22357 /1
Event: 16934 / --

UTC Sun Feb 28, 2016
14:44:25.490674976

Figure 2.9: Result of the Fuzzyk prong finding algorithm. This is the same example
slice shown in Figure 2.8.
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Chapter 3

Dark Matter Analysis

This analysis is the first search by NOvA for sub-GeV dark matter produced in the
NuMI beam and scattered through their non-gravitational interactions with electrons
in the NOvVA near detector. The presence of a dark matter signal would manifest as
an excess of single-electron shower events that is kinematically consistent with dark
matter-electron scattering. The vector portal is chosen as the benchmark model [79],
described in Section 1.2.2, to look for single forward-scattered electrons produced by
light dark matter. For comparison to other experimental limits and the parameters
expected from cosmic observations, the assumption ms = 3m,,ap = 0.5 is made on
the model. This assumption makes the parameter Y = ape’(m,/my)* a function of
only the kinetic mixing e. To search for a dark matter signal in (m,,Y) space, a
raster scan is performed over a wide range of possible dark matter masses. At each
mass, a profile likelihood fit is performed, considering the neutrino background and

systematic uncertainties.

This chapter presents the analysis in detail, including a description of the simulation
samples used in the fit, the cuts applied to select for single-electron events, and the
results of the fit to 2.55 x 10?! protons on target (POT) of data recorded by the

NOvA ND.
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3.1  Dark Matter Production and Detection

3.1.1  Production by NuMI

In the interaction of the proton beam with the target, dark photons could be produced
by rare decays of neutral mesons, such as 7° and n, or via proton bremsstrahlung, as
shown in Figure 1.10. The dark photons decay promptly into dark matter particles.

This would essentially contaminate NOvA’s neutrino beam with dark matter.

At small values of my,, particularly below my, neutral meson (¢) decays provide the
dominant production channels for sufficiently light mediators and light dark matter
particles y:

doy+A > y+x. (3.1)

The total number of dark matter particles from decays of such mesons can be written

as

N, = 2NporNyporBr(¢ — xx'y), (3.2)

where the factor of two takes into account the production of the yy' pair, Npor is
the number of POT, Nypor is the number of mesons per POT, and Br(¢ — xx'y)
is the branching ratio of the meson to a photon and pair of dark matter particles.
There are approximately 0.5 7° produced per POT [80]. For 5, this analysis assumes
that the production rate is around 1/30 of that for #° [81]. This is a conservative
assumption for the beam energy of NuMI [82, 83]. Note that this estimate of the flux
is slightly underestimated, as the kinematically suppressed secondary and tertiary
mesons produced in the target and also the off-shell three-body decays of mesons are
ignored. Mesons produced in the beam dump downstream of the target and focusing

horns are also ignored.
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For higher mass dark photons (m4 > 120 MeV), an additional production channel—

proton bremsstrahlung—becomes important:
p+N->p+N+A - p+N+yy'. (3.3)

This channel could provide a significant dark matter source with very little angular

spread:

_5 Npor
=
o(pN)

o(pN = pNxxh), (3.4)

where o(pN) ~ 40mb is the total proton-proton cross section for a beam of 120 GeV.

3.1.2 Detection by the Near Detector

A fraction of this dark matter beam enters the ND where it could interact with Stan-
dard Model particles through elastic scattering on a nucleon or electron, as shown
in Figure 1.11. This analysis only considers dark matter-electron scattering, and not
dark matter-nucleus scattering, which was done for the following reasons. The elec-
tron channel for dark matter scattering is not suppressed at the same level as it is for
neutrino scattering [84], especially compared to the nuclear channel when my, is small.
This leads to relatively smaller backgrounds in an electron-channel search. In addi-
tion, dark matter-electron elastic scattering is a purely leptonic process in the visible
sector, making it much less uncertain, especially compared to dark matter-nucleus
scattering, which must account for nuclear effects in the signal production. Further-
more, the signal signature in the electron channel is clean and easily identifiable in the
NOvVA ND: a single, forward-going electron. For these reasons, this analysis focused
on dark matter-electron scattering, and it is unlikely that any further sensitivity could

be gained by exploring the dark matter-nucleus interaction channel.



43

The kinematics of dark matter-electron (y-e) elastic scattering are described by rela-
tivistic elastic scattering. In the laboratory frame, (initial) electrons in the detector
are considered to be at rest. The four momenta of the initial-state ( pg, pY) and final-

state (py, p;) particles are

py=(Ew.p).,  pr=(m.0),  p,=(E.p),  p,=(E.p).  (35)

The Mandelstam variables can be obtained as

s = (p)? +pY)? = m)z( +m? + 2m,.E,,

t=(pd-p.)?=2m?-2mE,, (3.6)

u= (p)(g — p;)2 = m)z( + mg -2E.E, + 2(E§ - m)z()l/z(Ez — mg)l/2 cosé,,

where 6, is the angle of the outgoing electron with respect to the incoming particle.
Using s+t +u = 2m, + 2m,, and assuming E,, E, > m,, gives the kinematic relation

me(l - Ee/E)()
E 2

X

cosf, =B "1 (3.7)

where 8 = 4/1 — (m,/E,)?. For high incoming particle energies of several GeV, and in

the small angle approximation, the outgoing electron is very forward and

E.6. = 2mB(1 - E./E,) + 2E.(1 - B), (3-8)

hereinafter referred to as E6?, is small.

It is worth pointing out here that neutrino-electron (v-e) elastic scattering has the

same two-body kinematics as dark matter-electron scattering, and is a purely leptonic
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process. Replacing E, — E, and m, — m,, and by ignoring the negligible mass of the
neutrino, § — 1 and

E®* = 2m.(1 - E,/E,). (3.9)

Since m, < m,, E6* will be more forward for neutrino-electron scattering than dark
matter scattering. This will allow for distinction between the E6* distribution of v-e

scattering and y-e scattering.

3.2 Strategy for Dark Matter Search

This kinematic property of the scattered electron with small E.6* shows the “forward-
ness” or boost in the beam direction and can be used as an important signal selection
criterion in the data analysis. This work searches for light dark matter signals within

E® space.

The main background consists of true electron showers from neutrino-electron elastic
scattering. Because of similar two-body collision kinematics, the v-e processes also
leave a single, forward-going electron shower but with E6* peaking closer to zero
than for dark matter-electron scattering. For example, in the NOvA v-e cross section
analysis, the typical region of interest is E6> < 0.005 GeV Rad?. The dashed purple
distribution in Figure 3.1 shows the shape of the Ef* distribution for v-e scattering,

which is sharply peaked in the first bin.

Besides the irreducible background from true electron showers produced by neutrino
interactions, other showers produced by neutrino-nucleus interactions can occur and
occasionally look like an electron shower. However, a significant fraction of this

background can be suppressed with well-defined event selection criteria, which will be
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discussed in Section 3.4. This background is expected to be approximately flat across
the E6* values of interest to this analysis, shown as the dot-dashed pink distribution
in Figure 3.1. To properly constrain this background in the fit, a region of higher E6?

outside the signal window is included, which is 0.02 < E6* < 0.048 GeV Rad?.

Unlike neutrinos, the dark matter particle of interest has a much higher mass than
an electron, and the energy of the dark matter particles ranges from a few GeV up
to several tens of GeV.The recoil energy of the electrons scattered off dark matter
particles, depending on the mass and kinetic energy of the dark matter particle, is
also higher than that from neutrinos. The ratio of the dark matter signal signature
to the neutrino background increases in E6* space, peaking somewhere between 0.005
< E6* < 0.015 GeV Rad? depending on the dark matter mass. This can be seen in the
solid red, yellow, and blue distributions in Figure 3.1, which show the distribution
shape of a 1, 10, and 100 MeV dark matter signal, respectively. Most signal events
will have E6*> < 0.02 GeV Rad?.

To probe for a dark matter signal in the (m,,Y) parameter space, a raster scan [85]
is used over a wide range of dark matter masses. The raster scan method performs a
fit in Y at various fixed values of m,, as opposed to performing a fit in both m, and
Y simultaneously. At each mass, a Poisson negative log-likelihood (-21In £) fit to the
data is performed in E# space from 0 to 0.048 GeV Rad?. The best-fit parameters of

the fit minimize —21n £. The mass range for this search is from 1 to 200 MeV.

A binned template is used for the prediction, which consists of three components and

are obtained from Monte Carlo (MC) simulation:

 x-esignal template, denoted as S,.., which is corrected by a factor R, that de-

pends on the dark matter mass m, and will be discussed further in Section 3.3.2,



46

0 8: e v-e B
P — - Other bkg |
L — 1 MeV DM ]

L —10MeVDM A
0.6/~ —— 100 MeV DM

5 0| ] i
< 0.4} roa_
— = -7 T ]
0.2=. ]

| e, | _| 1

0 0.01 0.02 0.03 0.04
E6%(GeV Rad?)

Figure 3.1: The signal and background shapes of the Ef* variable. Arbitrary scales
are used for the normalization to show the shape difference clearly.

» v-e background template, denoted as B,.., and

e neutrino-nucleus interaction background template, denoted as B,._y.

The linear combination of the three components constitutes the prediction #,, :
P @) =a-S..0Ry +B,.+8B,.n, (3.10)

where the parameter a is the normalization of the signal template. The nominal
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normalization of the background templates B,_e and B,y are set to their Standard
Model predictions (from the results of the simulations described in Section 3.3.1). The
v-e background is well-understood, with a cross section uncertainty below 1%, and
the v-N background’s normalization is understood within cross section uncertainties,
which can be as high as 15%. The normalization of the signal template, a, can
be converted to the physical parameter of interest Y, which will be explained in

Section 3.3.2.

For each value of m,, a best-fit value is determined for a by minimizing —21In L. The
parameter a is constrained to be non-negative in the fit. Systematic uncertainties
are implemented as nuisance parameters in the fit, with penalty terms assigned equal
to the square of the number of standard deviations by which they vary from their
nominal value. The systematics included in the fit and their impact on the sensitivity

are discussed in Section 3.5.

To determine NOvVA’s sensitivity to a dark matter signal, the 90% confidence-level
exclusion upper limit on Y is determined from the best-fit at each mass using the pro-
file likelihood ratio as a test statistic and using the profile construction method [86].
Because this search is probing near a physical boundary (small values of ¥, which
must take on non-negative values), Wilks’ theorem may not provide accurate confi-
dence intervals for exclusion. Instead, after fitting to data, Poisson-fluctuated pseudo-
experiments are generated around the best-fit point to determine the distribution of
profile likelihood ratios. From this distribution, the profile likelihood ratio that is
larger than that of 90% of pseudo-experiments is established. In the asymptotic limit
that the experiment is probing away from a physical boundary, the profile construc-
tion method reproduces a Ay? distribution, which would require a profile likelihood

ratio of 2.71 to exclude at the 90% confidence level. However, the required value for
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the 90% exclusion in this study is between 1.61 and 2.14, depending on the mass
being tested. An example of how the 90% exclusion critical value was determined for

an example mass (m, = 1 MeV) is shown in Figure 3.2.
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Figure 3.2: The distribution of profile likelihood ratios from 1000 Poisson-fluctuated
pseudo-experiments around the best fit. The cumulative fraction of pseudo-
experiments is shown in purple, and 90% of pseudo-experiments have a likelihood
ratio value below 2.10.

3.3 Data Samples

Data used in this analysis consists of 2.55 x 10> POT recorded by the NOvA ND
between 2014 and 2020. This is NOvA’s entire dataset for NuMI beam operation

with FHC.

Monte Carlo (MC) simulations are used to study the signal and background. Signal
events in this analysis are single electron showers produced by dark matter-electron

scattering. Background events include an irreducible background from the single
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electron showers produced by neutrino-electron scattering and a reducible background

from neutrino-nucleus interactions.

For MC studies, three samples are used to estimate the background:

1. a 5.54x 10! POT inclusive NOvA near detector MC sample (used to estimate

the background, except for the two processes in the following two items),

2. a 1.35 x 10** POT sample of v-e interactions, and

3. a 2.0 x 10** POT sample of v, charged-current (CC) meson exchange current

(MEC) interactions.

The latter two samples are necessary to account for low statistics in these processes

in the inclusive MC sample.

3.3.1 Neutrino Simulation

The NOvA MC simulation chain uses a series of simulated processes from various
software packages. There are three key steps in the simulation process, where the

output of each is the input of the next:

1. Beam simulation: the package G4Numi is used to simulate hadron production,
transport, and decay at the NuMI target. This generates NOvA’s neutrino
beam. The flux is corrected using the Package to Predict the FluX (PPFX) [87].

2. Neutrino interactions: Using GENIE [88, 89], neutrino interactions with elec-

trons and nucleons in the NOvA near detector are simulated.
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3. Final-state particle propagation and detector response: The final-state particle
information from the GENIE simulation is input to Geant4 [90-92], which prop-
agates the particles through the detector and simulates detector response (the
production of scintillation and Cherenkov light and any secondary particles).
Geant4 then simulates the transport of these photons produced in the detector

through the WLS fibers to the APDs.

The end result of this simulation chain are files with raw hits that mimic real detector
data. These files are then fed through the same reconstruction algorithm that is used

on real data.

3.3.1.1 Beam Simulation

The expected flux of neutrinos is simulated using the G4NuMI package, a Geant4-
based Monte Carlo simulation tool that is used by other Fermilab-based neutrino
experiments. This package includes specifications for the NuMI beamline, including
the proton beam, the geometry and composition of the target, and the magnetic
focusing horns. G4NuMI simulates the proton beam interactions with the graphite
target to produce hadrons, the transport of these hadrons, and the hadron decays that
produce the neutrino beam. The flux of neutrinos from this simulation is corrected
using constraints from hadron production experiments using PPFX [80, 87]. This
package also estimates uncertainties related to the hadron production using a mul-
tiverse analysis technique [93], which this analysis uses to characterize the neutrino

flux uncertainty, described in Section 3.5.
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3.3.1.2 Neutrino Interactions with GENIE

The output of the neutrino beam simulation, including the flux of neutrinos and
their kinematics, is provided as input to the neutrino simulation software package
GENIE [88, 89] to simulate neutrino interactions in the ND. GENIE uses theoretical
models with constraints from neutrino cross section data to simulate neutrino inter-
actions in the detector and the nature of the interaction type. NOvA uses a custom
configuration of GENIE v3.0.6 that has been tuned to NOvA neutrino cross section

measurements.

The charged-current (CC) quasi-elastic (QE) model was tuned in NOvA’s custom
version of GENIE. The CC QE model uses a local Fermi gas model with corrections
to include the effects of long-range nuclear correlations known as Random Phase
Approximation (RPA) [94-96]. NOvA’s tune to this model is a QE shape suppression.
Another adjustment made by NOvVA is the inclusion of the meson exchange current
(MEC) model, which was previously not included in GENIE. NOVA uses the Nieves
MEC model [97] and tunes this model to NOvA ND data using a double-Gaussian

re-weight function.

Because neutrino interactions are very rare, the most probable interaction in reality
would be none at all. To more efficiently simulate “interesting” neutrino interactions,
the cross sections are weighted to increase the likelihood of interaction. The cross
section weights are passed along the simulation chain, along with final-state particles
from the neutrino interactions, in order to properly normalize the event likelihood at

a given POT.
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3.3.1.3 Detector Response

After the neutrino interactions have been simulated, the final-state particles from
these interactions are passed into Geant4 [90-92] to simulate the detector response
to the outgoing particles. Additional secondary particles can be created at this stage

based on the detector response. NOvA uses v10.2 of the Geant4 library.

This step simulates the production of scintillation and Chereknov photons, and the
transport of these photons through the WLS fibers to the APDs. The signals into
the APDs are simulated as a combination of these photons and a model of thermal
noise. Following this, the simulated files are processed with NOvA’s reconstruction

algorithm, as would be done with real data.

3.3.1.4 Dedicated Samples of v-e and MEC Events

To mitigate statistical uncertainties in the backgrounds for this analysis, two samples
of specific background processes simulated with higher POT are used. Since v-e events
are the irreducible background for this analysis, it is critical that the uncertainties
due to statistical fluctuations in this component be as small as possible. In addition,
from studies performed in NOvA’s v-e cross section analysis group, it was found that
“spikes” in the distribution of v,-CC events passing their selection cuts were caused
by a small number of v,-CC MEC events with large weights applied to them. To
reduce the statistical uncertainty from these events, a high-statistics sample of v,-CC

MEC events were generated as well.

To more efficiently produce these samples, the GENIE simulation step was modified
to weight the cross section of the interaction types of interest. This further increased

the interaction cross sections beyond what is described in Section 3.3.1.2 so that the
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interaction type of interest became the dominant process in the simulation. Filters
for these interaction types were also used so that only these events of interest were
kept. Because the v-e elastic scattering cross section is very low—about 1/2000 of
the total charged-current cross section—a larger weight is necessary to reasonably

produce a high-statistics sample of these events.

The 1.35 x 10** POT enhanced sample of v-e interactions was produced with the
v-e elastic scattering cross section weighted and filters applied to select an elastic
scattering interaction type. In GENIE, the cross section of v-e elastic scattering
is calculated at the tree level. To improve the precision of the simulated v-e elastic
scattering cross section, an additional weight was applied to the v-e sample to account
for radiative corrections. The inclusion of these radiative corrections resulted in a
0.83% increase in the expected number of v-e events from a tree-level simulation.
This effect appears small, but it is significant for analyses such as this, which search

for an excess over Standard Model processes.

The 2.0 x 10** POT enhanced sample of v, CC MEC interactions were simulated
with filters applied for MEC interaction types, as well as additional filters on the
four-momentum transfer g between the neutrino and the nucleus for selected v, CC
MEC events. These additional filters were ¢> < 0.2GeV, ¢° < 0.4GeV, and [¢] <
0.6 GeV. These particular filters were applied because they are the part of kinematic
phase space that produce events that pass selection cuts for this analysis (described

in detail in Section 3.4.1).
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3.3.2  Dark Matter Simulation

Signal samples are generated in a way similar to the background, but with a slightly

different simulation chain:

1. Dark matter production and scattering: dark matter production, propagation,
and interaction with electrons in the NOvA ND is done using the BANMC

simulation package [81].

2. Final-state particle propagation and detector response: The scattered electron
and detector response are simulated with Geant4 in exactly the same way as

for the background simulation.

The scattered single electrons produced by dark matter particles with different masses
have different distributions of scattering energy and angle. It is computationally
inefficient to produce detector response samples for each dark matter mass; instead
of making samples for individual dark matter masses in Step 2 above, a “generic”
signal sample was generated and this sample was re-weighted according to a ratio of
the energy distribution for specific dark matter masses (the output of Step 1 for a
given dark matter mass) and the energy distribution of the generic distribution. This

procedure is described in detail in the remainder of this section.

3.3.2.1 Simulation of Production and Scattering

In Step 1, Dark matter particle production and dark matter-electron scattering is
simulated using the software package BANMC [81]. BANMC is a dark matter simu-
lation tool that simulates the production, propagation, and scattering of dark matter

particles on electrons (or nucleons) in fixed-target neutrino detectors. It can be
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applied flexibly to various proton beam energies, production targets and detector
geometries and materials. It can be configured for a wide array of different fixed-
target geometries, and over a dozen production channels at a variety of energies. In
addition, it supports four possible scattering interactions between dark matter and
the detector material in fixed-target neutrino detectors: elastic electron scattering,
elastic neutral current-like nucleon scattering, inelastic neutral current-like nucleon
scattering, and deep inelastic scattering. This simulation tool has been used by many
other experiments to set limits on sub-GeV dark matter, including COHERENT [68],

MiniBooNE [55], MicroBooNE [98], and Coherent CAPTAIN-Mills [99].

This analysis considers dark matter production via n° decay, n decay, and proton
bremsstrahlung processes. The decays of neutral mesons are the primary source of
dark matter production for scenarios with a small m,.. As the 7° and n both have
decay lengths of a few nanometers (¢t =25.1nm and c7, ~0.2nm), the decay (meson
— A’) can be expected to take place inside of the target. Dark matter particles will

then be produced by decays in flight of dark photons.

Due to their very short lifetimes, the production rate and angular distribution of
these neutral mesons in NuMI have not been well measured. The 7° and 5 primarily
decay via radiative channels and do not contribute to the neutrino signal or back-
ground of fixed-target neutrino experiments. The underlying 7° production model
used in BANMC was validated on data from a 400 GeV proton beam on a beryllium
target [100], whereas NuMI uses a 120 GeV proton beam on a carbon target. A study
was performed to estimate the 7° flux at NuMI, and this estimation was compared
to BANMC’s 7° production model, allowing corrections to be applied to the expected

flux in this analysis.

To estimate the n° flux, published data on n* flux by the MIPP Collaboration [80]
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were analyzed. The n° flux was approximated by averaging the flux of charged-pions

on the basis of isospin symmetry:
1
Ny = E(N,ﬁ + N;-). (311)

This approach is reasonable, as the production of pions proceeds through strong
processes, and electromagnetic effects related to their charges should lead to minor
corrections. The experimental literature supports this method, as production cross
sections between the three pion flavors are broadly similar [101], and previous exper-
imental studies have approximated the n° momentum distribution by the mean of
the charged-pion distributions with some success [102]. This approximation is also

consistent with what is seen in simulations of the NuMI target by MicroBooNE [98].

In the simulation of dark matter production, 0.97°/POT was used, based on what is
suggested in BINMC documentation [81]. From measurements by the MIPP Collabo-
ration, averaging over the 7% and 7~ flux, NuMI has an average of 3.9857°/POT [80].
However, a large contribution to this flux comes from low-momentum pions that
would not produce dark matter that propagates to the NOvA ND, and therefore
no dark matter-electron scattering signal would be reconstructed from these pions.
Instead of using a single normalization factor to correct for pion flux differences, a

momentum-dependent correction was made, derived as follows.

First, a distribution in p, (the momentum component in the beam direction) and pr
(the transverse momentum) of 10,000 s was generated with BAINMC. The distribu-
tion was normalized so that the integral is 0.9, to match the 0.9 2°/POT used in the
simulation. The 7° momentum was binned in (p,, pr) with the same binning used by

the MIPP Collaboration, and then the ratio between the MIPP data and the BANMC
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simulation was taken. Figure 3.3 shows the ratio plot between the MIPP data and
the simulated events, along with a contour of the region of momentum space that

produces 90% of y-e scattering events in the NOvA ND.
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Figure 3.3: The ratio between the 7n°/POT fluxes in MIPP and BANMC, with a
contour line containing momentum values that produce 90% of single-electron showers
in the NOvA Near Detector.

Then, for each simulated signal event producing a single-electron shower in the ND,
a histogram was populated with the event’s recoil electron energy, weighted by the
MIPP/BANMC ratio for the (p., pr) of the n° in the event. The ratio between this
weighted distribution and the nominal distribution of recoil electron energies (i.e.,
with a weight of 1 per event) is taken, shown in Figure 3.4. The weighted-to-nominal
ratio of the recoil electron energy was implemented as a weight to the sample re-

weighting procedure described in Section 3.3.2.3.

In BANMC the NOvVA near detector is configured as a simple cuboid with 4.1 m width,
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Figure 3.4: The recoil electron energy distribution of events from the nominal simu-
lation and from applying MIPP/BANMC ratio weights to the events.

4.1m height, and 14.3m length. The (x, y, z) position of the cuboid center is (13.8 m,
-4.19m, 989.89m), where the origin of the axes (0, 0, 0) is in the center of the NuMI
target, and all production processes (such as meson production and decay, and proton
bremsstrahlung) occur at the origin (the z-axis is oriented parallel to the NuMI beam
direction). The length of the cuboid is aligned parallel to the z-axis (beam direction),

the width is along the x-axis and the height is along the y-axis.

The material composition of this cuboid is BANMC’s liquid scintillator, with an elec-
tron number density of 4.14 x 10*/cc (the atomic number density is set to 5.16 X
10?2 /cc and the number of electrons per atom is set to 8). To correct for differences
between the detector composition in BANMC and the real detector composition of
the NOvA ND, a correction factor was applied to the expected dark matter flux.

Based on the known detector composition of the NOvA ND, shown in Table 3.1, the
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average number density of the NOvA ND is 3.71 x 10%*/cc and the electron number

density is 3.25 x 10%/cc.

Table 3.1: Composition of NOvA ND.

NOvA ND density: 0.987g/cc

Element molar mass (g/mol) fraction

H 1.01 0.1076
C 12.01 0.6671
O 16 0.0298
Cl 35.5 0.1606
Ti 47.8 0.0322
N 14.01 0.0003
S 32.06 0.0010
Sn 118.71 0.0012
Ca 40.08 0.0003
Na 22.99 0.00003

The signal rate is directly proportional to the electron number density of the detector
material; more electrons in the detector volume means more opportunities for the
dark matter to scatter off of an electron. Because of this direct proportionality, a
single correction factor for the difference in electron number density was applied. A
correction factor of 3.25/4.13 ~ 0.79 is applied in this final steps of the analysis, when
converting the normalization of the signal template in the best-fit to the parameter
Y. The impact of this correction was a slight decrease in the expected number of
signal events from the nominal value in the simulation, which translates to a slight

decrease in expected sensitivity.

When a dark matter particle elastically scatters off an electron in the NOvA near
detector, it will usually produce a detectable single electron event. In addition to
the production of dark matter in the target, BANMC simulates the production of
scattered electrons in a detector from dark matter-electron interactions. The number

of scattered electrons is linearly correlated to the number of dark matter particles,
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and scaled by the parameter Y. Based on the parameters set in the configuration,
BANMC predicts the total number, the scattering angle, the recoil energy, and the

vertex of the scattered electrons in the detector.

Using BANMC, a simulation of 500 dark matter masses from 1 to 500 MeV were used
to predict the expected number of events, the mean energy, and the mean scattering
angle of the electrons scattered by dark matter particles, assuming ap = 0.5, ¢ =
1x 107, my/my = 1/3 (i.e. Y = 6.173 x 107™°) and POT = 1.0 x 10*'. The predicted
number of dark matter-electron scattering events as a function of dark matter mass

is shown in Figure 3.5.

Predicted LDM Events (1e21 POT)

o ERMEEE : R

10° LDM Mass [MeV]

Figure 3.5: The expected number of dark matter-electron scattering events as a func-
tion of dark matter mass. In increasing values of m,, the dominant dark matter pro-
duction channels are n%-decays, n-decay, and proton bremsstrahlung process, which
becomes resonant near the p/w mass region. This assumes ap = 0.5, e*ap = 5x 10713,
m,/my = 1/3 and POT = 1.0 x 10?!. Statistical uncertainties are shown with blue
error bars.

The electrons scattered by dark matter particles with different masses have different

distributions of recoil energy and scattering angles, which means that the distribution
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of the recoil electron E6? will vary with the dark matter mass. The number of expected
signal events varies by orders of magnitude depending on the mass considered. For
higher dark matter masses and the number of POT considered in this analysis, there
may be as few as one signal event. To ensure the distribution of events in the ND was
accurate, a high-statistics sample of each mass was produced. These high-statistics
samples were later re-weighted to the POT considered for this analysis. The generic
distributions of the recoil energy (see Section 3.3.2.2) and scattering angle of the
electrons were used as the input to the Geant4 simulation step to produce single-

electron events and then to simulate the detector response to those events.

3.3.2.2  Generic Single-Electrons Samples

As described above, BANMC was used to obtain the specific distributions of the
recoil energy and the scattering angle of single electrons for a series of dark matter
masses. The specific energy distributions of the single electrons were normalized and
summed together to produce an envelope over all the distributions to get a “generic”
energy distribution. The generic energy distribution, together with five mass-specific

distributions, are shown in Figure 3.6 on the left.

The electron’s scattering angle is correlated to its recoil energy, as shown in Figure 3.7
on the right. Due to the off-axis position of the NOvA ND breaking the symmetry
between scattering closer to or away from the beam direction, the scattering angles

have a double-peak structure.

The generation of scattered electrons in the simulation is the random emission of a
single electron within the 4.1x4.1x14.3m? cuboid volume (approximately the size

of the NOvA ND). The energy of this electron was randomly generated following the
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Figure 3.6: The simulated energy distribution of the single electrons scattered by dark
matter particles for various masses. The green curve is the generic energy distribution.
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Figure 3.7: The correlation between the scattered electron recoil energy and the
scattering angle. The small inset figure shows the scattering angle distribution at
1 GeV recoil energy.

generic energy distribution of the total dark matter distribution packet, shown as the
green curve in Figure 3.6, and the scattering angle was randomly assigned following

the angular distribution at a given energy. The position of the scattered electrons
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were randomly sampled in the cuboid volume following the position distributions of
the BANMC output. The detector response to these scattered electrons was then

simulated in a similar way as described in Section 3.3.1.3.

In total, 1.25 x 10® generic signal events were produced. These samples were produced
as single-electron showers in the ND without any other particles present. In reality,
this does not happen, as the ND sees many showers per event window from the high-
luminosity proton beam, seen in Figure 2.7. To address the systematic uncertainty in
the lack of an “overlay” procedure for these signal events, a detector pileup systematic

was used, which is discussed in Section 3.4.2.

3.3.2.3 Signal Template Generation by Sample Re-weight

The generic signal samples were re-weighted to get specific signal distributions for
individual dark matter masses. To do so, the generic samples were weighted by
scale factors that depend on the true recoil electron energy. The scale factor is the
bin-by-bin ratio between two histograms: the electron energy distribution from the
generic sample and the electron energy distribution for a specific dark matter mass.
Figure 3.8 shows the ratio histograms for dark matter mass points of 5, 10, 50, 100,
and 450 MeV.

After the re-weighting factors were determined for each mass and recoil electron
energy, events in the generic distribution were re-weighted according to their true
electron recoil energy and the re-weighting function, implemented as a lookup table,
to produce a mass-specific sample. Figure 3.9 shows an example of the specific sample
production procedure. This procedure produces a signal template for a specific dark

matter mass m, quite accurately, as seen in Figure 3.10.



64

5 0.25

g B —— DM mass 5MeV

= = —— DM mass 10MeV

"% 0.2 . —— DM mass 50MeV

E B —— DM mass 100MeV

§ | DM mass 450MeV
0.15[1—

0.05

| E

ol | Tt b L It il i e e e e |
0 2 4 6 8 10 12 14
Electron Recoil Energy [GeV]

Figure 3.8: The bin-by-bin ratio between the generic energy distribution (green curve
in Figure 3.6) and the specific energy distributions for specific dark matter masses
(curve with corresponding color).

It is in this step that a second re-weighting function was applied to dark matter
masses below 40 MeV (those that can undergo dark photon production from pion
decay) to account for differences between BANMC’s pion production model and ob-
served pion flux in NuMI. The calculation of this re-weighting function is described

in Section 3.3.2.1.

The re-weighting procedure kept about 10% of the generic samples for each specific
signal sample, or 1 x 10° events for a particular mass. A POT equivalence for the
specific sample was determined by comparison to the expected number of signal events
at 1 x 10?! POT, which is shown in Figure 3.5. Using Y = 6.17 x 10~ for each

simulated dark matter mass, a reference POT can be determined by calculating the
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Figure 3.10: A comparison of the E6* spectra between samples reweighted from the
generic sample and the “true” distributions generated directly by BANMC for four
different dark matter mass points (5, 10, 20, 100 MeV).

number of POT required to produce 1 x 10° signal events in the ND'. Table 3.2 shows
the number of signal events after re-weighting for eight example dark matter mass,
which is the integral of the re-weighted histograms without any selection cuts, and

the reference POT s when Y, = 6.17 X 107°.

In the fit, the free parameter being varied is the normalization scale of the signal
template a, not the physical parameter Y. Since the dark matter samples were all
simulated with Y.t = 6.17 X 107, the signal template scale a can be converted to Y
with

Y = VaY,. (3.12)

!The exact number of signal events after re-weighting was used in practice, but for explanatory
purposes, the approximate number of 1 x 10° events is stated.
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Table 3.2: Summary of the simulated signal samples. The number of signal events
Nevents for a dark matter mass m, was calculated by integrating the re-weighted signal
histograms without any cuts. The POT, was calculated with Y = 6.17 x 107°.

m,, (MGV) Nevents POTref

1 10960 9.33 x 10"
2 32433 1.17 x 10'¢
) 93315 1.47 x 10V
10 78339 1.29 x 108
20 88494 1.52 x 10"
20 134650 3.23 x 10%
100 113144 8.67 x 10
200 131004 6.87 x 10%

3.4 Event Selection

3.4.1 Single Electron Event Selection

This work aims to select candidate single-electron events from the NOvA ND data.
Dark matter particles elastic scatter off electrons, producing a single-electron shower
along the beam direction pointing directly back to the target. This signal signature is
similar to that of single electrons produced by the background v-e process. Therefore,
the event selection criteria used for this analysis is the same as that used by the mature
v-e analysis [103]. These cuts were optimized using a figure of merit (FOM), defined

as

S/VS + B+ 6B, (3.13)

where S is the number of “signal” (single-electron shower) events, B is the number
of neutrino-nucleus interaction background events, and §B? represents the systematic
uncertainty in the background. The cuts optimized for the v-e analysis are used in
this analysis rather than optimized cuts for a dark matter signal for the following

reasons. The expected number of y-e signals is not known, a priori, since neither the
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true value for the coupling € or the dark matter mass m, are known. As shown below,
the selection efficiency is also mass-dependent, which poses a problem of selecting a
single mass value for the optimization of cuts, without knowing the “correct” mass.

Because of this, the v-e selection cuts were used as is.

First, preselection cuts were applied to remove obvious v,-CC interactions produced

in the detector, which contain long, straight tracks. These cuts are defined as:

o L <800 cm, where L is the length of the longest prong,
e Npne < 120 , where Npjane is the number of planes of the longest prong, and

e Neen < 600, where Ny is the total number of cells in a slice.

See Section 2.3 for a reminder of how prongs and slices are defined.

Containment cuts were applied to suppress backgrounds that are induced by neutrino
interactions with the rock surrounding the ND and to ensure event interactions are
fully contained within the ND. The containment cuts required, for the x, y, and z

position of all hits in a prong,

e minimum x > -190 cm , maximum x < 180 cm,
e minimum y > -180 cm , maximum y < 190 cm,

e minimum z > 105cm, , maximum z < 1275 cm,

where the origin of the coordinate system is at the center of the front face of the

ND. Requirements were also made on the position of the reconstructed vertex of the

prong:

o -185 < xyx < 175 cm,
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o -175 < yyx < 175cm,

e 95 < Zytx < 1095 cm,

where the coordinate system origin is at the center of the front face of the ND.

Single-particle requirement cuts were applied to mitigate backgrounds with multiple

final-state particles. These cuts were defined as

« The ratio of the cell energies contained by the primary prong Epong/ Etorar sShould
be greater than 0.8, where Eype is the most energetic prong energy and Eoa

is the total energy of the slice.

o The vertex energy should be less than 0.02 GeV, where the vertex energy is the
sum of the cell energies above thresholds, excluding the most energetic prong,

within +8 planes of the event vertex plane.

o The shower gap should be less than 20 cm, where the shower gap is the distance

between the start point of the most energetic prong and the event vertex.

An energy cut to select for candidate electrons with specific energies of interest was

applied, defined as:

e 0.5 < Epong < 5CeV.

Two event classifiers based on convolutional neural networks (CNNs) were trained to
identify single-electron events (NuonelD) and another to further reject background
with a 7% in the final state (EpiOID). The architecture® for these CNNs was the

same used for NOvA’s Convolutional Visual Network [104]. Both of these classifiers

2Neural networks can be represented as mathematical graphs, and the architecture of the network
defines how nodes are interconnected.
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were trained on single-electron events as the signal. However, the classifiers were
not trained specifically on v-e events. Instead, they were trained on single electron
showers with a broad distribution of energies and recoil angles, which was done to
mitigate the model’s dependence on the scattering energy and angle. This benefits
this analysis, in particular, since the scattering energy and angle distributions for y-e
scattering is different from v-e events. The discriminator threshold on these classifiers,

optimized by the v-e analysis group, was:

e NuonelD > 0.73,

« Epi0ID > 0.92.

The distributions of the discriminator values for these two neural networks on training

samples is shown in Figure 3.11.
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Figure 3.11: The discriminator values for the NuonelD (left) and EpiOID (right) neural
networks. The testing samples in these plots consist of v-e events (“MC Signal”) and
v-N events (“MC Background”). An arrow shows where the discriminator threshold
was set and the events that are kept by the networks.

Tables 3.3 and 3.4 show the effect of the event selection cuts on the background and

N-1

the signal, respectively. The efficiency of each cut, €*~', is defined as the ratio between

the number of events with to that without the cut, with all previous cuts applied.
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The cumulative efficiency of each cut, €, is defined as the ratio between the number of
events remaining after applying that cut and all previous cuts to the initial number
of events. The efficiency of the signal depends on the dark matter mass considered,
so the selection efficiency for three different masses (1, 10, and 100 MeV) is shown.

The selection efficiency for each cut as a function of E#? is shown in Figure 3.12.

Table 3.3: Cut efficiency for the MC v-e background and the MC v-N background
events.

Cut N (%) 6 (%) e (%)
Preselection 99.95 99.95 23.44
Containment 5&.38 58.35 4.67

Single Particle Requirement  85.50 49.90 1.10
Primary Shower Energy 66.70 33.29 0.21
Particle ID 55.40 18.47  5.15e-3

Table 3.4: Cut efficiency for the MC y-e signal events at m, = 1, 10, and 100 MeV.

Cut entev (%) ey (%) eomev (%) €y (%) eroomev (%) €ionay (%)
Preselection 99.9996 99.9996 99.9986 99.9986 99.9919 99.9919
Containment 81.47 81.47 77.00 77.00 64.55 64.55

Single Particle Requirement 68.05 83.53 65.30 84.80 55.64 86.19
Primary Shower Energy 11.13 16.35 33.20 50.84 43.89 78.88
Particle ID 7.78 69.90 23.05 69.43 29.85 68.01

3.4.2  Overlay Effect on Event Reconstruction and Selection

“Overlay” is a procedure to mix simulated single-interaction events on top of a single
slice to mimic detector pileup. For the v-e events, these single-electron events were
generated and then overlaid onto a full slice with neutrinos interacting in the detec-
tor. These spills don’t have quite the right detector occupancy since there is one
more neutrino interaction than there should be, but it is close enough and does not

significantly impact the overall beam intensity.
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Due to computational constraints, no overlay samples were produced for y-e events.
Instead, in order to understand the effect of the overlay procedure on the recon-
struction and event selection efficiency, the overlay and non-overlay v-e samples were

compared.

The overlaid events have a different event reconstruction efficiency than non-overlaid
events due to the presence of other nearby hits influencing the prong finding algorithm.
This effect was studied using a 1.26 x 102 POT overlay sample, which contained
729,152 v-e events and a 1.48x10?* POT non-overlay sample, which contained 858,648
events. From the overlay samples, 472,915 events were successfully reconstructed
(~64.8% efficiency), while 569,475 events were reconstructed (~66.3% efficiency) from
the non-overlay samples. It indicates that the reconstruction efficiency from the

overlay samples is ~1.5% less than that from the non-overlay samples.

The overlay procedure also has an impact on the selection of the reconstructed events.
The event reconstruction and selection efficiencies after the event selection cuts with
respect to the true E6? is shown in Figure 3.13. It shows that for single electron shower
events, the event reconstruction and selection efficiency for non-overlay samples is
~4% higher than for overlay samples and that the difference in selection efficien-
cies between both samples do not depend significantly on the true E#*. Therefore,
because the difference is a constant ~4%, it was not necessary to produce overlay
samples for dark matter signal events. In order to account for the 4% reconstruc-
tion and selection efficiency difference introduced by ignoring the overlay procedure,
a “pileup” systematic uncertainty was introduced to characterize this discrepancy.
This systematic uncertainty was implemented as a 4% decrease in the normalization
of the non-overlay samples (y-e and v-¢) at the 1o level. The v-N background was

simulated with pileup present, so this systematic uncertainty was not applied to this
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background.
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Figure 3.13: The Monte Carlo single-electron (from v-e) event reconstruction and
selection efficiency on non-overlay (solid line) and overlay samples (dashed line). Each
colored line is a step in the event selection described in Section 3.4.1. The ratio of
overlay to non-overlay is shown in the lower panel. The ratio is an approximately
constant 96% as a function of true E6*>. Note the plotted E#* range is narrower than
the full signal region.
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3.5 Systematic Uncertainties
In this analysis the following systematic uncertainties were used:

1. The detector response uncertainties for the three template components (S,.,
B,.., and B,._y), considering the NOvA ND calibration, light-level, and Cherenkov

effects.
2. The flux uncertainties, for both the signal and the background.

3. Pileup uncertainties to address the overall normalization due to the lack of
overlay in the signal and v-e background samples. For this, a 4% uncertainty

at 1o is used and motivated at the end of the previous section.

4. Neutrino interaction cross section modeling uncertainties.

For all systematic effects, the impact of these uncertainties was explicitly determined
at 1, 2, £30 shifts. A cubic interpolation function was used to determine the impact

between these explicitly determined shifts.

3.5.1 Detector Response Uncertainties

The impact of detector response uncertainties is assessed by creating alternate sim-
ulation samples with shifted detector response parameters. Detector response uncer-
tainties included in this analysis are calibration uncertainties, light-level uncertainties,

and Cherenkov light uncertainties.

Calibration uncertainties were determined by studying the differences between data

and MC in the energy response for various samples (ND and FD cosmic rays, ND
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muon tracks from v, interactions, and ND proton tracks from v, interactions). Data-
MC comparisons were made for each sample by comparing the dE/dx as a function
of position along the particle’s track. From these studies, proton samples showed
the largest discrepancy between data and MC at 5% [105]. This was taken as a

conservative estimate for the calibration uncertainty across all samples.

The photon production model in Geant4 used by NOvA is calculated as

Ny = FVieW(YscintEBirks + €CherCCher)’ (314)

where N, is the number of photons produced, Fyiey is the scale factor depending
on the detector view (x or y direction), Ygins is the number of scintillation photons
produced per unit energy deposition, Ep;ks is the energy deposited according to Birks’
law [106], ecper is the efficiency for Cherenkov photons, and Ccye, is the number of
Cherenkov photons produced by the charged particle. The Cherenkov uncertainty
takes into consideration the 5% discrepancy in proton dE/dx between data and MC.
This discrepancy was decreased to less than 1% by adjusting the light response model
(adjusting Yseins and €cner) while keeping the detector response to muons the same.
The Cherenkov efficiency was determined to have an uncertainty of 6.2% [105]. Light-
level uncertainty was determined by adjusting the detector calibration to keep the

muon response the same, and was determined to be 5% [105].

3.5.2 Flux Uncertainties

The flux uncertainty for y-e events is derived from the uncertainty of pion flux from
MIPP data [80]. MIPP reports a ~5% systematic uncertainty and ~1% statistical

uncertainty on their measurements in momentum bins that contain 90% of pions pro-
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ducing y-e events in the ND. Based on this, a 6% uncertainty on the dark matter
flux was applied to the signal template. This uncertainty is uncorrelated with the
background flux uncertainty. Note that this uncertainty should only affect y-e events
that were produced from the decay of a #°. This is the dominant production mech-
anism for masses where NOvA is expected to have competitive sensitivity, so this

uncertainty is prioritized over uncertainty from proton bremsstrahlung production.

The flux uncertainty for v-induced background events arise from two sources: hadron
production uncertainties and uncertainties in the beam optics. The first refers to
the cascade of particles produced in the proton beam interaction with the NuMI tar-
get, which eventually decay into neutrinos. The second refers to the focusing of these
charged hadrons that eventually decay into neutrinos. These uncertainties are depen-
dent upon the true neutrino energy. The background component flux uncertainties
use a principal component analysis [93]. Using PPFX [87], simulations with randomly
generated variations in the hadron production and beam focusing uncertainties deter-
mine the variance in the outoing neutrino beam, along with the correlations between
bins of neutrino energy. From analyzing the correlations, a covariance matrix was
obtained and diagonalized, and the 7 largest eigenvectors were kept for this analysis.
These characterize the flux uncertainty of our background, which induces an ~8%

uncertainty.

3.5.3 Cross Section Uncertainties

The largest number of uncertainties introduced to the analysis comes from uncertain-
ties in the neutrino cross section, due to the many and varied interactions neutrinos

can have with nuclei. Included in this analysis are uncertainties related to elastic



78

Table 3.5: Summary of how 1o systematic uncertainties affect the normalization of
v—N and v—e backgrounds and y—e signal events.

v—-N v—e x—e
Source (%) (%) (%)
Detector model +10.1/ - 44 +1.7/-2.6 +3.1/-3.0
Flux +7.2/-17.5 +8.2/ — 8.3 +6.0/ — 6.0
Cross sections +17.8/ - 114 +0.0/ - 0.0 +0.0/ - 0.0
Pileup +0.0/ - 0.0 +4.0/ — 4.0 +4.0/ - 4.0
Total +24.1/ - 14.6 +9.3/-9.5 +8.0/ - 8.0

and quasi-elastic (QE) scattering, MEC, resonance production (RES) and deep in-
elastic scattering (DIS). These uncertainties are implemented by re-weighting the
nominal simulation events. The nominal simulation predicts a certain rate at which
these processes can occur. The re-weighting adjusts these rates, thus affecting the
overall normalization of event types in the analysis. The uncertainty of the v-e scat-
tering cross section is negligibly small. However, the cross section uncertainty for
v-N processes induces a ~15% uncertainty on the normalization of this background

component.

In summary, the largest source of uncertainty on both v-e events and y-e events
comes from their respective flux uncertainties, and the largest source of uncertainty
on v-N events comes from cross section modeling. Table 3.5 summarizes the effect
of each source of uncertainty on the backgrounds and signal. Importantly, none of
the systematic uncertainties induce a shape effect on the neutrino background in E6?

that could mimic a false signal.
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3.6 Analysis Results

The unblinding procedure for this analysis was done in stages to validate the back-
ground models used in the fit. First, data with 0.02 < E6* < 0.048 GeV Rad?, which
is expected to be dominated by v-N events and have no present y-e signal based on
existing constraints, was compared to the nominal background prediction and then
fitted. The nominal prediction agreed with data within cross section uncertainties,
the largest source of systematic uncertainty in this region. Next, data in the first bin
of the full analysis region (E6* < 0.004 GeV Rad?), which is expected to be dominated
by v-e events, was compared to the nominal prediction and agreed with data within
neutrino flux uncertainties, which is the largest source of systematic uncertainty for

the v-e background. Finally, the full analysis region was unblinded and fitted.

After selection cuts, 4400.1 background events® were expected. A breakdown of the
production channels contributing to the expected background is shown in Table 3.6.
From investigating events in the “Other (v-N)” events, they all come from events with
a 7’ in the final state, and the two photons from the 7° decay were reconstructed as
separate prongs. Due to a limitation of NOvA simulation software, each prong is
assigned a “parent” neutrino that initiates the interaction and these neutrinos are
uniquely assigned to one prong. With the parent neutrino already assigned to one
photon prong in the n° decay, the other photon prong cannot be assigned a parent
neutrino. This makes characterizing the nature of the interaction much more difficult,

so these events are kept separate as an “Other” category®.

A total of 4407 events were selected from data with 0 < E6* < 0.048 GeV Rad?.

3Note that the predicted number of events includes fractional events due to event weights applied
in the simulation and the re-scaling of the simulated samples’ POT to the data’s POT.

4Although they are kept as a separate category, the fact that these events contain a 7° makes it
more likely that these are NC events.
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Table 3.6: A summary of background processes and the nominal predicted amount
passing selection cuts.

Background Nominal prediction (2.55 x 10°! POT)

v-e 1487.6
v, CC (v-N) 1687.8
v, CC (v-N) 493.9
NC (v-N) 492.3
Other (v-N) 238.5
Total 4400.1

The data is consistent with the Standard Model, as a neutrino-only fit had a fit
=2InL = 9.289 with 12 degrees of freedom. The dark matter best fit has parameters
(my,Y)=(1MeV,1.51x 1071?) with a fit —2InL = 7.132 for 11 degrees of freedom. The
best-fit parameters correspond to 85.2 predicted dark matter events in the data. The
best fit slightly reduced the normalization of background events to account for the
apparent presence of a signal. However, this helps to smooth out the discrepancies
between the data and the background between 0.004 < E6* < 0.016 GeV Rad?, where
the presence of signal events are expected. Note that the best-fit parameters are
already excluded by LSND [51] (not plotted) and NA64 [107] at 90% confidence level.
All dark matter masses tested were weakly preferred over the neutrino-only fit. The

best fit compared to data and the neutrino-only fit is shown in Figure 3.14.

In order to minimize —2InL, some systematic uncertainties were pulled away from
their nominal values, although all systematic uncertainties in the dark matter best
fit and the neutrino-only fit were pulled away from their nominal value by less than
one standard deviation. The largest systematic pulls in the dark matter best fit and

neutrino-only fit are summarized in Table 3.7.

In addition to E6?, data was compared to the nominal predictions in E and 6 sep-

arately, shown in Figure 3.15. The data agrees generally well with the prediction
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Figure 3.14: Top: The observed E6* spectrum compared to the dark matter best-fit
prediction. Middle: The dark matter component of the best-fit prediction. Bottom:
The ratio of data to the dark matter best-fit prediction and the neutrino-only best-fit
prediction. In the top and bottom panel, the +10 systematic error band is shown in
dashed gray.

in these variables, with exception to a low-energy deficit of events in data. Note,
however, that this is only a comparison to the nominal prediction, not the best fit,

which may have better agreement with data.
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Table 3.7: A summary of the largest systematic pulls in the dark matter best fit and
neutrino-only fit.

Systematic Description v+y v-only
Detector Absolute calibration 0.330c  0.520
Cross section NC elastic shape and normalization 0.2l 0.210
Cross section NC elastic shape 0.11c 0.280
Cross section MEC (go, [¢]) response 0.2000  0.090
Cross section MEC E, shape 0.070c -0.220
Cross section MEC initial state neutron-proton pair fraction 0.020 0.18c0
Cross section CC QE normalization 0.1600 0.300
Flux Principal component 0 of PPFX uncertainty 0.020 0.180
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Figure 3.15: The nominal prediction compared to data in E (left) and 6 (right).
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The 90% confidence-level upper limit on Y is determined from the best fit at each
mass using the profile likelihood ratio as a test statistic and the profile construc-
tion method [86]. Figure 3.16 compares the 90% confidence level exclusion results of
this analysis with previous searches from BaBar [50], COHERENT [68], NA64 [107],
and NOvA’s expected sensitivity determined from pseudo-experiments with Poisson-
fluctuated distributions of the background. The parameters that yield the relic abun-
dance for scalar dark matter are shown as the dashed black curve [46]. This analysis
improves on existing constraints on Y for 10 < m, < 20 MeV. At m, = 15MeV, where
NOvVA most strongly improves upon existing constraints, this analysis constrains the

number of dark matter events in the data to below 222 at 90% confidence level.
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Figure 3.16: Constraint on (m,, Y) parameter space for NOvA at 90% confidence level
compared to other experimental data.
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3.7 Discussion

High-luminosity neutrino experiments can be an effective probe for light dark matter
candidates. Using 2.55 x 10?! POT of data recorded by the NOvA ND during NuMI
FHC operations, this analysis has improved upon current constraints for dark matter

particles produced in accelerators from 11 to 19 MeV.

There are several ways that NOvA’s search for sub-GeV dark matter can be improved.
The first is to consider proton interactions in the hadron absorber toward the end of
the NuMI beam line. These interactions are effectively the same as proton interactions
in the target and could produce dark matter. Simulation studies of #° flux in the
NuMI beam dump show that up to 30 pions are being produced [98]. Whether these
pions produce dark matter that has detector acceptance in the NOvA ND is to be
determined. If so, these events are already present in the data. The inclusion of this
production channel in the signal model would provide a more accurate account of
the DM flux and improve exclusion sensitivity. The addition of the beam dump will
also not scale up the background in the same way as for target production, since the
charged hadrons produced in the beam dump are not focused into a beam, leading

to fewer neutrinos reaching the ND per proton in the hadron absorber.

Another way to improve the analysis is to include RHC data. Not only will the inclu-
sion of RHC data lead to a higher statistics measurement, but the slightly different
physics processes of v’s vs ¥’s will lead to differences in the expected background.
Because the dark matter is produced through decays of neutral mesons and proton
bremsstrahlung upstream of the focusing horns, the signal is agnostic to the focusing
horn current and one expects about the same number of signal events in FHC and

RHC at a fixed exposure, whereas the interaction rates in the ND are different for
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v's vs ¥'s [108]. A correlated fit on FHC and RHC data would better constrain the
presence of a dark matter signal in the two sets of data. NOvA has already collected

over 1.2 x 10*! POT of RHC data, and plans to collect more in the future.

This analysis contributes to the effort to search for MeV-scale dark matter. The
parameter space for dark matter consistent with thermal relic predictions still remains
largely unconstrained. Future accelerator-based searches for light dark matter using
detection techniques different from NOvA (and other experiments with world-leading
sensitivity) will be able to significantly improve upon current constraints and probe
thermal relic targets. One such search with the Light Dark Matter eXperiment will

be discussed in the next chapter.
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Chapter 4

The Light Dark Matter eXperiment

The Light Dark Matter eXperiment (LDMX) is a planned electron-beam, fixed-target,
missing-momentum search for dark matter in the MeV to GeV mass range. LDMX will
be mounted at the SLAC National Accelerator Laboratory, where it will parasitically
use beam bunches from the Linac Coherent Light Source 1T (LCLS-II) with an energy
of 8 GeV. In one year of operations, LDMX can accumulate approximately 4 x 104
electrons on target (EOT), which is sufficient to achieve a 100-fold improvement on
current sensitivity to sub-GeV dark matter. In 3.5 years of operation and a thicker
target!, LDMX can achieve a 1000-fold improvement on current constraints. This
same 1000-fold improvement in sensitivity could also be achieved with a thin target
and 10'® EOT, but this would take significantly more run time. In what follows,

projections for LDMX’s ultimate sensitivity are presented as “1 x 10'® EOT.”

The production of dark matter via electron bremsstrahlung will be identified by a
significant amount of missing energy and momentum measured in the detector af-
ter the primary beam electron’s interaction with a thin target. Processes in the
Standard Model-—mamely electron bremsstrahlung in the target—can mimic the low-
momentum recoil electron signature of dark matter production. To identify and veto
these background processes, which are many and varied, LDMX will utilize three

major subsystems:

LAn increase in target thickness from 0.1 to 0.4 radiation lengths.
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1. a tracking system to measure the incident and recoil momentum of the beam

electrons, as well as charged particle multiplicity,

2. an electromagnetic calorimeter (ECal) to measure the energy of the recoil prod-

ucts and veto backgrounds based on shower topology in the calorimeter, and

3. a hadronic calorimeter (HCal) to veto neutral hadrons produced in photo-

nuclear reactions in the ECal or target.

A plan view of the LDMX detector is shown in Figure 4.1. This figure shows a view
of the detector in the yz plane, and the origin of the coordinate system is at the center

of the target.
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Figure 4.1: A plan view of the LDMX detector, showing the production of dark
matter in the target. The drawing is not to scale. From Ref. [109].

A missing-momentum-style search for dark matter is much more sensitive to the cou-
pling strength between dark matter and the Standard Model than a beam-dump-style

search at the same integrated luminosity, as explained in Chapter 1. But the caveat
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to this improved sensitivity is that missing-momentum-style experiments require a
hermetic detector with precision tracking and the ability to measure the incident par-
ticle’s momentum. This chapter will describe the experimental design of LDMX and

the missing-momentum search for dark matter.

4.1 The Beamline

For LDMX to achieve its physics goals, a low multiplicity, high duty-factor beam
is required. A low multiplicity beam is required so that individual electrons can be
tagged by the tracker. A high repetition is required, partially to counter the low
multiplicity, so that high statistics measurements can be achieved in a reasonable
time scale. LDMX will operate in End Station A at SLAC and use the refurbished
Linac to End Station A (LESA) beamline. This will deliver a 46 MHz beam of 8 GeV

electrons from the LCLS-II beamline to the experiment [110].

The electrons in LCLS-II are sourced from a high-power ultraviolet laser pulse on a
Cs,Te photocathode. The electrons liberated from the photocathode are bunched and
accelerated by a very high radio frequency (VHRF) cavity to 750keV, where they are
then sent to the main superconducting linac [111]. In the main linac, the electrons
are accelerated to 8 GeV using a series of 37 superconducting cryomodules containing
eight niobium cavities [112]. Both the VHRF cavity injector and main linac operate
at 1.3 GHz [113].

Low-multiplicity buckets from the beam go unused by the experiments for which the
LCLS-II beam is primarily designed. To make use of the low-multiplicity electron
buckets from this beam (which would otherwise go to a beam dump), a kicker is

added to the LCLS-II beamline to deliver single electrons in 21.5ns bunches to End
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Station A, as shown in Figure 4.2 [110].
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Figure 4.2: A diagram showing the Linac to End Station A beamline (labeled “DASEL
Beamline”). From Ref. [114].

4.2  The Detector

The LDMX detector consists of three major subsystems to measure missing energy
and momentum as a signature of dark matter production in the target. Each subsys-

tem is based on the design of existing detectors.

4.2.1 Tracking System

The key concept behind LDMX’s method to search for dark matter is the missing
momentum method, where the recoil electron momentum is measured by a tracker.
The LDMX tracking system consists of an tagging tracker upstream of the target
to measure the number of incoming beam electrons, their positions, and their four-

momenta before interaction with the target and a recoil tracker downstream of the
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target to measure the four-momenta of outgoing charged particles and their trajecto-
ries. The LDMX trackers consist of silicon strips based on the design and technology

of the Silicon Vertex Tracker used in the Heavy Photon Search [115].

Measuring the momentum of charged particles requires a magnetic field. LDMX will
use a 18D36 dipole magnet (18” by 36” in size) with a central field of 1 T. The tagging
tracker will be located in the uniform field of the magnet, and the recoil tracker will
be located in the fringe field of the magnet. The target is a thin tungsten sheet
corresponding to 0.1 radiation lengths placed at the start of the magnet’s fringe field.
A diagram of the magnetic field strength along the beam direction, along with the

position of the tagging tracker, target, recoil tracker, and ECal, is shown in Figure 4.3.
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Figure 4.3: The magnetic field strength as a function of position along the beamline.
Each colored line represents an off-axis distance from the magnet’s central field.

The tagging tracker consists of 7 silicon strips, each spaced 10 cm apart (in the beam
direction), with the furthest downstream strip placed 1.5cm from the target. The

recoil tracker consists of 4 silicon strips spaced 1.5 cm apart, with the most upstream
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strip being 1.5cm from the target, and two additional strips placed 10 cm from the
target and 18 cm from the target, respectively. Both the tagging tracker and recoil
tracker have position resolutions of 7um in the x-direction (perpendicular to the
magnetic field) and 100 um in the y-direction (parallel to the magnetic field) and
are capable of reconstructing tracks for charged particles with a momentum of at
least 50 MeV /c. The momentum resolution for electrons with a few GeV of energy is

~3MeV /c.

4.2.2 Electromagnetic Calorimeter

The LDMX ECal is a high-granularity, high-density silicon-tungsten sampling calorime-
ter. The ECal design is based on the design of the CMS High Granularity Calorimeter
(HGC) for the CMS Phase-2 upgrade [116]. It fulfills LDMX’s requirement for a fast,

efficient, radiation hard, high density, and granular calorimeter system.

A diagram of the ECal is shown in Figure 4.4. The ECal is 17 planes deep, with
each plane consisting of double-sided layers of tungsten absorbers, silicon sensors,
and printed circuit boards (PCBs), with a cooling plate sandwiched between each
layer. Each layer contains 7 hexagonal silicon sensors arranged in a “flower” config-
uration, where each sensor contains 432 readout pads. Each readout pad is 0.56 cm?
in area, allowing high-granularity shower reconstruction needed to resolve individual
electrons and photons with small angular separation. Each plane is 6 mm thick and
the entire ECal is 40 radiation lengths deep, providing ample electromagnetic shower

containment.

The ECal has ns-level timing resolution, making it capable of resolving individual

events from the beam pulses that arrive every 21 ns. The ECal has a Moliere radius
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Figure 4.4: A diagram of the LDMX ECal.

of ~2.5 ¢cm; when combined with the high granularity of the readout pixels, the ECal is
capable of resolving individual recoil products from the target interaction. The ECal
is also capable of MIP tracking, and the identification of MIPs will be an important
veto handle in both the the missing momentum analysis (Section 4.4) and searches
for long-lived particles (Chapter 5). An example of event displays highlighting the
difference between a MIP and an electromagnetic shower is shown in Figure 4.5. The
ECal is 40 radiation lengths deep, which allows late-developing showers to be resolved
in the detector volume. The tungsten absorbers in the front layers of the ECal are
thinner (1-3.5mm thick) than the absorbers in the final 10 layers (7mm thick) so
that particle shower shapes can be better resolved in the front of the detector while

still keeping full shower containment toward the back of the detector.
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Figure 4.5: Top: Event display of a MIP traveling through 8 layers of the CMS HGC.
Bottom: Event display of an electron traveling through 8 layers of the CMS HGC.
Both from Ref. [117]. Note that the LDMX ECal is based on the design of the CMS
HGC.

As the beam will not always have an electron multiplicity of one, the number of
incident electrons must be known to inform the trigger. A trigger scintillator upstream
of the target measures the incident number of electrons, and information from the
ECal measures the energy after electrons pass through the target. Information from
both the trigger scintillator and ECal are input into the trigger DAQ, and events are

kept if at least one electron in the bunch loses ~60% of its energy.

4.2.3 Hadronic Calorimeter

Surrounding the ECal from the top, bottom, sides, and back is the HCal. The portion
of the HCal surrounding the top, bottom, and sides of the ECal will be referred to
as the Side HCal and the portion behind the ECal will be referred to as the Main

HCal. The LDMX Hcal is an iron-scintillator sampling calorimeter, with the active
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component based on the scintillation counter design used by the Mu2e cosmic ray

veto [118].

The primary function of the HCal is to identify and veto neutral hadrons (mostly K°
and neutrons) in the energy range from hundreds of MeV up to several GeV. Neutral
hadrons that escape the detector and carry away several GeV of energy look like a
false signal event. To ensure these neutral hadrons interact in the HCal and leave a

detectable amount of energy to veto, the Main HCal is 17 interaction lengths deep.

A diagram of the HCal is shown in Figure 4.6. The Main HCal consists of 96 layers
of 25 mm thick steel absorber plates and 20 mm thick doped polystyrene scintillator
counters. Each layer of the Main HCal is 2m tall and 2m wide. Each scintillator
counter is 50 mm wide and is co-extruded with a TiO, reflector coating and a single
hole into which a 1.8 mm diameter wavelength-shifting fiber is inserted. Light pro-
duced in the scintillator is collected by the wavelength-shifting fiber and read out
via silicon photomultipliers (SiPMs). The scintillator counters are glued into units of
four counters, called a quad-counter, and each layer is comprised of 10 quad-counters.
Similar to the NOvA detector described in Chapter 2, the horizontal and vertical ori-
entation of the scintillator bars alternates with each layer. However, currently the
position reconstruction along the length of a bar is only based on time-of-arrival of

photons, not a clustering algorithm based on hits in neighboring layers.

The Side HCal consists of four stepped modules arranged in a pinwheel-like fashion
around the ECal. The primary purpose of the Side HCal is to catch wide-angle
particles emitted from the target that fall outside the ECal acceptance. Unlike in the

Main HCal, the Side HCal scintillator counters are read out at only one end.
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Figure 4.6: Isometric view of the LDMX HCal.

4.3 Simulation Framework

The LDMX simulation framework uses v10.2.3 of the Geant4 [90-92] library, with
modifications to the nuclear interaction cross sections and kinematics that are relevant
for LDMX’s beam energy. The framework is written in C+4++, and uses Python
wrappers to configure Monte Carlo event simulation, detector response, and event

reconstruction.

Events in which the full beam energy is deposited in the ECal are not triggered.
As indicated in Figure 4.7, events with an appreciable amount of missing energy in
the ECal occur at relative rates below 107, so inclusive background samples are an
inefficient use of computing resources for the backgrounds of interest to LDMX. To
efficiently generate background samples of interest to LDMX, event generator filters

and cross-section weights are utilized.
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Simulations start with a beam of electrons fired 800 mm upstream of the target,
positioned and aimed in such a way that electrons hit the center of the target. The
beam is “smeared” in the x and y direction by 20 mm and 80 mm, respectively, to
mimic the desired beam profile. Truth-level filters are applied to remove events in
which the electron does not reach the target with sufficient energy (>7600 MeV) and
does not undergo “hard” bremsstrahlung in the target. The latter is imposed by
requiring the electron exit the target with <3000 MeV energy and a bremsstrahlung
photon is produced with >5000 MeV energy. Events not satisfying these requirements
are vetoed. Other filters can be applied to only keep events in which an interaction
takes place in a specific region of the detector; for example, a filter to only keep

processes that occur in the ECal.

To enhance the likelihood of particular interaction types (like background photo-
nuclear interactions, which are of particular interest for LDMX) and more efficiently
produce samples of these particular interactions, a weight to the photon cross section
is applied. These weighting factors are propagated through the simulation framework

to account for how this weighting affects the equivalent EOT of the sample.

To simulate the process of dark bremsstrahlung that produces signal events, a new tool
for Geant4 was developed by LDMX [119]. This Geant4 tool was validated against
the ubiquitous dark matter event generator MadGraph [120, 121], showing similar
results for the beam energies and target materials/thicknesses relevant to LDMX.
This tool was developed to simplify the simulation of signal events, which now only

require Geant4 as a simulation library.
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4.4 Missing-Momentum Search

The main physics objective of LDMX is to identify the production of dark matter
in the target via missing energy and momentum in the detector. The background
processes expected in LDMX are many and varied. A breakdown of the expected
backgrounds, their rates relative to the beam, and the method used to veto them is
shown in Figure 4.7. This section will briefly describe the flagship analysis for LDMX,
which will surpass the current experimental sensitivity on MeV-scale dark matter by
orders of magnitude. The description of this analysis is primarily to provide context

for some of the analysis methods described in Chapter 5.
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Figure 4.7: The relative rates of background processes in LDMX, along with the veto
handles used to reject them, down to a relative rate of 107'®. The green shading
indicates events in which the full beam energy is deposited in the ECal, the blue
shading indicates events with low energy depositions in the ECal or particles escaping
the ECal, and the red shading indicates irreducible Standard Model backgrounds with
real missing energy in the detector. Note that most background sources have more
than one veto handle.
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For the missing-momentum search, the signal signature is a single, low-momentum
electron reconstructed in the recoil tracker and calorimeters. For trigger selection,
events are recorded in which <3160 MeV is deposited in the first 20 layers of the
ECal. This particular energy requirement was chosen based on trigger studies to
keep the signal efficiency of 1 MeV dark matter at 78%. The trigger rate is ~250 Hz
for a 46 MHz beam. Only the first 20 layers of the ECal are used for triggering instead
of the full 34 layers to reduce the load on the data acquisition system. Following the
trigger selection, a more stringent requirement on the missing energy in the ECal
is required: <3160 MeV deposited in the whole ECal. Additionally, events are re-
quired to have exactly one track in the recoil tracker with a momentum less than
2400 MeV /c. The recoil tracker has high momentum resolution, so a more stringent
requirement on the momentum is made. In the results shown here, this cut is made on
the truth-level momentum of charged particles in the recoil tracker, not a simulated
reconstruction of the tracks?. Since the true momentum is used for this cut, an addi-
tional requirement that the charged particle have at least 50 MeV /c of momentum is
made. This is to mimic the reconstruction efficiency of the tracker, which can resolve
particles with momentum as small as 50 MeV /c. Although not explicitly used as an
analysis handle, the transverse momentum of the recoil electron can be a powerful

discriminator between signal and background, as seen in Figure 4.8.

Background events selected by the trigger that also pass the tracker momentum re-
quirement will predominantly be events in which the electron loses most of its energy
to a bremsstrahlung photon in the target. This bremsstrahlung photon may not al-
ways deposit all of its energy visibly in the ECal. This can occur in photo-nuclear

(PN) interactions, which produce neutral or charged hadrons. Charged hadrons can

2At the time of writing, not all simulated samples had reconstructed tracking information. In
order to use consistent cuts among the samples, a truth-level cut is used.
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Figure 4.8: Transverse momentum (pr) distribution of the recoil electrons for events
passing the ECal missing energy trigger. Photo-nuclear events are background, and
distributions from four signal masses are shown. The rightmost bin is an overflow
bin. From Ref. [109].

be vetoed based on the presence of additional tracks in the ECal or tracker. Neutral
hadrons are more difficult to veto based on ECal activity alone, but it is possi-
ble to distinguish these backgrounds from signal, as the interaction creating neutral
hadrons may leave an energy deposition signature in the ECal. The high granularity
of the ECal is utilized to determine whether the recoil electron shower is accompa-
nied by other, photon-induced energy depositions. To discriminate between signal
and photon-induced background events, a boosted decision tree (BDT) trained on

ECal shower shape features is used.

The ECal BDT, implemented with XGBoost [122], was trained on 47 input features
based on the topology of signal and PN background activity in the ECal. A detailed
description of all the features included in the ECal BDT can be found in Ref. [109].
The BDT was trained on four dark matter masses (1, 10, 100, and 1000 MeV) as
signal and PN reactions in the ECal as background. Only the PN events were used in
training as the background because it is expected to be the most difficult background

to veto. The BDT’s discriminator threshold was set to a value of 0.99741, which



102

was chosen to remove all but two MC events when combined with the HCal veto,
described below. This is so events passing all cuts can be studied and to facilitate

projections to higher EOT than what has been simulated.

Due to the generally low transverse momentum of recoil electrons in background
bremsstrahlung events, as shown in Figure 4.8, photon-induced activity in the ECal
may not always be distinguishable from the recoil electron’s shower. This is especially
problematic if neutral hadrons carrying away most of the photon’s energy are pro-
duced, in which case the activity in the ECal looks indistinguishable from signal. As
the HCal is 17 interaction lengths deep, these neutral hadrons produced in the ECal
will eventually interact in the HCal and leave a deposition of energy. To discriminate
events producing neutral hadrons, events are vetoed if any HCal counter has 8 or
more photo-electrons (PEs). A threshold of 8 PEs is sufficient to remove noise hits,

most of which are at the 1 PE level but extend up to 6 PEs.

This HCal veto, combined with the ECal BDT, will provide the necessary veto handles
for LDMX to be a background-free search while maintaining a high signal efficiency.
Figure 4.9 shows the combination of the ECal BDT and HCal veto, with the distri-

bution of the background events’ BDT scores and maximum PEs in the HCal.

A summary of the full set of selection cuts on the background and signal is shown
in Table 4.1. Two events in which a PN reaction occurs in the ECal remain after all
cuts. These two remaining events are used to characterize background events that

look “signal-like,” but can be vetoed with a higher discriminator threshold on the

ECal BDT.

Through all of these veto handles, LDMX is able to achieve a background-free search
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Figure 4.9: Distribution of BDT discriminator values and the maximum number of
photo-electrons in the HCal for 1 GeV signal (left) and PN background (right) events.
The BDT discriminator value has been transformed to —log (1 — BDT score). The
color scale shows the number of events in the bin.

Table 4.1: Number of simulated background events remaining at different selection
stages of the missing-momentum search. The background classes are separated by
where in the detector the reaction took place.

Photo-nuclear Muon conversion Signal efficiency for different m,. (%)
Target ECal Target ECal 1MeV | 10MeV | 100 MeV | 1000 MeV

EOT equivalent 10 10™ 107 10™

Trigger (front ECal energy < 3160 MeV) | 1.77 x 107 | 1.61 x 10° | 4.56 x 10° | 1.47 x 107 [| 78.2 89.6 91.3 94.3
Total ECal energy < 3160 MeV 1.22x 107 | 3.87 x 107 | 3.46x 10° | 1.02x 107 || 78.2 89.6 91.3 94.3
Single track with p < 2400 MeV /¢ 69282 3.50 x 107 <1 9.86x 10° | 77.1 88.4 90.0 93.0
ECal BDT 3919 61145 <1 <1 52.9 68.6 73.1 67.8
HCal max PE < 8 <1 2 <1 <1 49.9 64.3 68.3 59.3

for sub-GeV dark matter at the 4 x 10'* EOT level. A zero-background search is also
anticipated for the full dataset, 1 x 10'® EOT, although this has not been explicitly
verified through simulation. The ECal BDT plot shown in Figure 4.9 does not include
explicit MIP tracking cuts. However, if MIP tracking cuts are included (no candidate
MIP tracks in the ECal), the background is reduced to <1 event. Since the making of
this plot, improvements have been made to include MIP track candidates as features in

the ECal BDT, which has improved the BDT’s performance. An explicit cut on MIP
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tracks is no longer required, and LDMX can achieve a zero-background search. The
expected sensitivity of LDMX compared to other experiments is shown in Figure 4.10,
which assumes 1 x 10'® EOT collected.
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Figure 4.10: The projected sensitivity of LDMX with various background scenarios.
Three thermal relic targets are shown as black curves, corresponding to dark matter
particles that have (from top to bottom) scalar, Majorana fermionic, or pseudo-Dirac
fermionic nature. A 50% signal efficiency is assumed for all m,. From Ref. [109].
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Chapter 5

Visibly Decaying Dark Photons in LDMX

In addition to the missing momentum search, LDMX offers a diverse physics program
due to its unique detector design. LDMX effectively operates as a fully instrumented
beam dump with large acceptance and thus is ideal for searching for visible decays of
exotic particles that have a fairly long lifetime. Preliminary estimates of such searches
have been made for the minimal dark photon model, axion-like particles (ALPs), and
Strongly Interacting Massive Particles (SIMPs) [46]. For the minimal dark photon
model, the kinematics of A” production are identical to the missing momentum search,
in which the A" carries most of the beam energy. Whereas the missing momentum
search probes the mass hierarchy scenario 2m, < my,, a “visibles” search probes the
complimentary scenario 2m, > my > 2m,. While it is possible for the A" to decay
into 'y~ if ma > 2m,, LDMX is not able to kinematically produce them for most
of the mass range being probed. Also, in the area where they could be kinematically
produced, LDMX would not be competitive with other experiments [123, 124]. Thus,
this work focuses on the electron decay channel for a visibly decaying A”. The expected
signal is an energy deposition near the beam energy in the HCal accompanied by a
soft recoil electron in the ECal, as seen in Figure 5.1. The same coordinate system
as the missing-momentum search is used: the origin is at the center of the target and

the beam travels in the +z direction.

In this work, a reach estimate for a displaced A’ visibles search was performed using a
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full detector simulation for the expected run schedule of an 8 GeV electron beam with
1x 10™ electrons on target (EOT). The results from 1x10'* EOT are extrapolated to
roughly estimate the sensitivity for the anticipated full dataset of 1 x 10'®* EOT. First,
our trigger and event selection cuts are discussed. Next, the primary backgrounds
of concern are discussed—photo-nuclear (PN) and bremsstrahlung conversions—with
strategies to mitigate these processes while preserving high signal efficiency. Finally,
we calculate our projected sensitivity based on our expected background and signal

efficiency after all analysis cuts.

Energy:
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Figure 5.1: A plan view view of the LDMX apparatus with visibles search sketch
overlaid and subsystems labeled. Instead of energy escaping the detector like in
Figure4.1, a large deposition of energy is displaced from the recoil electron shower.
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5.1 Simulated Event Samples

In this section, we discuss the simulation of the visibly decaying A’ signal sample and

background samples.

5.1.1 Visible A” Simulation

The visibly decaying A’ simulation used MadGraph [120, 121] to calculate the kine-
matics of both the A” production in the target and the decay of the A’ to an e*e”
pair. The A’ mass, the allowed decay window of the A’, and the proper lifetime of
the A’ are configurable in the simulation. Four A’ masses were simulated: 5, 10, 50,
and 100 MeV. The lower limit of 5MeV was chosen to avoid the resonance around
1 MeV and because the phase space of these lighter A’s has been thoroughly searched
in LDMX’s expected sensitivity region. A “uniform” decay was chosen for the A’,
meaning it is equally likely to decay at any path length after production. This was
done to ensure a high-statistics sample of A” decays was generated over the entire de-
tector volume, so that the efficiency of selection cuts could be accurately determined.
As described in Section 5.3.2, a specific mass my and coupling € can be mapped to an
expected number of events if the efficiency is known. The output of the MadGraph
simulation was then passed into Geant4, which simulates the detector response to the

recoil electron and the e*e™ pair from the A’ decay.

5.1.2 Background Simulation

The signal signature is an energy deposition near the beam energy in the HCal. There

are several background processes that can mimic this signature and thus must be
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mitigated. Though the visibly decaying A’ channel is a complimentary search to the
standard missing momentum search, the backgrounds are largely the same underlying
physical process. Thus, many of the same background samples used to understand

the backgrounds in the missing momentum search were used for this analysis.

The main background of concern is a hard bremsstrahlung photon from the target
that undergoes a PN interaction in the ECal and produces hadrons. If these hadrons
deposit energy in the HCal near the beam energy, they could be mistaken for the
signal. PN interactions can also occur in the target. The following samples were used

to characterize the PN-induced background:

e 1.00 x 10'* EOT enhanced sample of ECal PN interactions, and

e 1.03 x 10" EOT enhanced sample of target PN interactions.

In addition, gamma conversions to muon pairs, from either the target or ECal, can
occur but can be easily and sufficiently mitigated. The following samples were used

to characterize the muon pair background:

e 1.00 x 10" EOT enhanced sample of ECal di-muon production, and

¢ 1.00 x 10" EOT enhanced sample of target di-muon production interactions.

A summary of the weights and thresholds on particle energies in order to weight them
for each of these four samples is detailed in Figure 5.1. With the exception of muon
production in the target, only up to 1 x 10'* EOT were simulated in these samples,
not 4 x 10" or 1 x 10'6. This was due to computational constraints—both processing

time and storage—in generating larger event samples.
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Table 5.1: Summary of the filter thresholds and weights used in the background
simulations.

Photo-nuclear | Muon production
Target | ECal | Target ECal
EOT equivalent 10 | 10" | 10" 10
Interaction cross seciton weight 450 550 106 10°
Bremsstrahlung photon energy threshold (MeV) | 4640 | 5000 | 4840 4840

5.1.3 HCal Reconstruction

Simulated hits in the HCal are digitized in the LDMX software environment to convert
truth-level information (energy, position) into digitized data (time over ADC thresh-
old, time of arrival). This process includes summing the energy for all hits within
each HCal counter and emulating the readout with the readout board that will be
used in the experiment (HGCROC). The total number of photoelectrons (PE) asso-
ciated with each energy deposit is estimated using standalone measurements of the
scintillator response to muons. Specifically, the average energy deposited by muons
traversing a scintillator bar is 4.66 MeV, and such a minimum ionizing particle' (MIP)
generates 68 PEs. Once the number of PEs associated with each energy deposit is
computed, the energy is converted to MIPs, and the simulated SiPM pulse is sent to
the shaper. Electronic noise hits are added in scintillator counters that do not contain
simulated hits. Finally, digitized samples are converted into reconstructed HCal hits

by applying the energy calibration to determine the energy response in MeV.

The HGCROC board employs two methods for measuring the amplitude of the signal,
depending on the size of the pulse. If the signal is small enough (below 34 MeV), it is
sampled by the HGCROC’s 10-bit Analog to Digital Converter (ADC). If the signal

exceeds the operating range of the ADC, the HGCROC measures the time during

LA MIP is a charged particle that has a minimum amount of energy loss when traveling through
a material. Muons are minimum ionizing at energies of a few hundred MeV.
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which the shaper output is above a threshold, known as the time over threshold
(TOT) measurement®. In addition to measuring the deposited energy, the HGCROC

performs a timing measurement of the incoming particles, known as the time of arrival

(TOA).

There were two limitations present on the simulated HCal digitization and recon-
struction. First, the TOT to energy conversion was not yet implemented in the
reconstruction, which results in an upper bound on the energy measurement per hit
of 34 MeV (approximately 280 PEs). This affected the energy reconstructed in events
that left particularly large amounts of energy deposited in a single bar, such as elec-
tromagnetic showers of several GeV like the signal in this analysis. Second, the time
of simulated hits did not include photon transport studies through the scintillator and
WLS fibers, making TOA measurements less robust. These features will be included

in a future version of the simulation.

5.2  Event Selection

This section describes the trigger and event selection cuts used for the analysis, and de-
tails how the event selection vetoes specific background processes expected in LDMX.
This analysis is optimized for A” decays in the HCal. Since the kinematics of A" pro-
duction in a visibly decaying scenario are the same as those in an invisibly decaying
scenario, the same physics signatures are expected in the recoil tracker and ECal
for this analysis as in the missing-momentum analysis, described in detail in Sec-
tion 4.4. Therefore, this analysis used the same trigger, tracker veto, and ECal event

selection cuts as the missing-momentum search—selection cuts for which LDMX was

2Note that this is only true in the simulation, as in reality the TOT is measured on the output
of the pre-amplifier, before the ADC shaper.
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optimized.

Selection cuts for this analysis diverged from the missing-momentum search in the
HCal; instead of requiring no activity in the HCal, a large amount of energy deposited
in the HCal was required. Section 5.2.1 describes the HCal-specific event selection
cuts, including a boosted decision tree (BDT) to distinguish the electromagnetic show-
ers of A” — e*e” from hadronic showers originating from PN-induced backgrounds.
These cuts were then tested on specific background processes that were expected in
the analysis: PN reactions (Section 5.2.2.1) and y — p*u~ production (Section 5.2.3).
The total background after selection cuts is summarized in Section 5.2.4. Finally,
possible improvements to the analysis are discussed in Section 5.2.5, along with an
extrapolated estimate of the background from 1 x 10" EOT (the EOT equivalence of

the simulated samples) to 1 x 10'® (LDMX'’s expected full dataset).

5.2.1 HCal Selection Cuts

This analysis differed from the missing-momentum analysis by its requirements on
HCal activity. Three cuts based on reconstructed HCal hits were used to select for the
visible decay of an A’. First, a visibly decaying A’ had to leave an energy deposition
in the HCal equal to the amount lost by the incident electron. Since the energy
requirement for the recoil electron was less than 3160 MeV deposited in the ECal,
greater than 4840 MeV was required to be deposited in the main HCal®. Second, in
order to resolve the decay vertex, the shower was required to be fully contained in
the HCal, with a requirement of more than 5 PEs deposited in the first layer of the

main HCal.

3Note that the requirement was made on the main HCal, not the side HCal, as the A’ is very
forward and highly unlikely to decay in the side HCal.
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5.2.1.1 The Visibles Boosted Decision Tree

Background events that leave very little activity in the ECal and a large amount of
energy in the HCal can originate from PN reactions that produce neutral hadrons
(such as Kg,K;,n) and muon pair production. These backgrounds primarily leave
MIP tracks or hadronic shower signatures in the HCal, while the signal leaves an
electromagnetic shower. To mitigate this remaining background, a BDT was used to

distinguish between electromagnetic and hadronic showers in the HCal.

A BDT, hereinafter called the Visibles BDT, was implemented with XGBoost [122]
and trained on shower shape and other kinematic features to distinguish signal from
background. The Visibles BDT utilized twelve features: the total number of HCal
layers hit; the total number of HCal hits; the energy-weighted hit x, y, and r mean
position (r = \/szyz), the energy-weighted hit x, y and z standard deviation; the
number of isolated hits; the isolated energy; the total energy deposited in the HCal,
and the energy-weighted mean hit distance from the projected photon track. Dis-
tributions of these features for signal and background are shown in Figures 5.2 and

5.3.

For the HCal, hits were defined to be “isolated” if there were no additional hits in
a neighboring counter in the same layer. The energy-weighted mean and standard

deviation of the hits in x (as an example) were defined as:

_ 2iNE; X Eix = pe)?
U= FE o= 4|
Eioi Eio

Similar definitions follow for other energy-weighted features.

The mean distance of hits from the projected photon track was used as a strong dis-



113

LDMX Simulation 1LDMXSimuIation
3 E —— ECalPN 2 E —— ECalPN
£ m, =5 MeV £ m, =5 MeV
—— m, =10 MeV r m, =10 MeV
—— m, =50 MeV [ m, = 50 MeV
10 —— m, =100 MeV 107 = m,, =100 MeV
107 102
10° 10°
1074 L1t (L TR TR JII| Lo L L 107 T ISR N1 L |
100 200 300 400 500 600 700 800 0 20 40 60 80 100
Total isolated energy [MeV] Total isolated hits
. ,LDMXSimulation ., LDMXSimulation
3 E — ECalPN 3 E — ECalPN
E m, =5MeV E m,. =5 MeV
I —— m, =10 MeV I —— m, =10 MeV
[ —— m, =50 MeV [ —— m, =50 MeV
107 —— m, =100 MeV 1071 —— m,. =100 MeV
1072 102
10° 107
10 s I o b L L L Ly L 107 L o e e b L
1 A 5 7 1 1 A 5 K
0 0 20 30 0 0 60 0 80 90 00 0 00 200 300 00 00 600 00 800
Layers hit Average hit distance from photon track [mm]
. ,LDMXSimulation . ,LDMXSimulation
f(. E —— ECalPN 3 E —— ECalPN
= m, =5 MeV = my =5 MeV
r —— m, =10 MeV r —— m, =10 MeV
[ —— m, =50 MeV [ m, =50 MeV
10 —— m, =100 MeV 10t m,. = 100 MeV
102 @™ 102
107 10°
10-4,\\HH\HH\HH\HH\HH\HH\HH\ 10 P NI i BTN BTN RV
5000 5500 6000 6500 7000 7500 8000 8500 9000 0 20 40 60 80 100 120 140 160 180 200
Total HCal energy [MeV] Total hits

Figure 5.2: Six of the twelve BDT features showing the distributions for four signal
A’ masses and the ECal PN background: isolated energy (top left), isolated hits (top
right), layers hit (middle left), mean distance from the photon track (middle right),
total HCal energy (bottom left), and total HCal hits (bottom right). Distributions
are normalized so that their area is one.
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Figure 5.3: The remaining six BDT features showing the distributions for four signal
A’ masses and the ECal PN background: mean hit x (top left), standard deviation in
hit x (top right), mean hit y (middle left), standard deviation in hit y (middle right),
mean hit r (bottom left), and standard deviation in hit z (bottom right). Distributions
are normalized so that their area is one.
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criminator between signal and background. For bremsstrahlung—dark or Standard
Model—in the target, there are two outgoing particles: the recoil electron and the
unobserved dark or Standard Model photon. The recoil tracker measures the mo-
mentum of the recoil electron and allows, with the tagger tracker, the momentum of
the unobserved particle to be determined. The track of the dark or Standard Model
photon was then projected to the HCal, and the distance in the (x,y) plane of the
reconstructed hits from the track was calculated. Signal events from A" — e*e™ have
an electromagnetic shower centered on this projected axis, so the mean distance of
all hits from this projected momentum axis is expected to be small. For an ECal PN
event, high particle multiplicities in the final-state could cause these secondary parti-
cles to deviate from the photon’s projected momentum. Whether energy is deposited
in the HCal from a single particle carrying most of the energy* or from multiple par-
ticles, the mean distance of hits from the projected track in background events was

larger than for signal events.

The Visibles BDT was trained on ECal PN background events and signal events
composed of an approximately equal mix of four A” masses. The number of events in
each sample used for training is shown in Table 5.2. All events included for training
passed the trigger, the HCal energy requirement, and the tracker veto. Note that the
ECal BDT cut was excluded in the training samples. The ECal BDT cut removes
a significant fraction of all background events, so this cut was excluded to ensure a
high-statistics sample for training. Even if these events had been vetoed before the
Visibles BDT cut due to their topology in the ECal, they held useful information for

the Visibles BDT on the topology of background events in the HCal.

4In the case that a single particle remained on-axis with the photon track, the particle could
still leave a hadronic shower, which would have a larger mean distance than a signal event due to
hadronic showers generally being wider than electromagnetic showers.
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Table 5.2: Number of background and signal events used for training the Visibles
BDT.

Sample Events for training

ECal PN 66409

o MeV A’ 62784
10 MeV A’ 69499
50 MeV A’ 68909
100 MeV A’ 66245

The performance of the Visibles BDT was then tested on a separate sample of ECal
PN events and each signal mass individually. ROC curves® and BDT output values

from this testing are shown in Figure 5.4.
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Figure 5.4: Visibles BDT ROC curve (left) and discriminator value output (right).

The discriminator threshold used for the Visibles BDT was optimized based on a
Figure of Merit (FOM). Since the expected number of signal events was not known a
priori and depends on both the A” mass and kinetic mixing &, a traditional FOM like

S/VB or S/VS + B could not be used. Instead, a FOM proposed by Punzi [125] was

®Receiver Operating Characteristic (ROC) curves, which show the true positive rate vs the false
positive rate as a function of the BDT’s discriminator threshold.
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used:
€s

a/2+ VB

where € is the signal efficiency, a is the number of standard deviations corresponding

(5.2)

to a one-sided Gaussian test at a chosen significance (in this case, a = 3), and B
is the number of background events. This FOM did not depend on the number of
signal events, and instead depended on the signal efficiency. The FOM for each of
the four test masses is shown in Figure 5.5, along with a red line that shows the
discriminator value chosen. One can clearly see the discontinuities in the FOM each
time there is a change in the number of background events. The point at which the
FOM becomes a smooth function again is the region of zero background events, which
is where the FOM is highest. A discriminator value at the maximum of the FOM is
the optimal value, and at this optimal value the number of background events drops
to zero. However, a different sample of background events from the ones simulated
for this study may have a slightly different distribution of BDT discriminator values,
including higher values than the optimum of the FOM. To insure a zero background
search for other samples of background events, a discriminator slightly higher than
the optimum point was chosen at the cost of reduced signal efficiency. The chosen

discriminator value for the Visibles BDT was 0.999965.

5.2.2 Backgrounds

The event selection cuts described above were tested on specific background processes
expected in LDMX. A description of these specific processes and the summary of the

total background are described here.
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Figure 5.5: The FOM as a function of the discriminator value on the Visibles BDT
for four test masses. The red line indicates the thresholds chosen.

5.2.2.1 Photo-nuclear backgrounds

The selection cuts presented above were tested on a ~ 1x 10'* EOT equivalent sample
of ECal PN events.® A breakdown of the cut flow for this sample is shown in Table 5.3.

No ECal PN events remained after all selection cuts.

The selection cuts were also tested on a 1.03 x10'* EOT equivalent sample of target
PN events. Similarly to the ECal PN sample, no target PN events passed all selection

cuts.

One type of background from PN reactions that was of particular concern for this

analysis was the production of neutral kaons, Kg or K;, that decay to n’s. The

50ne batch of ECal PN events was reserved for training the Visibles BDT, so the EOT equivalence
is slightly less than 1 x 10'. However, this reserved batch is only 2% of all trigger-skimmed ECal
PN events, so approximately 1 x 10'* EOT events were tested.
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7 promptly decay to yy, leaving an electromagnetic shower in the HCal that is
hard to distinguish from a signal event. While the selection cuts presented here were
able to fully mitigate this background at 1 x10"* EOT (the extent of the simulated
samples), this is not guaranteed for higher exposures. Understanding the rates of these
backgrounds at 1 x 10'® EOT is critical for an accurate projection of this analysis’s

sensitivity to the full expected data set.

H.2.3 Muon Pair Production

Background events due to photons undergoing muon pair production pass the trigger
at a rate higher than that of photons undergoing PN conversions, but they are signif-
icantly less challenging to veto. These events can originate from either the target or
ECal. These events can most easily be vetoed by the straight tracks they leave in the
ECal and HCal, which are caught by the BDT. No events from muon pair production

in either the target or ECal passed all selection cuts.

5.2.4 Total Background

Table 5.3 shows the full breakdown of the analysis cuts for each background sample

and for two signal masses. No background events remain at 1 x 10" EOT.

5.2.5 Full Dataset Prospects

With the current version of this analysis, a background-free search for visibly decaying

dark photons can be achieved at 1x 10 EOT. It might be possible to achieve a zero-
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Table 5.3: Number of simulated background events remaining at different selection
stages. Fach type of background is separated by where in the detector the reaction
took place.

Photo-nuclear Muon conversion Signal efficiency (%)
Target ECal Target ECal 10 MeV A’ | 100 MeV A’

EOT equivalent 1.03 x 10™ | 1.00 x 10™ | 1.00 x 10" | 1.00 x 10™

Trigger (front ECal energy < 3160 MeV) | 1.77 x 107 | 1.61 x 10% | 4.56 x 10 | 1.47 x 107 75.4 69.1
Total ECal energy < 3160 MeV 1.22x 107 | 3.87x 107 | 3.46x10° | 1.02 x 10’ 75.2 69.0
Single track with p < 2400 MeV /¢ 69282 3.50 x 10’ <1 9.86 x 10° 69.0 65.0
Missing-momentum ECal BDT 3919 61145 <1 <1 64.1 62.5
Main HCal energy > 4840 MeV 2190 55283 <1 <1 61.7 58.9
Containment 722 30665 <1 <1 61.7 58.9
Visibles BDT <1 <1 <1 <1 33.4 27.0

background search for visibly decaying A’s in the HCal at 1 x 10'® EOT, as there are

ways to improve this analysis.

The ECal BDT used in the missing momentum analysis can be improved and up-
dated. Some preliminary studies within LDMX on the use of a neural network, like
ParticleNet [126], show that this type of machine learning model may be more effec-
tive as a veto than a BDT. The ECal’s high granularity, with over 100,000 readout
pixels, is more effectively leveraged with a neural network than a BDT. Since this
analysis is background-free with a BDT, it is likely that a neural network can keep

the analysis background-free at the same or larger EOT.

The Visibles BDT can also be improved. The BDT only uses 12 features, so it is a
relatively simple BDT. A more sophisticated BDT with more physics-based features
may improve background rejection while keeping a high signal efficiency. For example,
the Visibles BDT uses global features of the activity in the HCal, but the inclusion of a
clustering algorithm and features related to candidate clusters may better distinguish
signal and background events. Alternatively, although the HCal is not nearly as
granular as the ECal, a neural network may be effective for identifying visible A’
decays. Other experiments with scintillator-based detectors that are less granular

than the LDMX HCal, such as NOvA, have had success with a convolutional neural
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network for classifying events [104]. Although it should be noted that, while the
detector cell sizes in the NOvVA detectors are larger than in the LDMX HCal, NOvA’s
detectors are almost fully active and the HCal is a sampling calorimeter with iron

absorbers.

5.3 Signal Rates and Sensitivity Estimates

5.3.1 A’ Efficiency

The signal efficiency for the analysis cuts summarized in Table 5.3 varies very slightly
with A’ mass, as can be seen in Figure 5.6. All A’ masses are detected with an
efficiency of about 30% after all cuts. An efficiency plot after each cut for 100 MeV A’s,
the lowest performing mass, is shown in Figure 5.7. The largest source of inefficiency
comes from the Visibles BDT, where this single cut is about 50% efficient to the signal
(all other cuts combined are 60% efficient). However, this reduces the background at
1 x 10" EOT from about 31,000 events to less than one event, and it is an optimal

choice according to the FOM.

The Visibles BDT is slightly less efficient to higher mass A’s. This is because the
showers from higher mass A’s tend to be longer and wider than those from lower
mass A’s. This is because higher mass A’s typically carry away a higher fraction of the
beam energy, as seen in Figure 5.8, which needs to be dissipated in an electromagnetic
shower. To the BDT, because these showers are longer, wider, and more energetic,
they look more hadronic—or more background-like—so they are rejected at a slightly

higher rate.
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Figure 5.6: Final signal efficiency as a function of the A” decay position after all cuts.
The shaded region represents the coverage of the HCal.

5.3.2 A’ Rates

Reach estimates for the minimal A” model can be constructed from theoretical calcu-
lation of signal production and lifetime coupled with signal efficiency and background
estimates from this work. Following the convention from [46], the approximate rate

of production of A’s at the target Ny as a function of mass, €, and EOT is

£ )2(100 MeV)Z(EOT)_ (5.3)

Ny =7 X (
4 10-5 1016

ny
The product of the proper decay length ct4 and a typical A” boost y as a function of

mass and ¢ is

E. ) (10‘5)2(IOOMeV)2' (5.4)

, =~ 65 ( X
YeTa cm 8 GeV & my
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Figure 5.7: Signal efficiency as a function of A’ decay distance from the target
through each step of the selection cuts for the A” mass with the lowest final effi-
ciency (100 MeV). The shaded region represents the coverage of the HCal.

The actual amount of signal N, to decay in a certain fiducial region, between the
ranges of some z,;, and Z.., can be found by integrating the exponential decay

distribution over that range:

Zmax e—Z/’}/CTA/
Nsig = Ny Xf dz. (55)
Zmin yCTA/

The integrand is divided by a factor of ycta in order to normalize the integral from
0 to infinity, such that the integral can be interpreted as the fraction of signal events
that decay between z,,;, and z,,,. Finally, to get the expected signal, the distribution

must be multiplied by the efficiency eff(my, z) of the signal at every z and for every
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mass.

max —Z/’)/CTA/(mAI,e)

Nig(mar, €) = Na(mp, €) X f eff(mp.2) dz (5.6)

Zmin '}/CTA' (mA, ’ E)

5.3.3 Sensitivity Estimates

For sensitivity estimates, the following simplifying assumptions were made. First,
a conservative approximation of Ej /Epcam = 0.75 was made, which was the lowest
average fraction of energy carried away by the A’ masses considered in this study
and supported by Figure 5.8. Higher mass A’s carry away a higher fraction of the
beam energy, on average. Second, the A’s are very forward in the beam direction,
as can be seen in Figure 5.9. Therefore the total distance traveled by the A" was
approximated as the distance traveled in the z direction. The beginning of the signal
window, Z,, was 950 mm; the HCal starts at 870 mm from the target and events with
non-zero hits in the first layer were vetoed, so the signal region begins 950 mm from
the target. Finally, a constant signal efficiency of 28%—the signal efficiency of the
lowest performing mass—was used for every combination of A” mass and z, justified

by Figure 5.7.

The signal sensitivity contours are shown for two different scenarios: 0.5 background
events at 4 X 10" EOT (expected from approximately one year of operations) and
0.5 background events at 1 x 10! EOT (an optimistic estimation of the full dataset).
The limits were calculated using the CL, criterion [127, 128]. With an expected
background of 0.5 events, the minimum number of expected signal events required to
exclude with 90% confidence is 2.5. The contours are drawn for the two scenarios if
Equation 5.6 is greater than these minimum expected signal values, checked at every

combination of A’ mass and & value.
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Figure 5.9: The angle of the A” momentum with respect to the beam axis.

The final reach projection can be seen in Figure 5.10. For the 4 x 10'* EOT contours,
the number of background events comes from Table 5.3. As mentioned at the end of
Section 5.3.1, we take the efficiency of the lowest performing mass point in order to

be conservative, which gives us a constant efficiency of 40%.
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5.4  Discussion

A full detector simulation for a long-lived visibly decaying signature for minimal A’s
with an 8 GeV beam in LDMX has been done. The results show competitive projec-
tions with other beam dump experiments, as shown in Figure 5.10, despite several
conservative assumptions in the estimation of sensitivity. No unprobed phase space
would be reached with this analysis. As mentioned in Section 5.2.5, improvements
can be made to the analysis to better reject background and increase signal efficiency,

which is currently a limiting factor in the expected sensitivity of this search.

LDMX’s expected sensitivity at 1 x 10'® EOT will cover much of the same parameter
space as FASER [132]. This will allow LDMX to verify their findings through a
different experimental method. While FASER is situated along the proton beam axis
480 m downstream from the ATLAS interaction point, with about 100 m of solid rock
for the dark matter and background particles to pass through, LDMX instead has a
fixed target, electron beam, and a fully-instrumented detector system that only spans
a few meters. The A’s produced for FASER will also be much higher energy than
the ones produced in LDMX, so they will be much more heavily boosted. Another
consideration is the primary production mechanism for A’s in each experiment; the
primary production channel for the LDMX is through dark bremsstrahlung, whereas
in FASER there are a more production modes, such as neutral hadron decay. So,
while the area of phase space covered is similar between the two experiments, the

method of getting there is quite different.

LDMX can further improve its sensitivity to visibly decaying A’ signatures, in par-
ticular A’s with shorter lifetimes, by using the ECal as a target. In addition, the

production of A’s through the decay of neutral mesons would increase the yield of sig-
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nal events. This A” production mechanism is not currently implemented in LDMX’s
simulation tools, so this would need to be developed in order to estimate the added
sensitivity from this production mechanism. A Visibles ECal as target search is cur-
rently in development. Another method to improve LDMX’s sensitivity to shorter
lifetimes is through a recoil tracker search for “dark tridents”, which would require a

new trigger and a very different analysis approach to what is presented here.

The full set of selection cuts described here assumes that the signal is a visibly de-
caying A’, which rely on the kinematics of this underlying model. However, the set
of features used to train the Visibles BDT are generic for any long-lived particle that
decays to particles with electromagnetic final states. Therefore, the Visibles BDT
could be an effective tool for other long-lived particle searches in LDMX, such as

ALPs.
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Chapter 6

The Mu2e Experiment

The following two chapters are tangentially related to the physics objectives of this
thesis, although closely related to the hadronic calorimeter used by LDMX. These
chapters briefly describe the Mu2e experiment, which aims to detect charged lepton
flavor violation, and measurements of key performance metrics of Mu2e’s cosmic ray
veto modules. Namely, studies of the efficiency, position resolution, and light yield

decline are presented.

The Mu2e experiment intends to search for the conversion of a negatively charged
muon to an electron in the presence of an aluminum nucleus: u~Al — e~ Al [143]. In
the extended Standard Model with the inclusion of non-zero neutrino masses, the ra-
tio of conversion to capture by the nucleus occurs at an experimentally unobservable
rate of R(u~Al — e~ Al) ~ 1072 [144, 145]. Any observation of this process would be
unambiguous evidence of new physics. The current experimental limit on the muon-
to-electron conversion rate in the presence of a nucleus (u1”N — e™N) relative to the
capture rate has been set by the SINDRUM-II Collaboration to be < 7x 1073 at 90%
confidence level [146]. Mu2e’s Run I has been planned to record 6.0 x 10'® stopped
muons and have a sensitivity of < 6.2x 107! at 90% confidence level, a three order of
magnitude improvement over the current experimental limit [147]. After an approx-
imately three year downtime to upgrade Fermilab’s accelerator complex, Mu2e will

resume data collection to improve the sensitivity by another order of magnitude [143].



133

6.1 The Mu2e Experimental Apparatus

An isometric cutaway drawing of the Mu2e experimental apparatus (excluding the
cosmic ray veto) is shown in Figure 6.1. This section will briefly outline how Mu2e

will search for the muon-to-electron conversion process.

Production
solenoid

Proton beam Detector solenoid
Muon stopping target

||||||

Dby, S
APy v pa
-

Production target

Transport solenoid Tracker

Figure 6.1: Isometric drawing of the Mu2e experimental apparatus. The magnetic
field strength of each of the solenoids is shown in blue circles. The detectors (tracker
and calorimeter) are both located in the detector solenoid. The cosmic ray veto,
which surrounds the apparatus, is not shown. From Ref. [147].

6.1.1 Muon beamline

Muz2e will receive 8 GeV protons from the Delivery Ring, which stores proton bunches
from the Recycler before they are accelerated to 120 GeV in the Main Injector (see
Section 2.1 for a detailed description of Fermilab’s accelerator complex and how pro-
ton bunches are produced). The proton beam from the Delivery Ring has a pulsed
timing structure, with 250 ns-wide proton pulses appearing every 1695ns [147]. The
beam will enter the production solenoid, a high-field magnet with a graded solenoidal
field that varies smoothly from 4.6 T to 2.5T [143], and interacts with a 1.6 interac-
tion length tungsten target. The field is at its maximum strength downstream of the
target in order to reflect back a portion of the charged particles produced in the tar-

get. Primarily, pions are produced in the proton interactions with the target, which
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then decay to muons.

Charged particles exiting the production solenoid are directed through the S-shaped
transport solenoid, which also has a graded magnetic field from 2.5T to 2T, toward
the detector solenoid. The S-shape of the transport solenoid is designed to mitigate
neutral particles, such as neutrons or photons, from entering the detector solenoid
and producing signal-like backgrounds. Collimators at the entrance, center, and exit
of the transport solenoid are used to filter for muons with momenta with less than
100 MeV /¢, which is needed for capture by the Al nucleus. The magnetic field of
the transport solenoid causes particles of opposite charge signs to vertically drift in
opposite directions, allowing a vertically offset opening in the collimator at the center
of the transport solenoid to select the negatively! charged particles to be delivered to

the detector solenoid [143].

6.1.2 The Detectors

Muons passing through the transport solenoid are delivered to the detector solenoid,
which has a graded magnetic field from 2T to 1T in the upstream region of the
solenoid, and a uniform magnetic field of 1T in the downstream region. The average
muon momentum of muons delivered to the detector solenoid is 50 MeV /c. About one
third of these muons are stopped in an aluminum target, which is placed in the graded
magnetic field of the detector solenoid. Stopped muons are captured by the Al atoms
and rapidly cascade to the 1s orbital state, where they may undergo muon-to-electron
conversion. Signal conversion electrons will have an energy close to 105 MeV, which is

reconstructed in a straw tube tracker and confirmed in an electromagnetic calorime-

'The opening is configurable to select for either positively or negatively charged particles, al-
though the positively charged particles are to be used for detector calibration data instead of physics
data.
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ter.?2 Accounting for detector resolution of this monoenergetic signal and energy losses
in the target and detector material, Mu2e’s expected signal is a reconstructed electron

with a measured momentum between 103.6 and 104.9 MeV /c, shown in Figure 6.2.
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Figure 6.2: The signal conversion electron and background electron momenta (left)
and time after the proton beam pulse (right) distributions. The conversion electron
(CE) signal distributions correspond to a conversion rate of R(u”Al — e~ Al) = 1.0 X
10715, Note that the cosmic-ray-induced background rate in this plot excludes events
vetoed by the cosmic ray veto. From Ref. [147].

Mu2e uses a low-density, low-mass straw tracker downstream of the stopping target
to reconstruct the electron’s momentum. The tracker is 3m long and consists of 18
stations, which are made of rows of 5 mm diameter straw tubes filled with a mixture
consisting of 80% Ar and 20% CO,. It is positioned in the uniform field of the detec-
tor solenoid. The expected momentum resolution of the tracker is 300keV/c [143].
Finally, downstream of the tracker, is an undoped Csl electromagnetic calorimeter,
which is used for triggering and particle identification when combined with tracker

information.

The largest sources of background expected in Mu2e’s are shown in Table 6.1. For
MuZ2e to achieve its sensitivity goals, it is vital to keep backgrounds to less than

one event over the duration of the experiment. An enormous simulation effort has

2This is a monoenergetic signal calculated as E, = my —me — Ep — Erec, where m, —m, is the mass
difference between the muon and electron, E;, = Zzazmy /2 is the binding energy of the muonic atom,
and Epec ® mﬁ /(2my)) is the nuclear recoil energy [148].
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been made to estimate the various backgrounds, and Mu2e’s Run I is expected to
have 0.105+0.032 background events [147], and the total expected background af-
ter Run I and Run II is 0.41+0.03 events [149]. The backgrounds come in three
types: (1) stopped-muon-induced backgrounds; (2) beam-related backgrounds; and
(3) time-dependent backgrounds. The largest source of background originates from
cosmic rays. In order to mitigate this background, Mu2e will use a cosmic ray veto

surrounding the detector solenoid, described in detail below.

Table 6.1: Expected backgrounds in Mu2e Run I. Only major backgrounds are listed.
From Ref. [147].

Background source Expected events

Cosmic rays 0.046 + 0.010 (stat) + 0.009 (syst)
Decay in orbit 0.038 + 0.002 (stat) *).0%2 (syst)
Antiprotons 0.010 £ 0.003 (stat) + 0.010 (syst)
Radiative pion capture 0.010 + 0.002 (stat) *0.00% (syst)
Total 0.105 £ 0.032

6.2 The Cosmic Ray Veto

Cosmic rays can produce conversion-like electrons from muon decay-in-flight, the
production of delta electrons, neutron interactions, and muons misidentified as con-
version electrons. Such events are expected to appear at a rate of roughly one per day
and represent the largest background to the experiment. To identify and veto such
events, a cosmic ray veto (CRV) detector has been fabricated that will surround much
of the Mu2e apparatus, shown in Figure 6.3. The CRV is designed to veto cosmic
ray muons with approximately an overall 99.99% efficiency, reducing the cosmic-ray

background to less than one event over the full experimental run.
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Figure 6.3: The cosmic ray veto (gray) consists of 83 modules that are mounted on
the top and sides of concrete shielding blocks (red) that surround the entire Mu2e
detector solenoid and half of the transport solenoid.

6.2.1 The Cosmic Ray Veto Detector Design

The CRV consists of four layers of scintillator extrusions, each extrusion with two
embedded wavelength-shifting fibers (which together make a “counter”), read out by
silicon photomultipliers (SiPMs). A conversion-like electron in the tracker that comes

in coincidence with a track stub found in the CRV is vetoed in the offline analysis.

The CRV scintillator counters are grouped in modules, each module (with one ex-
ception) consisting of 64 counters, 16 per layer, with aluminum plates of 9.525 mm
(3/87) thickness placed between each layer. The entire CRV consists of 83 total mod-
ules. Each scintillator extrusion has a cross section of 51.34x19.80 mm?, with lengths
ranging from 0.985m to 6.900 m. The extrusions are made of polystyrene that has
been doped with 1% PPO and 0.03% POPOP for wavelength-shifting and improved
scintillation light yield. The extrusions have a thin TiO, reflective coating and two

cavities into which the wavelength-shifting (WLS) fibers are inserted [150]. Two di-
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ameters of WLS fiber are used in the modules; 1.4mm fiber is used in 66 modules
and 1.8 mm fiber is used in 17 modules placed in the most critical region to detect

cosmic-ray muons. A picture of an extrusion is shown in Figure 6.4.

Extruded PS (1%PPO + 0.05% POPOP)

"*TiO> coated

Figure 6.4: A polystyrene scintillator extrusion with two cavities for wavelength-
shifting fibers, coated with a TiO,-polystyrene mixture.

Light collected by the fibers is read out by 2x2 mm? silicon photomultipliers® (SiPMs)
located at each end, except for a select few modules that are only read out on one
end. For readout purposes, two counters are glued together side-by-side to form a
di-counter, shown in Figure 6.5. An acetal fiber guide bar (FGB) is attached to
each end of a di-counter, into which the fibers are glued, after which their ends are
polished. Note that the fibers are only glued to the fiber guide bar, not to the
extruded cavity of the extrusion. Each SiPM is mounted on a tiny printed circuit
board by the manufacturer [151]. The SiPMs are housed in small rectangular wells
in a black anodized aluminum fixture called the SiPM mounting block, which is
precisely registered to the FGB by a pair of sleeves. A small circuit board, the
counter motherboard (CMB), has spring-loaded pogo pins that gently press the SiPMs
against the fibers and provide electrical contact to the SIPM carrier boards. The CMB

provides the SiPM bias voltage and sends the four SiPM output signals of each di-

3The SiPMs are Hamamatsu S13360-2050VE devices with a 50 um pixel size, the large size being
chosen as a compromise between dynamic range and quantum efficiency [151].
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counter end to a readout board via an HDMI cable. The CMB also has two flasher
LEDs, one for each counter, and a single thermometer* centered on the board. This

thermometer’s temperature measurement serves as a proxy for the temperature of

the four SiPMs serviced by the CMB.

Fibers

Counter Mothe SiPM Mounting Block
SiPM Carrier Boards

Figure 6.5: Exploded view of the manifold at the end of a di-counter showing the
fiber guide bar, SiPM mounting block, SiPM carrier boards, SiPMs, and counter
motherboard. The flasher LEDs, thermometer, and pogo pins are not shown.

The readout manifold, attached to each di-counter end, was designed to be as compact
as possible to minimize gaps in the coverage of the CRV that could allow cosmic-ray
muons to leak through undetected. Cooling the SiPMs to control their temperature—
and hence breakdown voltage—as well as to reduce their dark count rates, was con-
sidered when designing the CRV, but rejected due to cost and the strict inter-counter
gap requirements to maintain the CRV’s high efficiency. Instead, it was decided to
carefully monitor the SiPM temperatures to allow for temperature corrections to be

made to accurately determine the photoelectron (PE) yields.

4The thermometer is a UMW DS18B20U digital temperature sensor with a range from —55°C to
125°C and an accuracy of +0.4°C.



140

All of the 83 modules that comprise the CRV were fabricated at the University of
Virginia and are now at Fermilab in the Wideband detector hall awaiting installa-
tion [118]. The tests reported in Chapter 7 come from several modules situated in a

cosmic-ray test stand at Wideband.

6.2.2 Readout of the Cosmic Ray Veto

The architecture of the CRV readout is shown in Figure 6.6. Front-end boards (FEBs)
provide the bias to the SiPMs and serve to take the signals from the SiPMs, amplify
and shape them, digitize them in amplitude and time, zero-suppress them, and finally,
store them for later readout. Each FEB serves 64 SiPMs via 16 HDMI cables. Two

FEBs are required to read out each end of a CRV module.
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Figure 6.6: Architecture of the CRV readout for a “normal” module read out on both
ends.

The FEBs receive power through CAT6 cables from a readout controller (ROC),
which also supplies the clock timing information. In the normal readout of the CRV,

upon receiving a trigger, each ROC accumulates data from up to 24 FEBs and sends
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it to the Data Transfer Controllers (DTCs), which serve as the interface between the
data acquisition hardware and the online computer farm. For the work described
here, the DTCs were not used and the ROCs were only used to provide power, timing
information, and triggers. The FEB data were read out via CAT6 cables, through a
switch, to a DAQ PC. The PC was used to set the FEB amplifier gain and SiPM bias

voltages, as well as to retrieve the CMB temperatures and SiPM waveforms.

Each FEB has eight AFE chips that serve to amplify, shape, and digitize the signals
with a 12-bit ADC from eight SiPMs every 12.5ns [152]. The digitized signals from
the eight chips are sent to four FPGAs (each FPGA handling 16 channels). The
FPGAs perform a set of functions — such as zero-suppression — that were not used
in this work. The data from the FPGAs are sent to a buffer memory where they

await a signal to be read out.

Each FEB has a temperature sensor that allows the temperature dependence of the
bias it provides to the SiPMs to be determined. The biases are set by an overall bus
bias common to all 64 SiPM channels served by one FEB, along with trim settings

that allow each SiPM’s bias to be set to a precision of 2mV.

The data acquisition for the results discussed here consisted of a 240 s, two-phase “cy-

”,

cle”: a 220s live-time period where triggering and data collection occurred, followed
by a 20 second period for data transfer to the DAQ PC for storage. Before the onset
of each cycle, slow control information was retrieved from the FEBs and written to
the raw data file. This information included the settings of the AFEs, bias settings
for each SiPM, CMB and FEB temperature, and the AFE gain settings. During the
live-time in the cycle, the digitized SiPM-generated data were written to the buffer

memory on the FEB every 12.5ns. Upon receiving a trigger, data before and after the

trigger time were recorded. Typically 750 ns of data were recorded before the trigger
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(the “pre-signal” region—see Figure 7.3), allowing the pedestal to be determined as
well as occasional dark counts from the SiPM noise; the latter was used in the cali-
bration process. For each trigger, a total of 127 ADC samples were recorded for each
of the 64 FEB channels. This sequence of data initiated by a single trigger is called
an event. For the work described here, the cosmic-ray trigger rate was approximately

3Hz and the LED flasher trigger rate was 1 kHz.
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Chapter 7

Performance studies of the Mu2e CRV

In this chapter, an analysis is presented of three performance metrics from a subset
of the CRV modules with cosmic-ray data: the efficiency, the position resolution,
and the light-yield decline. First, a description of the experimental setup at the
Wideband hall at Fermilab is described. Next, a procedure for calibrating the SiPMs
that accounts for their temperature dependence is presented, which is critical for
accurate measurement of the light yield decline. Finally, an analysis to determine the

efficiency, position resolution, and light-yield decline is presented.

7.1 Cosmic Ray Test Stand

At the Wideband hall at Fermilab, a subset of the modules were stacked for test-
ing, as shown in Figure 7.1. In the studies presented here, three separate stacks of
modules were used. For efficiency studies in Section 7.3 and position reconstruction
measurements in Section 7.4, a stack of four 6 m-long modules outfitted with 1.8 mm
diameter WLS fibers were used, which will henceforth be referred to as CRV-T mod-
ules.! For aging studies in Section 7.5, a separate stack of four CRV-T modules and

a stack of four 4 m-long modules with 1.4 mm diameter WLS fibers (referred to as

'For efficiency studies, module 169 was tested and modules 171, 172, and 173 were the other
modules in the stack. For position resolution studies, module 171 was tested.
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CRV-L modules) were used?. The modules used for these studies are representative
of all CRV production modules. Due to limited availability of production FEBs, these
studies were not done in parallel with each other. Instead, FEBs were connected to
one of these three module stacks for 1-4 consecutive months for data collection before

moving the FEBs to another stack.

¥ Stack of C
a7 |

| FEB in magnetic enclosure

A ———

\muon

Trigger Paddle

CRV
modules

Figure 7.1: Top: The cosmic test stand at the Wideband hall at Fermilab. Bottom:
Cartoon of the end-view of a module stack, showing the position of the trigger paddles.

2Module 127 was the CRV-L module tested in aging studies. Modules 163, 165, 168 were the
CRV-T modules used for aging studies.
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Three plastic scintillator trigger paddles read out with photomultiplier tubes (PMTs)
were placed 1.0m from the modules’ readout end, perpendicular to the direction of
di-counters. To collect cosmic-muon events in the cosmic-ray test stand, a three-fold
coincidence among the trigger paddles was required within a 100 ns window. The

coincident trigger signals were distributed to the FEBs through a ROC.

7.1.1 Trigger Paddles

A diagram of a trigger paddle, fabricated at the University of Virginia, used in the
cosmic-ray test stand is shown in Figure 7.2. The trigger paddles are 100 cm long
with a cross sectional area of 10 cmx2 cm and are made of EJ-200 plastic scintillator.
A PMMA fishtail light guide connects the paddles to Hamamatsu R329-02 photo-
multiplier tubes. A 2mm thick EJ-560 optical interface pad is situated between the
light guide and photomultiplier tube. To boost the reflectivity of scintillation light
produced, the paddles were wrapped in Tyvek. Then, to keep the paddles light-tight,

they were wrapped in Tedlar.

i 1448mm i

Figure 7.2: A diagram of a trigger paddle used in the cosmic-ray test stand.

PMTs, like the APDs and SiPMs described previously, use the photoelectric effect to
amplify single photons into measurable electrical signals. The bias voltage applied
to the PMTs was optimized to maintain a high muon detection efficiency (~ 99%)
and a low noise rate (~ 22Hz). The output of each PMT went to a LeCroy 623B

octal discriminator, which converted any < —25mV electrical pulse from the PMT to
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a 60 ns wide square pulse. The three discriminator channels from the trigger paddles
went to a logic unit that performed a three-fold coincidence in the paddles within a

100 ns time window.

The coincident trigger signals were distributed to the FEBs through the ROC. Upon
receiving a trigger, a total of 127 samples in each FEB channel was read out at 80 MHz
both before and after the signal that caused the trigger. An example of the signal
traces is shown in Figure 7.3 [153]. Typically, 750 ns of data before the signal pulse
(referred to as the pre-signal region) were read out. The pre-signal region contained
occasional dark pulses caused by SiPM thermal noise, which were used to calibrate
the signal pulse area to the number of PEs. The data processing scheme is discussed

in the following section.
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Figure 7.3: Example ADC waveform from the two SiPM channels of one end of a CRV
counter, 127 ADC samples each. The pre-signal region shows dark-count pulses of
1 PE in both channels at 400 ns and 600 ns. The signal region shows signal pulses with
24 PEs and 30 PEs in both channels. All pulses get fitted with a Gumbel function.
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7.2 Data Processing

The signals from the cosmic-ray test stand were calibrated and reconstructed. As
the data were taken over several years with different temperatures, and because the
electronic response of a SiPM is temperature-dependent, appropriate temperature
corrections were applied to ensure that the results were independent of temperature
effects. A detailed discussion of the calibration and reconstruction procedure is de-

scribed below.

7.2.1 Calibration
7.2.1.1 Calibration at a Stable Temperature

In the pre-signal region, the data in each channel underwent a scan for dark pulses. An
example dark pulse is shown in Figure 7.3. The pulses underwent pedestal subtraction

and were fitted using a Gumbel function [154]:
f=4ae7", (7.1)

where u is the time of the pulse peak, A/e is the pulse height, and A - B is the pulse
area. The Gumbel function was selected empirically based on the quality of pulse

fitting.

The fitting process determined the dark count pulse areas, which was used rather
than the pulse height to determine PE yields, the distribution of which can be seen
in Figure 7.4, showing distinct peaks corresponding to the pulse areas of 1 PE, 2

PEs, 3 PEs. The single photoelectron (SPE) peak in the distribution of Figure 7.4
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is used to produce the SPE calibration constant that translates the SiPM waveform
area into the reconstructed number of photoelectrons. Due to the low noise and low
cross-talk rate—and hence limited statistics for the photoelectron peaks greater than

1 PE—only the SPE peak is utilized to establish the SPE calibration constant.

2 PE

10

S |1 I 11111 | I I A
0 500 1000 1500 2000 2500 3000
Pulse area [ADC*ns]

Figure 7.4: The pedestal-subtracted dark count distribution from a single SiPM dis-
plays distinct peaks that correspond to one, two, and three photoelectrons. The
location of the first peak (the single photoelectron peak, SPE) is utilized to extract
the SPE calibration constant.

The calibration procedure described above works well for stable temperature envi-
ronments and has been used in test beam experiments to study the CRV perfor-
mance [155]. However, if the temperature is not stable, such as in measurements
made several months apart when seasonal variations affect the ambient temperature,
the variations in these calibration constants is too large to ignore. A temperature-
dependent calibration procedure for normalizing the CRV response to a reference
temperature is described below. This temperature-dependent calibration procedure
was used to make measurements of the aging of the CRV counters, described in

Section 7.5, but will also be implemented in the operation of the Mu2e experiment.
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7.2.1.2 Temperature-Dependent Calibration

The SPE calibration constants and photo-detection efficiencies are impacted by the
temperatures of both the SiPMs (as measured by the thermometer on the CMBs)
and the FEB (Tspm and Tegg), the former because the SiPMs have temperature
dependent breakdown voltage, and the latter because of the bias provided by the
FEBs to the SiPMs is slightly temperature dependent and therefore does not retain
its set value. In addition, the gain of the AFE amplifier/digitizers have a temperature
dependence. Consequently, temperature corrections are essential to adjust the SPE

constants and photo-detection efficiencies to reference temperatures, chosen to be:

TS, = 20°C for the SiPM and Tpep = 40°C for the FEB (roughly, their normal
operating temperatures). This adjustment follows a specific procedure, as outlined in

Figure 7.5 and described in detail below.

2T

Step 1 (Calibration) Step 2 (Measurement) Step 3 (Rescale)

Dark Pulse

A
Dark
Dark

Figure 7.5: A flow chart of the calibration method to equalize the CRV response
as a function of temperature. The calibration, measurement, and rescale steps are
described in detail in the text. Note that it takes many dark pulses to derive the SPE
calibration constant. Each dark pulse must have its response, taken at temperature,
Tpax, corrected to the reference temperature, Trer. Similarly, Ayess i @ signal pulse
that can be taken at any temperature, Tye.s. Before the SPE calibration constant can
be applied it must be corrected from the reference value, Cges, to the relevant value
at the measured temperature, Cyeas-
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In Step 1, described in Section 7.2.1.3, dark pulses are collected, fitted, and the pulse
areas are extracted, Apu,x. The SiPMs are not noisy, so the collection of sufficient
numbers of dark pulses for a precise measurement of the SPE calibration constant
might occur on a time scale in which the temperature is not constant. Hence, the dark
pulses must first be corrected to the reference temperature before the SPE calibration
constant, Cgef, is extracted from the single photoelectron peak. In Step 2, described
in Section 7.2.2, the calibrations are applied to a measured signal pulse area, Apjeas, at
its measured temperature, TM®. Cger must first be corrected to the proper value at
the measurement temperature, Cyeqs- It is then applied to the measured pulse area,
Apeas, to estimate the number of photoelectrons. To compare the performance of the
CRV over time, Step 3 of Figure 7.5, also described in Section 7.2.2, is applied to
rescale the measured PE value to the reference temperature. Using this calibration
procedure, CRV performance over time can be compared even if the temperature is

not stable, and effects independent of temperature can be determined.

Table 7.1: Temperature correction parameters extracted from the temperature-
dependence studies described in Ref. [153]. The correction parameters ps, ps, and ps
are valid for a particular gain setting and a nominal over-voltage of 2.5 V.

Parameter Value
p1 Temperature coefficient of the SiPM breakdown voltage 55.4+0.8 mV /K
p>» Temperature coefficient of the SiPM bias provided by the 4.1+0.7 mV /K

FEB

p3  SPE calibration constant (or pulse area) increase per 125+3 ADC-ns/V
SiPM bias increase

ps  SPE calibration constant (or pulse area) decrease due to -1.46+0.16 ADC-ns/K
AFE temperature dependence

ps PE increase due to overvoltage bias increase 21.8+2.1%/V

The CRV SiPMs are operated at constant bias voltages, corresponding to about 2.5V
over the SiPM’s breakdown voltage at the reference temperature. To determine this, a

bias scan procedure was developed to extract the breakdown voltages for each SiPM.
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These breakdown voltages depend on the SiPM temperatures (p; in Table 7.1). In
addition, temperature variations result in relatively small fluctuations in the in the
FEB bias supplied to the SiPMs (p, in Table 7.1). Changes in the over-voltage due
to temperature fluctuations, in turn, lead to corrections of the SPE constants (ps3
in Table 7.1). The SPE constants are also influenced by a gain change in the AFE
(ps in Table 7.1)3. Finally, changes to the over-voltage also require corrections to
the light yield (ps in Table 7.1). A detailed description of the measurement of these

parameters can be found in Ref. [153].

7.2.1.3 Obtaining the Reference Calibration

Each pulse collected during the dark-count scan undergoes an adjustment to its mea-
sured pulse area Ap,y related to its values at the reference temperatures Tgii;fM and

TR For each pulse, the deviation of the over-voltage AV,, due to the temperature

difference is calculated as

AVoy = —p1 - (Tgin — Toon) + P2 - (Teen — Trgp)- (7.2)

This deviation of the over-voltage is used to calculate what the pulse area at the
reference temperatures of the CMB and FEB would have been. The gain change due

to the FEB temperature is an additional adjustment:

ARef = ADark - P3- AVov — P4 (Tlli)]?il]gk - Tll-}]?f]g) (73)

3Parameters p; and p; depend on the AFE gain settings, and the values in the table are only
valid for the specific experimental setup.
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These temperature-corrected pulse areas Ager are then binned and the temperature-
corrected SPE constants, Cgef, are determined using the same approach as described
in Sec. 7.2.1.1 and shown in Figure 7.4. The parameters in Eq. (7.3) were obtained for
temperature corrections of the SPE calibration constant, which is the pulse area of a
single photoelectron. Therefore, this equation is only valid for pulse areas of single
PEs, and only the single PE peak of the temperature-corrected calibration plot was

used to determine the SPE calibration constant.

7.2.2 Reconstructing the Light Yield

SiPM signal pulses were pedestal-subtracted and fitted with a Gumbel function in
the same way as the dark counts shown in Eq. (7.1). Their pulse areas, peak times,

leading-edge times, and width parameters were recorded.

Similar to the SPE calibration constants Cgef, the measured pulse required temper-
ature corrections. The process began by obtaining the SPE calibration constant for
the temperatures at the time the pulse was recorded, Cyeas. Since the SPE calibration
constant Crer was initially stored for the reference temperatures Tgo, and Theh, the
temperature correction procedure outlined in the previous section had to be reversed
to derive the SPE calibration constant specific to the SiPM and FEB temperatures
of the given pulse Té\f]‘;‘ﬁj and Thes. As before, the first step was calculating the de-
viation of the over-voltage AV,, due to the temperatures at the SiPM and FEB (see
Eq. (7.2)):

AVoy = —p1 - (Tl — Tsow) + P2 - (Ths® — Teep)- (7.4)

The second step was adjusting the calibration SPE constant from its value at the ref-

erence temperatures (CRef) to a calibration constant at the actual temperatures when
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the pulse was recorded (Cpmess). This was done using the over-voltage change from
Eq. (7.4) and the gain change due to the FEB temperature was an additional adjust-
ment (analogous to Eq. (7.3) above but adjusting the calibration constant instead of
the pulse area):

CMeas = CRef + p3- AVov + P4 (Tllg/]lg%ls - TEEE) (75>

Dividing the pulse area A by this calibration constant Cye,s resulted in the number

of photoelectrons of this pulse:
PEneas = Ameas/ Chmeas- (76)

The change in over-voltage affected the photon detection efficiency. To obtain the
PE yield at the reference temperature, PEg.¢, the effect of the over-voltage change had

to be removed in a second step involving ps from Table 7.1 and AV,, from Eq. (7.4):
(7.7)

The temperature-corrected number of photoelectrons, PEges, were accumulated in a
histogram (an example is shown in Figure 7.6). The resultant PE distribution was
fitted with a convoluted Gauss-Landau function for cosmic-ray data and a Poisson
function for LED data. These fits determines the most probable value of the PE

distribution and were a useful figure of merit to characterize the CRV performance.

7.3 Efficiency Studies

In most areas covered by the CRV, a cosmic-ray muon will be identified by a coinci-

dence in space and time of three of the four layers of counters. To keep the background
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Figure 7.6: Typical SiPM photoelectron distribution example from cosmic-ray muons,
fitted with a convoluted Gauss-Landau function.

levels in Mu2e below one event during the experiment’s run time, the required de-
tection efficiency for these muons must be as high as 99.99% in some critical regions
of the CRV. In this section, the measurement of the efficiency of CRV modules is
described.

7.3.1 Event Selection

To measure the efficiency to the required level, a very pure sample of cosmic-ray
muons is needed. In addition to the trigger requirement, three of the four modules
(nicknamed “defining modules” for this analysis) in the stack were used in the offline
analysis to define a good cosmic-ray muon. The efficiency of the fourth module
(nicknamed the “test module”) in the stack was measured. Three selection cuts were

applied to data in the defining modules to isolate likely muon events:
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1. At least 10 PEs had to be deposited in each of the twelve layers of the defining

modules,

2. a linear fit to the hits in the defining modules had to have a y?/n.d.f. <2, and

3. there had to be less than 3000 PEs in all modules.

In this analysis, a “hit” was defined as an energy deposition of >5 PEs read out by a
SiPM.* These criteria were based on the fact that the muons are minimum ionizing
particles, and hence they leave straight tracks through the stack with an energy
deposition proportional to their path length through the modules. Events originating
from electromagnetic or hadronic showers were more likely to leave many more hits

that do not present as straight tracks.

Using a Monte Carlo simulation of the configuration at Wideband, described in more
detail in Section 7.3.3, the efficiency of these cuts for selecting muons was verified.
The initial sample of triggered Monte Carlo events, generated with the CRY cosmic
ray event generator [156], consisted of 86.7% muons. After the event selection cuts
described above, this muon sample purity was improved to 99.1%. Figure 7.7 shows
so-called N — 1 plots® for the three cuts used to select muons, and how those cuts
affect muons and non-muons in the Monte Carlo sample. The improved purity of
muons after selection cuts is critical for understanding the modules’ veto efficiency to

the particles that create a challenging background for Mu2e’s experimental run.

45 PEs is the minimum requirement for a hit because pulses below 5 PEs are suppressed to zero.
5These are plots of the parameters used for event selection with all other cuts applied except the
one being plotted.
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Figure 7.7: Distributions of simulated muon and non-muon events for the three pa-
rameters used in event selection cuts. These are N — 1 cuts, meaning all other cuts
are applied in the panel besides the one being plotted. The red vertical line shows
where the cut is applied and the gray region is excluded by the selection cut.

7.3.2 Measurement of the Track Stub Efficiency

From approximately two months of data collection, 3.4 x 10° events passed the se-
lection cuts described above. After event selection, the efficiency of a module was
measured as a function of the PE threshold. The 3/4 efficiency of a module was
determined in two ways: (1) measuring the single-layer efficiency of the module and
extrapolating this efficiency to a 3/4 layer efficiency using combinatorics, and (2) a

direct measurement of the 3/4 layer coincidence efficiency.

The single-layer inefficiency as a function of the PE threshold on the sum of all PEs



157

measured by a single end in the layer is shown in Figure 7.8. The efficiencies of
each layer are quite similar. Each layer is functionally identical, so this is expected.
Since the efficiencies of each layer are more-or-less the same, the average value was
used when extrapolating to a 3/4 efficiency instead of the efficiency of each individual
layer. Assuming each single-layer efficiency €1, is independent, the efficiency €34 of

at least 3 layers being hit is

€4 = 4€3 — 3eg; . (7.8)
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Figure 7.8: The single layer inefficiency of a CRV-T module as a function of the PE
threshold. Note how each layer has a very similar efficiency.

This extrapolation of the single-layer efficiency is compared to the measured 3/4 layer
coincidence efficiency in Figure 7.9. The two methods of measuring the efficiency agree
for high PE thresholds, but diverge significantly for lower PE thresholds, with the

extrapolation underestimating the efficiency.

The reason for the low PE divergence is as follows. The efficiency of a counter
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Figure 7.9: Inefficiency of hit coincidence in 3/4 layers of a module from direct mea-
surements and the extrapolated single layer efficiency using Eq. (7.8).

producing a hit is driven by the number of PEs produced in the counter, which is
proportional to the path length of the muon through the counter. At high thresholds,
for a hit to be registered the muon had to have gone through the counter and not
a gap between counters. This inefficiency is layer-independent. However, as the PE
threshold is lowered, it is much more likely that enough PEs will be produced to
meet the threshold— even for minimal path lengths—and the inefficiency is driven
by the small gaps between di-counters. Because of staggering in the module layers, a
muon is much less likely to pass through a second gap if it has already passed through
one, as illustrated in Figure 7.10. The staggering of the module layers (42 mm) was
determined by optimizing the 3/4 efficiency from extensive Monte Carlo studies of
the response of top and side modules to cosmic-ray muons. Hence a low efficiency

in one layer is typically correlated with a high efficiency in the other layers. Equa-
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tion (7.8) assumes that each layer’s efficiency is independent of the others, which is
not true. Therefore, Eq. (7.8) does not accurately reflect the 3/4 efficiency for a low
PE threshold.

Di-counter
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Figure 7.10: A cartoon illustrating two muon tracks passing through a module. The
vertical red muon track goes through the external gap (exaggerated in width) between
two di-counters in the second layer. However, due to the staggering of the layers, it
is less likely to pass through another gap in a different layer. The orange muon track
must be well inclined to pass through the external gap in all four layers, and hence
goes through a significant amount of scintillator on the counters on either side of the
gap. The staggered position of gaps is drawn to scale, but the size of the gaps is
exaggerated for effect.
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The measured 3/4 efficiency and the extrapolation start to diverge at a threshold
of ~75PEs, with the measured 3/4 efficiency being more efficient. Below a 50 PE
threshold, the measured inefficiency plateaus. This plateau is likely due to non-muon
events that pass selection cuts, which is supported by Monte Carlo studies, described

as follows.

7.3.3 Monte Carlo Studies

A Monte Carlo simulation was used to study the module efficiency. In particular,
it was used to understand whether the plateau in inefficiency at low PE thresholds

observed in Figure 7.9 is due to muons or some other incident particle.



160

The generation of cosmic rays was performed using the CRY event generator [156].
The simulation of the CRV modules was based on the Geant4 library [90-92], which
handles the particle transport through the modules and all particle interactions, in-
cluding the production of photons due to the scintillation process and Cherenkov
effect in the scintillator counters. It also tracks these photons through the scintillator
and the embedded wavelength-shifting fiber all the way to the SiPMs and simulates
all processes such as wavelength shifting, refraction, reflection, and absorption. How-
ever, tracking each individual photon through all counters requires an unreasonably
high computation time, which is not feasible for simulations with a large number of
events. Therefore, lookup tables were produced (using the Geant4) that store arrival
probabilities and time delay distributions for photons arriving at the SiPMs based on
the location where the original particle went through the counter and the amount of
energy that was deposited there [157]. Based on this information, a SiPM response
with an appropriate pulse shape was simulated. This step takes the wavelength-
depending photon-detection efficiency of the SiPM pixels into consideration as well
as the typical geometrical distribution of the photons at the end of the fiber. The
simulation of the SiPM response models the pixel discharge/recharge behavior, satu-
ration effects, cross talk, and dark counts. The final SiPM pulse shape is the sum of
the individual pulses of all SiPM pixels, where the single-pixel pulse shape is deter-
mined by an independent simulation based on the properties of the SiPM. The last
step of the simulation uses the responses of the SiPMs of all counters and generates a
digitized waveform similar to the waveforms produced by the experiment. The sim-
ulation was tuned to match the results of test-beam studies and studies with cosmic

rays [155].

The summed light yield in each module layer was used to validate the model. This
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serves as a “figure of merit” for the accuracy of the model to the real configuration.
Figure 7.11 shows the light yield in the model compared to data. The simulation
agrees very well with data, except in instances of low PE depositions (<80 PEs). For

the purpose of this analysis it is not critical that the light yield perfectly match.
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Figure 7.11: The summed light yield from all SiPMs in a module layer (in PEs) for
Monte Carlo and data, with the ratio data/MC shown in the bottom panel. The
distributions have been normalized to have an area of one.

A total of 5.6 x 107 simulated events were generated and passed through the selection
cuts described in Section 7.3.1. The measured 3/4 inefficiency and extrapolation from
the single-layer efficiency of the MC sample, with a comparison to data, is shown in
Figure 7.12. The simulation reproduces the module efficiency observed in the data,

including the plateau at low PE thresholds.

Although the Monte Carlo simulation is able to reproduce the plateau in efficiency ob-
served in data, there are still large discrepancies between the inefficiencies measured

in the simulation and data. A source of discrepancy most likely comes from how
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Figure 7.12: The directly measured 3/4 inefficiency and the extrapolated 3/4 ineffi-
ciency from the single layer efficiency for MC and data.

the detector hall was modeled in simulation, which was found to have non-negligible
effects on the MC results. The simulated building mimics Wideband, but is not an ex-
act match. Another potential source of error in the modeling is discrepancies between
the distribution of cosmic-ray events in simulation and reality. It is not guaranteed
that CRY accurately reproduces cosmic showers in the exact environment at Fermi-
lab. Detailed studies by MicroBooNE comparing CRY to other cosmic-ray generators
like CORSIKA show that the expected event rates are different between generators,
particularly for neutrons and protons [158]. Nevertheless, inefficiency and light yield
discrepancies between this Monte Carlo simulation and data are O(1073) and below.
As stated above, the selection cuts are expected to only produce a 99% purity sample
of muons, so the impurities of other cosmic-ray particles are on the level of 1072,
within the discrepancy between data and Monte Carlo. For this analysis, it is not

critical to perfectly model the module efficiency in simulation; instead, the reproduc-
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tion of the plateau in efficiency at low PE thresholds is the essential component of

these simulation studies.

Upon inspection of events in the plateau of the measured MC efficiency, it was found
that all of the inefficient events originate from incident particles that are not muons.
Figure 7.13 shows three examples of inefficient simulated non-muon events at low PE
thresholds with hit patterns similar to inefficient events observed in data. Inefficient
events such as these occur in the test stand at Wideband, but they are unlikely
to be a source of inefficiency for the CRV during Mu2e operations due to concrete
shielding blocks that will be above the experimental apparatus, which greatly suppress
non-muon events. The suppression of events in the plateau from shielding blocks
is supported by further simulation studies with concrete slabs situated above the

modules, not reported here.

7.3.4 Efficiency without Defining Modules

When running MuZ2e, it will not be possible to perform the cleanup cutsused to
define good candidate tracks described in Section 7.3.1 because defining modules
cannot be used. Instead, the module efficiency will need to be measured in-situ,
using only information from a single module. To do this, candidate events can be
“tagged” by requiring hits in the top and bottom layers of a module and measuring
the single-layer efficiency of the middle two layers. However, without cleanup cuts
using defining modules, the candidate events will have a lower muon purity, which
will affect the measured efficiency. Using the events triggered from the external
scintillator paddles and by requiring at least 10 PEs deposited in the top and bottom

layers of the testing module, the single-layer efficiency of the middle two layers was
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Figure 7.13: Event displays for simulated non-muon events (top) with similar hit
These events do not pass the 3/4 layer veto requirement for low PE thresholds.

patterns to data events (bottom).
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measured and compared to the single-layer efficiency shown in Figure 7.8. As seen in
Figure 7.14, the single-layer efficiency is lower without cleanup cuts to improve the
muon purity of the selected events, particularly for low thresholds. This makes the
modules seem less efficient, but many of these inefficient events are not of importance
to the CRV’s veto capabilities, as they come from particles other than muons. Also
note that this in-situ method of measuring the efficiency can only measure the single-
layer efficiency, which would then be extrapolated to a 3/4 efficiency. As shown in
Figure 7.9, the extrapolation of the single-layer efficiency underestimates the true 3/4
efficiency. Therefore, only a lower bound on the module efficiency can be measured
in-situ. Although defining modules cannot be used when running MuZ2e, plans have
been made to place external di-counters above and below CRV modules to more
accurately “tag” candidate muon events, allowing a more robust measurement of the

module efficiencies.

7.4  Position Resolution Study

The position of the energy deposition along the length of the scintillator counters
can be determined by time of arrival (TOA) of the scintillation light to the SiPMs
on each end of the detector. The cosmic ray veto requires a coincidence of layers
hit in both space and time to avoid a false veto caused by noise, so determining the
position resolution of the CRV modules is important to reduce the number of false

coincidences.

To study the reconstruction of a hit’s position from the TOA information, a modified
version of the cosmic-ray test stand described in Section 7.3 was used. Eight FEBs

were used in this study, but instead of reading out four modules on one side, two
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Figure 7.14: The single-layer inefficiency of the middle two layers of the testing module
with the event selection described in Section 7.3.1 (purple triangles) and by only
requiring hits in the top and bottom layers of the testing module (orange circles).
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modules were read out on both sides®. Trigger paddles placed 1.0m from one end of
the modules were used for event triggering, as was done in the previous section’. As
the trigger paddles are 10 cm wide, the expected position of cosmic rays from one end

was 105+5 cm.

First, air-shower events were analyzed to ensure the time was calibrated properly
between FEBs connected to each end of the module. An air shower is a large cas-
cade of particles originating from cosmic ray interactions in the atmosphere or the
Wideband building material. These events leave particle tracks throughout the whole
module simultaneously, which allows the time offset between individual SiPMs to be

measured.

Air shower events were selected from the triggered data by requiring at least 20 PEs
in every SiPM at both ends of the module. This ensured that there was activity in the
entire detector, and increased the likelihood that simultaneous hits occurred on both
ends of the module. The time difference between the SiPM pulse maximum on the far
side and the near side (At = fry, — thear) Was measured for each of the 8 AFE chips in
the two FEBs. This was done at the level of the AFE chips, instead of by individual
channels or the whole FEB, because the clock settings of the FEB are set by AFE
chip. Figure 7.15 shows the measured time difference between the AFE chips for the
two FEB pairs used in this study, which comprised the full double-ended readout
of a single CRV-T module. The time values given in each panel are the average
time differences from the distributions, which were the values used to correct the
time offsets between channel pairs on opposite ends of the module. Note that while

the >20 PEs in all channels requirement increased the likelihood of simultaneous

SNote that this configuration of the electronics was due to the fact that only eight FEBs were
available.

"Due to a limited number of trigger paddles, and to not disturb the configuration for aging
measurements (Section 7.5), the same trigger paddle configuration as the efficiency study was used.
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hits everywhere in the module, it did not guarantee that this occurred. Because
events were triggered by a coincidence in scintillator paddles located 1m from the
readout on one end, there was a risk of biasing the location of the hits to where these
paddles were located. This can be observed in the distributions of Figure 7.15 as
the “shoulder” on the right side of the distributions, at around 20ns. Despite this
bias, the time calibration described here was an in-situ calibration, using the same
collection of data and data-taking configuration as the measurement of the position.
This configuration was used instead of placing paddles at the center of the modules,

where the TOA should be the same, due to a lack of spare trigger paddles.
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Figure 7.15: The time offset between AFE chips in FEBs on opposite ends of the
module. The left plot grouping is for the top two layers of the module, and the right
plot grouping is for the bottom two layers of the module.

After applying these small time offset corrections in offline analysis, the position

measurement was made. To ensure events selected for this measurement were likely a
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single particle passing through the trigger paddles, a maximum of two SiPMs in each
layer (the two neighboring SiPMs in a counter) with more than 20 PEs registered was
required. As seen in Figure 7.11, the most probable value of light yield in a layer
was about 102 PEs, or 51 PEs per SiPM, when particles passed 1 m from the module
end. The light yield was expected to be attenuated ~50% at 5m away compared to
1m away [159]. To be conservative and capture as many muon events as possible, a

threshold of 20 PEs was set.

The position x (in cm) of a particle from the near side passing through a counter of
length L (in this case, L =6 m) was determined from the light arrival time difference
between the far side and the near side At and the speed of light in the WLS fiber ¢
as

X = %(L — crAL). (7.9)

The speed of light in the WLS fiber was determined to be 17.3 cm/ns from test beam
studies on counters with 1.4mm WLS fiber [155]. As each end of a counter is read
out by two SiPMs, their measured time difference was averaged. Figure 7.16 shows
the reconstructed position based on the light arrival time difference. A gaussian was
fitted to the distribution to determine the mean value and standard deviation. The
mean of 101.0 cm is consistent with the position of the trigger paddles at 105+5 cm
from the closer end of the module. The 1o uncertainty of the measurement is 30.4 cm,
which is about twice as large as the uncertainty from similar measurements using a
test beam [155]. The 10 cm width of the trigger paddles may contribute to the larger
uncertainty than what was observed in test beam studies, as well as the shorter (3m)

length of the counters used in the test beam.
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Figure 7.16: The reconstructed position of cosmic-ray events from the end closest
to the trigger paddles using the light arrival time differences from the two ends of a
module and assuming a speed of light in the WLS fiber of 17.3cm/ns. Events are
triggered from a coincidence in two trigger paddles, represented by the shaded gray
region.

7.5 Aging of CRV Modules

It has long been known that the light yield from plastic scintillators decreases over

time [160]. This phenomenon is referred to as the “aging” of plastic scintillators.

As the light yield of the CRV counters directly influences the veto efficiency, the aging
rate of the CRV needs to be understood to ensure the CRV can maintain its required
veto efficiency throughout the experiment’s lifetime. When designed, an aging rate
of about 3% per year was anticipated, similar to what was observed in the MINOS
experiment [161], which used very similar scintillator extrusions. It should be pointed
out that plastic scintillators age non-uniformly over time, as observed, for example, by

the T2K experiment [162]. The scintillator experiences a more rapid aging in the first
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1-2 years after production, and then the aging decreases to a constant long-term rate.
This section describes the measurement the long-term aging rate of the CRV counters.
A series of cosmic-ray test stands using the CRV modules at the Fermilab Wideband
facility were set up to measure the aging. The modules were manufactured using
scintillator extruded in early 2018, and the first measurements from this cosmic-ray
test stand were done in 2021, so none of the early, rapid aging behavior was captured.
The aging of the WLS fiber was not expected to greatly affect the light yield decline

measured here [163].

The configuration of the cosmic-ray test stand for aging measurements is described
in Section 7.1. Two similar test stands were set up for aging measurements. The
first consisted of four CRV-L modules containing WLS fibers of 1.4 mm diameter.
Measurements on this module stack began in July 2021 with only 2 pre-production
FEBs reading out the counters on a single end of one module, which were the only
FEBs available at the time. The light yield on these counters has been tracked over
nearly 3 years. Four more FEBs were added to this test stand in October 2022. The
next test stand used for aging was set up in August 2022 and was instrumented with
6 pre-production FEBs. This test stand used CRV-T modules with 1.8 mm diameter
WLS fibers.

The data collected for aging were calibrated using the temperature-dependent pro-
cedure described in Section 7.2.1. This calibration procedure was critical for an
accurate measurement of the aging, since the measurements occurred several months
apart with seasonal variations affecting the temperature of the electronics. Data for
the aging measurements was not continuously read out, but was instead read out for
about a month at a time before moving the electronics to another configuration for

other tests. It was observed that in some SiPMs the single photo-electrons (SPEs)
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experienced sudden jumps when the configuration was unplugged and plugged back
in (see Figure 7.17). This was due to HDMI cable changes between measurements,
and standalone measurements have shown that not all of the HDMI cables of the

same length have the same electrical properties.
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Figure 7.17: An example of the SPE change for a “bad” channel over time. The
vertical lines indicate when the electronics were unplugged and moved to another
study.

The stability of the SPEs was critical for the aging analysis, as the SPEs were used to
calibrate the light yield. A deviation in the SPEs as large as ~4%, seen in Figure 7.17,
shifts the signal pulses by roughly the same amount, which is significantly more
than the uncertainty of the light yield measurement (<1%). To ensure stability in
the SPEs—and therefore the light yield measurement—quality cuts were applied to
remove sub-runs in which the SPEs deviated by more than 0.5% from their median
values. This requirement was to ensure the SPEs were stable within the uncertainty
of the light yield measurement. If the time between the first remaining sub-runs and
last remaining sub-run was less than one year, the whole SiPM was excluded. This

is to ensure a sufficient baseline was recorded for the detector aging.
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The light yield central value and uncertainty for each data point were extracted from
the light yield distribution of each sub-run. As described in detail in Section 7.2.2,
the light yield distribution is fitted with a convoluted Gauss-Landau function to
determine the most probable value of the distribution. The light yield central value
and uncertainty for this aging measurement were taken to be the fitted most probable
value and the uncertainty on the fit. Each channel had its aging measured by fitting

sub-runs passing the SPE stability requirement to the function

Ao(1 = r/100)’, (7.10)

where A is the light yield at = 0 in PEs, r is the aging rate in % /year, and ¢ is the
time in years since the initial measurement. The variable of interest to extract from
this fit is r. An example aging measurement on one channel is shown in Figure 7.18.
Since light produced in each scintillator counter is read out by two SiPMs, the fitted
aging rates for the two SiPMs in a counter were averaged to determine the aging rate

of the counter.

An average aging rate of 2.50+0.35 % /year over approximately 2 years and 6 months
was observed from 144 counters in CRV-T modules, as shown in Figure 7.19. A
measurement on a separate set of 31 counters from a CRV-L module showed an aging
rate of 2.49+0.93 % /yr over approximately 2 years and 11 months, which is consistent

with the aging observed in CRV-T modules.

Since the aging measured in SiPMs in the same counter were averaged to determine
the aging of the counter, the difference in the measured aging between neighboring
SiPMs was calculated, shown in Figure 7.20. The measured difference in aging rate of

most SiPM pairs falls within the 1o~ uncertainty of the aging measurement, 0.35%/yr.
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The mean aging is 2.50 % /yr with a standard deviation of 0.35% /yr.
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distribution with these values is drawn as the red dashed curve.
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Figure 7.20: The difference in the measured aging rate of two SiPMs in the same
counter.

7.6 Extrapolation to Overall CRV Efficiency

The expected background for Mu2e Run I from cosmic-ray-induced backgrounds was
determined to be 0.046 + 0.010, which assumed an aging rate of 8.7%/yr [147]. Note
that this assumed aging rate came from preliminary measurements, done on test
counters before temperature-corrected calibrations, described in Section 7.2.1, were
implemented. Keeping the expected background for the two Mu2e runs below one
event relies on the CRV being 99.99% efficient. This study demonstrates that the ef-
ficiency of CRV modules exceeds 99.99% for reasonably low PE thresholds, although
high enough to avoid false coincidences due to noise, and the aging rate of counters
is approximately 2.5%/yr. Based on the module efficiency exceeding its 99.99% re-
quirement and the aging being significantly lower than that used in previous studies,
the CRV is expected to maintain an efficiency that keeps the anticipated cosmic-ray-

induced background below one event over the entire Mu2e run time.
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7.7 Discussion

The Mu2e experiment will be a sensitive probe of charged lepton flavor violation,
vastly improving upon current experimental constraints on the u”N — e~ N process.
Mu2e’s unprecedented sensitivity will only be possible with sufficient background
vetoing, and the largest source of background comes from cosmic-ray-induced back-
grounds. For Mu2e to meet its sensitivity goals, the CRV must maintain an efficiency

of 99.99% over the experiment’s run time.

Measurements of the cosmic-ray muon detection efficiency, reconstructed position
resolution, and aging rate for CRV counters have been reported here. Using test
stands consisting of CRV modules and scintillator paddles for external triggering, this
study confirms that, at appropriate PE threshold levels, the efficiency of CRV modules
can exceed the designed muon detection efficiency of 99.99%. Simulation studies show
good agreement with the measurements regarding the relationship between module
detection efficiency and the PE threshold, explaining features in this relationship
caused by module geometry and non-muonic components in the cosmic rays. The veto
is determined by a coincidence in space and time of energy deposition in at least three
out of four layers of counters. Based on a light arrival time study, the reconstructed
position of hits was consistent with the position of the triggering paddles with an
uncertainty of 30.4 cm, or 5% of the module’s length. The long-term aging rates of
the production modules, with counters embedded with wavelength-shifting (WLS)
fibers of two different diameters, were measured over multiple years. A similar aging
rate of approximately 2.5% per year was reported for both types of counters. With the
measured detection efficiency and an aging rate much lower than the assumed value
in previous studies, it is expected that the CRV will remain over 99.99% efficient

and will be capable of suppressing the cosmic-ray-induced background for the Mu2e



177

experiment to below one event over Mu2e’s run time.
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