DISSERTATION

EXTENDING ICARUS’S SENSITIVITY TO HIDDEN SECTOR SCALARS WITH A
SEARCH FOR UNCONTAINED DIMUON FINAL STATES

Submitted by
Jamie Christine Dyer

Department of Physics

In partial fulfillment of the requirements
For the Degree of Doctor of Philosophy
Colorado State University
Fort Collins, Colorado

Summer 2026

Doctoral Committee:
Advisor: Joshua Berger

Robert Wilson
Michael Mooney
Asa Ben-Hur



Copyright by Jamie Dyer 2026
All Rights Reserved



ABSTRACT

EXTENDING ICARUS’S SENSITIVITY TO HIDDEN SECTOR SCALARS WITH A
SEARCH FOR UNCONTAINED DIMUON FINAL STATES

The ICARUS detector is a liquid argon time projection chamber (LArTPC) acting as the far
detector in the Short Baseline Neutrino program at Fermilab. Complementing its ability to better
constrain neutrino physics, ICARUS is also able to probe any dark sector state present in the
exposed flux, that results in a final state of charged Standard Model particles within the active
volume of the detector. This work exploits such sensitivity to the Higgs portal scalar (HPS) and
heavy QCD axion (ALP, for "axion-like particles") models with a selection for final states with
exactly two muons, where at least one of the muons is not contained in the fiducial volume of the
detector. The ALPs and HPSs are generated from meson-decay or -mixing in the Neutrinos at the
Main Injector (NuMI) beam at Fermilab, propagate to ICARUS, and then decay into the dimuon
pair. The work expands on the sensitivity probed by an earlier ICARUS result that selected final
states of two fully-contained muons, extending ICARUS’s reach to a higher phase space of dark
sector models. The ICARUS detector, HPS and ALP models, simulation pipelines, uncontained

dimuon event selection, systematic uncertainties, and strategy for extracting results are discussed.
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Chapter 1

Introduction

1.1 The Standard Model

Our understanding of the fundamental building blocks of nature is encapsulated in The Stan-
dard Model of particle physics, a rich theoretical description describing the interactions of forces
and elementary particles. The Standard Model is a quantum field theory in which individual forces
and matter particles are described as fields with quantum numbers that dictate how a given parti-
cle responds to various underlying mathematical symmetries. Charge, for example, is a quantum
number that corresponds to a U(1) symmetry, while spin is a quantum number that determines
particles’ behavior with respect to SU(2) symmetries.

In the Standard Model, spin-1/2 particles called fermions comprise matter, while integer-spin
particles called bosons are force-carriers. There are four force-carrying particles with spin equal
to one, called vector or gauge bosons. The gluon mediates the strong force, which is responsible
for holding the nuclei of atoms together. As its name suggests, it is the strongest force within
the SM. Photons are massless gauge bosons that carry the electromagnetic force. The W and B
gauge bosons, with charges +1 and O respectively, mediate the weak force. All of the fermions
interact via the weak force, but as the name “weak" suggests, these interactions are very feeble and
subsequently difficult to observe and study. The Higgs boson is the only spin zero (aka “scalar")
particle presently included in the SM, and is responsible for generating the masses of the other
Standard Model particles.

Fermions are sub-divided on the basis of whether or not they interact via the strong force.
Those that do are called quarks, and there are six of them: the up (u), down (d), charm (c), strange
(s), top (t), and bottom (b). The up, down, and charm quarks have charge equal to 2/3 (in units of
the absolute value of electron charge), while the others have charge equal to -1/3. Fermions that do

not interact via the strong force are called leptons. The electron (e), muon (u), and tau (7) leptons
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Figure 1.1: Schematic depiction of the particles comprising the Standard Model of particle physics, showing
the three generations of fermions and the force carrying particles, or bosons. Image is from Wikipedia
Commons [2].

have charge equal to -1. Neutrinos, on the other hand, are charge-less and thus do not interact
electromagnetically. They interact with the other leptons via the weak force, and there is one type
or “flavor" of neutrino per lepton. Electron flavored neutrinos interact only with electrons, and
so forth for the other two fermion generations. The Standard Model is depicted schematically in
Figure 1.2.

The SM consists of just 17 fundamental particles and forces, and its Lagrangian is expressed
with only 19 free parameters (including the elementary particle masses and coupling strengths,
for example) to be determined empirically. Despite its brevity, the Standard Model is consistent

with a remarkable breadth of observed physics, spanning subatomic to cosmological scales. As



a few examples: the Higgs boson was discovered at the Large Hadron Collider in 2012, exactly
as postulated by the SM [8, 9]; thus far the Muon g-2 experiment has measured the magnetic
momentum of the muon to 127 parts per billion precision, yielding a result still consistent with the
SM expectation [10]; and the observed abundance of light elements in the Universe matches the
Standard Model prediction as applied to a cooling, expanding Universe a few minutes after the Big
Bang (in a period of cosmological evolution referred to as Big Bang Nucleosynthesis) [11-14].

This dissertation would not exist if some shortcomings of the Standard Model did not accom-
pany its many successes. One such example is that the Standard Model describes only baryonic
matter, i.e. matter that interacts via strong, electromagnetic, and weak forces. Astrophysical and
cosmological evidence suggests, however, that baryonic matter comprises only 20% of the matter
in the Universe. The dominating 80% is comprised of matter that interacts only gravitationally,
or via the weak force at scales presently undetectable with current technology. To date, model-
independent bounds on the mass of this so called “dark matter" range from 10722 eV to 5 M.
( [15] and references therein provide a wholistic review of dark matter.) Further, it is yet unknown
whether dark matter is comprised of a single constituent of matter, or several constituents, possibly
subject to as much or more rich physics as is contained in our own Standard Model. The for-
mer case inspires direct and indirect searches for dark matter particles. The latter case, however,
opens an even wider scope of possible research, as there could exist "portal" particles bridging the
gap between the SM and dark sector that are not subject to the constraints of dark matter itself.
Such extensions to the Standard Model are parameterized into scalar, psuedoscalar, vector, and
neutrino portal models. As will be expounded upon later, the Higgs portal scalar extension to the
SM is one such possibility of New Physics. Evidence for Higgs portal scalar particles is explicitly
investigated by this dissertation.

The contention between the prediction of an electric dipole moment for the neutron within the
SM Lagrangian and the non-observance of its dipole moment experimentally [16-20], referred
to as the Strong CP problem, posits an additional puzzle thus far unaddressed by the SM. The

introduction of a new type of particle called an axion, with gluonic couplings to the Standard



Model, could resolve the Strong CP problem. This dissertation further probes this axionic param-
eter space, searching for evidence of these axions, which could alleviate this shortcoming of the
Standard Model.

Another pocket of mystery within the Standard Model, and the one entirely responsible for the
existence of the indispensable tools and technology used for the present work, is on the subject of
neutrinos. Neutrinos are the most abundant particles in the Universe, with an estimated 1 trillion
passing through any person’s human body every second. Despite their abundance, neutrinos are
extremely difficult to detect because they are so weakly interacting: even with such a high number
of neutrinos passing through your body at any given time, only one neutrino is expected to interact
with the matter in the body in a 100 year period [21]. Mapping onto the three-generation paradigm
of the other fermions, neutrinos come in three flavors, v, v,,, and ;. The weak force only mediates
interactions between neutrinos and their respective lepton “partner” of the same generation. Unlike
the other fermions, however, neutrinos also exhibit a unique property of “oscillating" between gen-
erations, or flavor states, as they propagate through space. This behavior was first observed by the
Super-Kamiokande experiment [22] and the Sudbury Neutrino Observatory [23,24], which led to
a Nobel Prize in physics awarded to the corresponding principal investigators in 2015. Oscillation
is a quantum mechanical phenomenon that can occur between two non-orthogonal sets of states of
a particle. In particular, neutrino oscillation is mediated between the flavor states v,, v, and v,
and mass states vy, v, and v3, which are eigen values of the Hamiltonian. When a particle is in
a given flavor state it is in a superposition of mass states, and vice versa. This relationship merits
that at least two of the three known neutrinos have non-zero mass (so that distinct mass states are
possible), which differs from the baseline expectation from the Standard Model that neutrinos are
massless. The origin of neutrino mass remains an open question in theoretical particle physics, and
experiments are working to improve estimates of what the neutrino masses are.

The flavor and mass eigen vectors for neutrinos are related via the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) mixing matrix, whose elements are functions of a CP-violating phase dop and

mixing angles between pairs of neutrinos 0,5, 613, and 653 [25]. Each of these are free parameters



in the Standard Model that must be determined empirically, and there is much ongoing research
seeking to do so. dcp is of particular interest, as charge-parity violation is one of the conditions
that must be met in order to explain the matter/antimatter asymmetry in the Universe. dcp has thus
far not been observed in the lepton sector, but a value not equal to zero could help to explain the
origin of this imbalance. The matter/antimatter asymmetry is of great anthropic interest since we,
as humans made of matter, would simply not exist without it. Increasingly precise measurements
of neutrino oscillation place greater constraints on dcp in the lepton sector.

Experiments targeting solar, atmospheric, reactor, and long baseline accelerator-sourced neu-
trinos have turned results consistent with the three-neutrino oscillation model described above,
and have placed limits on neutrino mass differences, the mixing angles, and dop (see, e.g., [26] for
a global analysis of such results). Interestingly, however, short-baseline accelerator experiments
have raised even more questions in neutrino physics. The LSND and MiniBooNE experiments
have both reported anomalous oscillation measurements with excesses of v, events [27, 28], that
are in contention with the established 3-neutrino paradigm. It has been postulated that an exten-
sion of the present Standard Model description of neutrinos to include one or more neutrinos that
participate in oscillation but do not interact via the weak force could explain these short baseline
anomalies. The potential existence of such “sterile" neutrinos further brings into question whether
or not the Standard Model provides a complete picture of the lepton sector. Much research con-
tinues today to more precisely quantify the parameters of the PMNS mixing matrix, determine
the neutrino masses, and settle whether or not there are more than three neutrinos. Some of this
research is being carried out within the Short Baseline Neutrino Program (SBN), located at Fermi
National Accelerator (“Fermilab"). The SBN program hosts the ICARUS detector, which is the

detector used to collect data for the analysis presented in this dissertation.

1.2 The SBN Program and LArTPC Technology

The Short Baseline Neutrino Program, or SBN, was proposed to investigate possible explana-

tions for the observed LSND and MiniBooNE short baseline anomalies, with neutrino oscillation
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Figure 1.2: Artistic rendering of the detectors of the SBN program (SBND, MicroBooNE, and ICARUS),
and the beams they are exposed to (the BNB and NuMI beam), on the Fermilab campus. Image is adapted
from [3].

measurements of percent-level precision [29]. The program leverages multiple detectors at varying
short-baseline positions along Fermilab’s Booster Neutrino Beam (BNB) to measure oscillations.
The detectors included in the program are the Short Baseline Neutrino Detector (SBND), located
110 m from the BNB target (source of neutrinos), MicroBooNE, located 470 m from the target,
and ICARUS, 600 m downstream of the target. The BNB is created from 8 GeV protons incident
on a beryllium target in Fermilab’s accelerator complex. ICARUS and MicroBooNE are exposed
to additional neutrinos from Fermilab’s Neutrinos at the Main Injector (NuMI) beam, owing to
their small off-axis positions relative to NuMI (5.74° and °, respectively). NuMI is higher energy
than BNB, resulting from 120 GeV protons incident on a graphite target [30].

SBND, ICARUS, and MicroBooNE are liquid argon time projection chambers (LArTPCs),
which are state-of-the-art detectors with an ability to reconstruct particle interactions that occur
in the detector with high spatial, temporal, and calorimetric precision. These features of LArTPC
technology further enable high-confidence particle identification. Flux systematics and some corre-
lated detector uncertainties (associated with any shared features of various detectors) will be highly
constrained in joint oscillation analyses performed with multiple SBN detectors’ data, while other
sources of uncertainty related to interaction models and uncorrelated detector effects continue to
diminish with ongoing measurement and calibration. These highly constrained systematic uncer-
tainties, combined with the high statistics of neutrinos delivered and to-be delivered by the BNB

during the Program’s lifetime, will enable short baseline oscillation and neutrino-argon cross sec-



tion measurements with expected percent-level uncertainties in coming years. Furthermore, SBN
also serves as an extensive research and development platform for Fermilab’s flagship experiment,
DUNE, whose unprecedented scale will trailblaze further discovery in neutrino physics in coming
years [31].

LArTPCs were first developed as a high-precision particle detector at Harvard in 1977 [32].
Fundamentally, a LArTPC consists of a cryostat full of liquid argon, in which particle interactions
occur. When charged particles interact with liquid argon, the Ar atoms scintillate and ionize. The
cryostat of the LArTPC is immersed in a uniform electric field, so that free, ionized electrons
“drift" to one side of the detector, at which there is an array of electrical instrumentation to read-
out charge signal associated with 2-dimensional spatial coordinates (lending to the name “time
projection chamber"). This instrumentation can consist of wire planes or CCDs, for example.
LArTPCs further leverage a photon detection system, which is used to ~ instantaneously collect
the scintillation light emitted at the time of the particle interaction. Using the electron drift velocity
in the argon (which depends on the argon purity, and can be measured) together with the time of the
scintillation and charge readout signals, the third spatial dimension (i.e. along the drift direction)
of the particle interaction can be reconstructed.

Figure 1.3 shows a schematic of the ICARUS detector, highlighting these basic working princi-
ples of a generic LArTPC. An electric field, equal to 500 V/cm in this example, drifts the ionization
charge to the anode plane. In this case, charge signals are collected on three arrays of parallel wires
labeled Induction 1, Induction 2, and Collection, and PMTs are implemented for the photon detec-
tion system. The details of this figure that are specific to the ICARUS detector are elaborated upon
in Section 2.2.

These light and charge signals are emitted all along the incident particle’s trajectory through the
LAr, thus enabling its reconstruction in 3 dimensions. The spatial resolution of the reconstructed
particle trajectory is set by the resolution of the electrical TPC readout. Furthermore, the amount
of charge collected at each point along the trajectory provides a profile of the incident particle’s

energy loss as it traverses the Argon. If a particle comes to rest within the active volume of the
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Figure 1.3: Schematic of the ICARUS detector, highlighting the scintillation light and ionization charge
emitted when an incident charged particle interacts with the liquid argon. At the anode plane, the ionization
light is measured with an array of photomultiplier tubes. The ionization charge, drifted to the anode by an
externally applied electric field, is measured by three planes of parallel wires. The charge induces signal on
the first two planes, and is collected on the third plane. Image created by ICARUS collaborator Guadalupe
Moreno.

detector, the charge collected along its entire trajectory can be integrated to determine the particle’s
kinetic energy at incidence.

Finally, the topological signature of the deposited charge can inform about the particle’s iden-
tity. Reconstructed topological signatures of ionization charge in a LArTPC generally fall into
one of two categories: “tracks" and “showers." Tracks manifest as a continuous line segment of
charge that “paints" the incident particle’s trajectory through the LAr. All charged particles other
than electrons or positrons produce tracks (given they are above the energy threshold required for
reconstruction — most LArTPC experiments to date report this threshold to be around 50 MeV). By
contrast, showers are more complex topological signatures, wherein the signal resembles a “spray"

of charge rather than a discrete, continuous line segment. Showers result from photons, electrons,



and positrons interacting with the argon. These light, electromagnetic particles radiate additional
photons which then pair produce to create e™ and e~, which radiate more photons, and so forth.
The cycle repeats itself until the expendable energy from the incident particle disseminates, result-
ing in a disperse, conical signature of ionization charge reconstructed as a shower.

A few more tricks are employed to distinguish particle type in LArTPCs, even beyond the
classification of reconstructed objects as tracks or showers. The Bethe-Bloch formalism (see Sec-
tion 34 of [15], and references therein) provides a model for the differential energy loss due to
ionization and scintillation processes with respect to distance traversed, dE/dzx, of different types
of charged particles traversing various materials. Measures of the differential energy loss along
reconstructed tracks can be compared to the signature expected from the Bethe-Bloch expectation
in argon, for given particle types, in order to determine the most likely specimen. Muons and pions
tend to be difficult to distinguish from one another with this method, due to the close proxim-
ity in their signatures of differential energy loss, which can become indistinguishable at the level
of LArTPCs’ reconstruction ability. Protons, however, have a significantly discrepant signature,
making them easier to distinguish from muons and pions. Figure 1.4 shows the dE/dz signatures
for each of these particles, as predicted from the Bethe-Bloch formalism. Figure 1.5 shows the
calibrated dE//dx for a sample of stopping muons in the ICARUS detector, with the theoretical ex-
pectation for muons in argon overlaid, demonstrating the LArTPC’s ability to use the differential
energy loss as a means for particle identification.

For showers, photons can be distinguished from e* based on the presence or absence of what
is referred to as a “conversion gap." Interaction vertices can be determined from TPC readout by
identifying the intersection of multiple particle’s starting point. Electrons and positrons originating
from this interaction begin ionizing argon atoms immediately, leading to electromagnetic showers
beginning right at the interaction vertex. Photons, on the other hand, do not directly ionize the
argon atoms themselves. Rather, the e* pair-produced from the photon are what induce the ioniza-
tion. Since ionization from the radiation chain is not visible until the initial e* are produced from

the photon, the visible shower’s starting point is typically displaced from the interaction vertex.
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Figure 1.4: dE/dx, vs. residual range for different types of charged particles traversing LAr, as predicted
by the Bethe-Bloch formalism. Residual range is defined as the distance along the track, measured from the
particle’s ultimate stopping point.

This displacement is referred to as a “conversion gap.” Typically, photon conversion gaps in argon
are about 10 cm long. The ability to confidently distinguish e* and photons is a novel ability of
LArTPCs - other particle detectors used in neutrino physics before the advent of LArTPCs, such as
Kamiokande which is a Cherenkov detector, are much more limited in their ability to discriminate

between electrons (or positrons) and photons.

1.3 Problem Statement and Roadmap for this Work

Though the SBN Program and its participating experiments were designed for the primary
purpose of advancing neutrino physics, the same characteristics that enable detailed observation
and characterization of the neutrino interactions in the LArTPCs also lend themselves to detecting
interactions of any exotic particle interaction occurring in the detector, that results in visible (i.e.
charged) SM particles in the final state. Various phenomenological works have demonstrated that
the SBN experiments could be sensitive to a wide spectrum of candidate BSM particles, including
Higgs portal scalars [33], heavy QCD axions [34], heavy neutral leptons [35], millicharged parti-

cles [36], and inelastic dark matter [37], for example. The anticipated signatures of these particles
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Figure 1.5: Calibrated dFE'/dx measurements as a function of residual range, for a sample of stopping
muons seen by ICARUS. Figure is from [4].

are diverse owing to their wide range in possible decay channels and kinematics. They therefor
pose a wide breadth of opportunity to discover New Physics. As such, robust programs to search
for (non-neutrino) beyond-the-Standard-Model (BSM) physics exist within each of the three SBN
experiments, complimenting the experiments’ primary research objectives in neutrino physics.
This thesis presents work towards a search for BSM particles that could arise in the NuMI beam
at Fermilab, and decay into a pair of muons inside the ICARUS detector. Higgs portal scalars and
heavy QCD axions (sometimes abbreviated as “ALPs,” for “axion-like particles”) are two such new
particles that could produce this signature. In particular, the analysis selects for dimuon candidate
events, where one or both of the muons exits the active volume of the detector before coming
to rest. The analysis presented here compliments [CARUS’s first published physics results [38],
which selected for dimuon pairs that are fully contained in the detector, by probing a higher energy
phase space of the BSM models of interest: when the BSM particle has more energy, its decay
products (i.e. the muons) are more boosted and thus less likely to come to rest before exiting the
detector. This trend is exemplified in Figure 1.6, which shows the fraction of dimuon events fully
contained in [CARUS as a function of true portal particle energy, for simulated HPSs and ALPs at

ICARUS.
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Figure 1.6: Fraction of simulated BSM events with dimuon final states that are fully contained in the
ICARUS fiducial volume (defined for the present work in Section 5.1.1), as a function of binned true BSM
particle total energy. The BSM events are generated according to the Higgs portal scalar and heavy QCD
axion models, as described in Sections 3 and 4.

Chapter 2 describes in more detail the legacy, hardware, and data collection of the ICARUS ex-
periment, laying the foundation for how data is collected and leveraged in this analysis. Chapter 3
describes the pertinent theory underlying the Higgs portal scalar and heavy QCD axion models.
These portal particles’ theoretical characteristics are what dictate their rate of production and decay
in NuMI and the ICARUS detector, and thus affect the degree to which ICARUS is sensitive to the
models. In the field of high energy particle physics, it is customary to simulate signatures of signal
and background that are expected in data, to 1) verify a working understanding of the detector
response systems and data reconstruction tools, 2) develop and optimize your analysis procedures
on simulated data, without spoiling the actual results in data before the analysis is mature, and 3)
determine limits on specific models set by the data, or to verify that the data is consistent with
specific models. This custom calls for detailed modeling of each of the following for both the
signal (HPS and ALP events, in this case) and sources of background (cosmic rays and neutrinos):
particle production in the neutrino beam or atmosphere, particle propagation to ICARUS, particle

decay or interaction with the liquid argon nuclei, and the detector response to interactions taking
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place in the LAr. A new event generator used to simulate BSM particles within the SBN Program,
called MevPrt1 [39]', was used to simulate the signal events. The simulation approaches and
tools (including MeVPrt1) used to generate Monte Carlo samples for the analysis are described
in Chapter 4. Chapter 5 describes the event selection used to discriminate between signal and back-
ground in the search for uncontained dimuon final states indicative of BSM physics, and Chapter 6
describes the sources of systematic uncertainty inherent to the analysis. Comparisons between
Monte Carlo events and data in a sideband region far from the signal box are shown in Chap-
ter 7, demonstrating adequate modeling of neutrino fluxes, neutrino interactions, and the detector
response. The projected sensitivity of this search to the Higgs portal and ALP models spaces is
presented in Chapter 8, taking into account the event selection performance on simulated data sets
and the estimated uncertainties. Chapter 9 presents a plan for unblinding a near sideband and the
signal box, as well as interpreting the observed data in those regions in the context of a discovery
of evidence or as an exclusion limit, for the HPS and heavy QCD axion particles.

This dissertation presents most of the work required for this analysis. That said, there are a
small number of remaining tasks to be completed after the time of writing, that are required to
bring the analysis into a fully mature state. These outstanding tasks are noted throughout the text,

and summarized in Chapter 10, along with other conclusions.

'P. Abratenko et al. (ICARUS and SBND Collaborations for the SBN Program) MeVPrtl: An Event Generator for
Dark Sector Particles in the Short- Baseline Neutrino Program. 5 2026.
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Chapter 2
The ICARUS Detector

2.1 History

The ICARUS detector of the SBN experiment is largest operating LArTPC detector ever built,
and the culmination of roughly two decades of research and development across various scientific
institutions. The ICARUS detector, also referred to as the T600 detector, was first built to observe
neutrinos from the CERN to Gran Sasso (CNGS) beam, housed under Grans Sasso National Park
at Gran Sasso National Laboratory (LNGS) in Italy. The Italian Institute for Nuclear Physics
(INFN) oversaw the commissioning and operation of ICARUS during its “first life” in Europe.
Assembly of T600 began in 1999 in Pavia, leading to a successful 3 month test run to observe
cosmic rays in 2001 [40]. In 2004, ICARUS was transported to the underground laboratory of
LNGS, where it underwent 6 more years of commissioning and was used for its physics analysis
[41]. The LNGS laboratory is strategically located underground beneath about 1400 meters of
rock, which significantly shields the experiments housed there from exposure to cosmic rays. A 3-
year run of data taking in the CNGS beam began in 2010, leading to results that placed limits on v,
disappearance [42] and refuted the OPERA experiment’s earlier claim of super-luminal neutrinos
[43,44]. The successful run also demonstrated the reliability and promise of LArTPC technology
for producing high confidence physics results.

From 2013 to 2014, ICARUS was decommissioned and transported to CERN, where upgrades
were made to ICARUS for its “second” life as the far detector in the SBN Program at Fermilab
[45,46]. ICARUS arrived at FNAL in 2017 and was installed in the designated Far Detector (FD)
building along the Booster Neutrino Beamline in 2018. Warm commissioning ensued for two
years, followed by cold commissioning and the filling of liquid argon in 2020. ICARUS recorded
its first cosmic activity at Fermilab with the cathode and anode ramped to nominal voltage in

August of 2020, and the first of its physics-data-taking runs commenced in June 2022 [4].
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2.2 Hardware

The ICARUS detector is comprised of two cryogenic modules containing LAr, each 3.6 m wide
by 3.9 m tall by 19.6 m long (along the beam direction). The detector coordinate system is a right-
handed system defined with & going from side-to-side across the detector, ¢ pointing vertically
up, and Z along the neutrino beamline. The cryostats are filled with a cumulative total of 760
tons of ultra-pure liquid argon [47]. There are three distinct subsystems of hardware responsible
for ICARUS’s data collection and readout: the time projection chambers (TPCs) [45, 48, 49], the
photon detection system (PDS) [46], and the cosmic ray tagger (CRT) [50].

The TPC system refers to the electronic readout instrumentation used to measure ionization
charge from particle interactions in the active volume of the cryostats. Each of ICARUS’s two
cryostats is further subdivided into two TPCs that share a cathode at the center and have respective
anode planes at the outer sides. A uniform electric field of 500 V/cm is applied to each TPC
by a surrounding field cage, so that the drift velocity of ionization electrons from the cathode to
the anode is uniform with respect to position along the drift coordinate (). The drift speed of
ionized electrons in ICARUS is 1.6 mm/us for the electric field of 500 V/cm. Given the high
average electron lifetime of 15 ms in ICARUS, attributed to by the high purity of the argon in the
detector [51], this drift speed is sufficient for detecting ionization charge originating even at the
maximum drift distance from the anode plane.

The anode plane for each of ICARUS’s four TPCs is comprised of three parallel planes of wires
normal to z. The wires in the first of these planes are parallel to Z, while the wires in the second
and third planes are oriented at 60° and -60° relative to Z. The first two planes do not interfere
with the ionization charge incident onto the cathode. Instead, the ionization charge merely induces
waveforms of current on these wires. As such, the first and second wire planes are referred to as
Induction 1 and Induction 2. The third wire plane actually collects the ionized charge and is thus
referred to as the Collection Plane.

To understand how the signal from each wire plane comprising the anode is used to reconstruct

a 3D image of particle trajectories using the ionization charge, first consider just the collection
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plane. The collection plane is oriented parallel to Z so that each wire is perfectly horizontal and
resides at a discrete vertical position along 3. For this plane, charge collected on a wire located at
position y corresponds to the origination of charge, or interaction between the incident particle and
the LAr, at the same coordinate y. Furthermore, scintillation light collected by PMTs surrounding
each TPC (discussed further below) are able to provide a timestamp for particle interactions with
the LAr, marking the production of the ionization charge. Together with the known drift speed
of the ionized electrons through the argon, this time stamp can be used to determine the incident
particle’s interaction position along the drift coordinate z. Thus, the x and y coordinates of the
incident particle’s trajectory can be reconstructed using just the Collection plane of wires. With
the inclusion of an additional wire plane whose pitch is offset relative to the Collection plane, the
incident particle’s trajectory can be reconstructed in x and a direction with both ¢ and Z compo-
nents. Geometric computations can be performed to determine the incident particle’s trajectory in
xyz coordinates using the two sets of coordinates obtained from each wire plane. The inclusion of
a third plane of wires is not necessary for this computation, but offers redundancy that serves as a
useful cross validation tool.

Each of the anode wire planes consists of wires separated by 3 mm, allowing for an impressive
degree of spatial resolution across the entire active volume of the detector.

The ICARUS photon detection system is comprised of 360 Hamamatsu R5912-MOD photo
multiplier tubes (PMTs) that are used to detect scintillation light from particle interactions in the
LAr. The PMTs are arranged in arrays behind each of the sets of anode wire planes, with an array
of 90 PMTs spanning each TPC. The arrangement of the PMTs is such that PMTs are spatially
clustered in pairs, as seen in Figure 2.1. The PMTs are sensitive to scintillation signals below
a threshold of 100 MeV, with a timing resolution on the order of one nanosecond. Their high
light yield and temporal precision enable their use in determining the incident time of particle
interactions in the LAr from the ~instantaneous scintillation flash produced upon interaction. This
scintillation signal is used to reconstruct the interaction’s drift coordinate, as described above.

Furthermore, light collected by the PMTs is used to identify activity in the TPCs that is consistent
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Figure 2.1: Photograph of the inside of one of ICARUS’s cryogenic modules. The vertical metal sheet
separating the two time projection chambers is the cathode plane. The longitudinal bars across the top and
bottom of the TPC are the field cage. Arrays of photomultiplier tubes are shown at the anode plane of both
TPCs. Light flares from the wire planes are also visible at both anode planes. Image is from [5].

with the expected arrival times of particles from the BNB or NuMI beams. This signal is used to
“trigger” data readout of all detector subsystems, as described in Section 2.3.

Figure 2.1 shows the inside of one of ICARUS’s cryogenic modules during installation, before
getting filled with the liquid argon. The field cage, cathode plane separating two TPCs, and arrays
of photomultiplier tubes at the anodes are shown. There are also light glares in the photograph
on both of the anode planes, which are caused by the TPC wire planes. The individual wires
themselves are too fine to depict in the image.

The cosmic ray tagger is ICARUS’s final detector subsystem, and plays the role of identifying
activity in the active volume that originated anywhere other than from the neutrino beams. At
Fermilab, the ICARUS detector is located at surface level, making the detector significantly more
exposed to cosmic rays than it was at LNGS. A 3 m-thick concrete overburden was installed above
the detector at Fermilab, which helped to reduce the cosmic flux by about a factor of 2. Still, the rate

of cosmics entering the detector even with the overburden in place is 11 kHz, posing a substantial

17



source of background for searches of physics originating in the neutrino beams. The cosmic ray
tagger exists to mitigate this background by identifying the time and location of particles entering
and exiting the detector, where these “tags” are used to discriminate between activity originating
in the neutrino beams or elsewhere. The cosmic ray tagger system as a whole is composed of the
top CRT, side CRT, and bottom CRT, for nearly 47 coverage around ICARUS. Each of these CRT
subsystems have slightly different designs, as described in [50], but they all utilize two layers of
scintillating plastic embedded with optical fibers. The light signals in these fibers is read out either
by silicon photomultipliers (top and side CRTs) or PMTs (bottom CRT).

For the BSM analysis presented in this thesis, all cosmic background interactions are rejected
using information from just the TPCs and PMTs, and the primary background consists of neutrino
interactions originating in the NuMI beam. Since the primary background has the same CRT
signatures (i.e. detector entry points) as the signal events, CRT data is not used in the analysis.
On the other hand, cosmics are the primary background when selecting for neutrino interactions,
making the CRT an indispensable tool for ICARUS in the context of its primary physics objectives
dealing with neutrinos, and especially given its high susceptibility to cosmic rays at the surface

level.

2.3 Operations and Data Collection

The BNB and NuMI beams each deliver protons to their respective targets in bursts colloqui-
ally referred to as beam “windows” or “spills” that are 1.6 us and 9.6 us long for BNB and NuMI,
respectively. For each beam, an “early warning” signal is sent from the Fermilab accelerator com-
plex to the various experiments a fixed time before protons hit the target, providing a time reference
for the start of each beam spill [6].

In conjunction with beam early warning signals, PMT light signals are used to trigger the
readout of activity in the active LAr that is “in-time” with the arrival of neutrinos from the BNB
and NuMI beams. The logic employed for this triggering, referred to as the “majority trigger,”

requires the majority of PMT pairs in the array to see a light flash above some programmable
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Figure 2.2: Profile of BNB (left) and NuMI (right) ICARUS on- and off-beam triggers as a function of time
relative to the start of each beam window, for ICARUS Run 2 of data taking. Image is from [6].

threshold. Majority trigger samples collected in time with the neutrino beam are referred to as
“on-beam” data sets. Due to the constant onslaught of cosmic rays, a portion of all on-beam data
is from cosmics that satisfy the majority trigger and just happen to occur in ICARUS during the
expected time window for neutrinos. To account for this contamination, the majority trigger is also
used to collect samples of events that are out-of-time with neutrinos from the beams, referred to
as “off-beam” samples. The difference between on- and off-beam data corresponds to the number
of majority triggered events originating in BNB or NuMI, and can be used in physics analyses to
study neutrinos and other exotic particles from the beam that would arrive at ICARUS during the
beam windows.

Figure 2.2 shows the number of triggers for the BNB and NuMI beams as a function of trigger
time (defined with respect to the early warning signal), for on- and off-beam data sets in a given
beam window. Six 1.6us “bunches” of protons are delivered to the NuMI target during a single
beam spill, and this substructure is discernible in the figure due to the resolution of the triggering
system.

A second triggering mechanism, referred to as the “minimum bias trigger,” triggers data col-
lection every /N number of beam spills, with no requirement on the amount of scintillation light
observed by the PMTs. The minimum bias trigger is used for to evaluate the efficiency of the ma-

jority trigger, and could be used to study processes that are out of-time-time with neutrinos from
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the beam, such as cosmics themselves or any heavy particles originating in the beam that would
travel more slowly than the near-light-speed neutrinos.

Once an event is triggered, TPC data is recorded for 1.5 ms, a time sufficient for even the
longest drift distance for ionization charge, PMT data is recorded for a 2 ms time window around
the beam spill in order to collect light signals for all cosmics that enter the LAr during the ionization
charge drift time [4], and CRT data is recorded for 6 ms. Data collected across the TPC, PDS,
and CRT subsystems is time-synchronized with proton beam spill signals from the accelerator
complex to within a few ns using a White Rabbit network [52]. The data is then sent to centralized
processors, the “EventBuilders,” where it is arranged into “events,” or collections of data spanning
all detector subsystems but common to a particular trigger.

ICARUS has completed four physics quality data runs since 2022, with the fifth ongoing. Runs
1-3 collected data from both the BNB and NuMI beams, while Runs 4 onward have only collected
BNB data due to technical issues with the infrastructure needed to run NuMI at Fermilab. The first
two NuMI runs were collected with the forward horn current (FHC) configuration, referring to the
direction of current in the magnetic focusing horns used to focus charged particles in the beam.
The third run operated with reverse horn current (RHC). The exposure of each run is quantified
by the number of incident protons on the target (POT) throughout the run. Table 2.3 summarizes

ICARUS’s physics data runs. The physics analysis presented in this thesis utilizes NuMI data from

Runs 1 and 2.
Run # Dates BNB (FHC) POT NuMI (FHC) POT NuMI (RHC) POT
Run 1 June - July 2022 0.42 x 10%° 0.69 x 10%° -
Run2 Dec. 2022 - July 2023 2.13 x 10%° 2.84 x 10%° -
Run3  March - July 2024 1.36 x 102 - 2.82 x 10%
Run4 Dec. 2024 - July 2025 3.63 x 10%° - -
Run5  Oct. 2025 - present 0.80 x 10%° - .

Table 2.1: Dates, exposure, and horn current configuration for ICARUS’s completed and ongoing physics
data runs.
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It is important for ICARUS to collect as much physics-quality data as possible whenever the
BNB and NuMI beams are running at Fermilab. This priority drives a policy of continuous mon-
itoring of detector operations, where members of the collaboration are assigned shifts to oversee
successful running of all detector and data acquisition subsystems. The designated team of “detec-
tor slow controls” (DCS) experts, which I am one of, is responsible for creating and maintaining
the software systems used by shifters and hardware experts to monitor operations, and intervene
when needed (intervention could entail turning a subsystem off or on, or adjusting the voltage de-
livered to a PMT, as a couple of examples). Throughout the course of my PhD work, I have made

many contributions to ICARUS DCS efforts, some of which are described in Appendix A.2.
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Chapter 3

Theory

3.1 Higgs Portal Scalars

Solutions to the Standard Model’s shortcomings may lie in a hidden sector weakly coupled
to the Standard Model. Models in which these couplings are mediated through renormalizable
extensions to the SM are preferred for their analytic simplicity. The Higgs portal is one such
model, and can be used to probe light dark matter (eg [53]) and describe reheating in the Early
Universe (eg [54]), among other anomalous phenomena.

In the Higgs portal scalar model, the mediator between the SM and dark sector is a neutral
scalar particle (.5) that mixes with the Higgs boson. The model is described in the mass basis by

the interaction Lagrangian

2 2 2 2 —
Lin =sin0S ( e A ff) 7 (3.1)

v v 7
where 6 is the mixing angle of the scalar S with the Higgs, v is the Higgs vacuum expectation value,
and f are the Standard Model fermions. The parameter space is in this way characterized by the
mass of the scalar mg and the mixing angle 6. Decay products of mediators with masses below the
K- mass difference and mixing angles down to order 10~ can be detected by the SBN LArTPCs.
In particular, scalars produced from NuMI kaons and decaying to ete™, i 1™, or a pair of pions in
ICARUS have the greatest projected sensitivity in the range mg ~ 40 — 360 MeV [33]. Searches

at MicroBooNE have demonstrated sensitivity to the Higgs portal scalar parameter space [55].

3.1.1 Production

Kaon decay K — 7.5 is the dominant production channel for Higgs portal scalars at the SBN

Program [33], where K can be either K* or KV. (K? — 7°S is significantly suppressed by the
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Figure 3.1: Left: Higgs portal scalar (S) production from kaons. Right: Higgs portal scalar decay to two
leptons, in this case muons. The filled dots represent mixing between S and the Higgs boson (h).

K?s short lifetime and CP violation) The leading diagram for this process is a W boson-top quark

penguin diagram with partial width
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where v is the Higgs vacuum expectation value and V), are elements from the CKM Quark-
Mixing Matrix [33]. Veogar = Vig X Vis for K=, and Re(Viq) x Vi, for KY; the Wolfenstein
parameterization for these constants [15] is used for the present analysis. The Feynman diagram
for HPS production via kaon decay is shown in the left panel of Figure 3.1.

Scalars may also be produced via B meson decays and proton bremsstrahlung processes [54].
However, very few B mesons are produced at the SBN detectors given the program’s relatively low
energy flux, e.g. relative to collider experiments. Furthermore, [33] finds that proton bremsstrahlung
processes do not improve SBN’s sensitivity beyond kaon-decay production channels. This analysis

thus neglects both of these production modes.

3.1.2 Decay

For the scalar mass ranges that the SBN Program is sensitive to, Higgs portal scalars may decay

into lepton or pion pairs. The partial decay width into leptons is given by

Smv?

2 Am2 3/2
T(S — 1F17) = g2 1S <1— ml) , (3.3)
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Figure 3.2: Higgs portal scalar branching ratios.

and is represented in the right panel of Figure 3.1. Scalar decay to pions is calculated with chiral
perturbation theory, resulting in

aQ (m2)‘2 Am2 1/2
r 0.0y _ 2 |G (my 1 _ M ‘ 4
(S—nnm)=46 Eo m2 (3.4)

The hadronic form factor G (x) can be calculated numerically from [56-59]. T'(S — nt7n~) =
2 x T'(S — 7%70), since the charged pions comprise two components of the pions’ isospin triplet.

The branching ratios for the Higgs portal scalars are shown in Figure 3.2.

3.2 Heavy QCD Axions

Heavy QCD axions are motivated as a solution to the Strong CP problem in the Standard Model,
which is a tension between an electron dipole moment for the neutron predicted by the Standard

Model term £ D 933; GG v and non-observation of the neutron dipole moment experimentally

[16-20].The QCD axion field a, defined by a gluonic coupling, resolves the Strong CP problem
by shifting the effective potential of § to zero: 6 — O = (6 + a/f,). fa is a necessary model
parameter referred to as the axion decay constant, with units of energy (units of GeV should be

assumed anywhere units are omitted in this text).
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The Peccei-Quinn (PQ) mechanism [60, 61] achieves this by coupling the QCD axions to glu-
ons. In this scenario, upon confinement, the QCD axion generates a potential with a CP-conserving
minimum so that the solution is achieved dynamically. The Peccei-Quinn mechanism leads to
“light" QCD axions with mass m, < 5.7 MeV. A shortcoming of the PQ solution to the CP prob-
lem, however, is that the U(1)pg PQ symmetry is subject to breaking by anomalous gravitational
effects. This symmetry breaking in turn reintroduces otherwise Planck-suppressed terms which
drive the potential back away from the CP-conserving minimum needed to address the Strong CP
problem. This predicament is coined the “quality problem” [62—66].

Heavy (m, ~ GeV) QCD axions provide a solution to the Strong CP problem while avoiding
the quality problem that arises in the PQ mechanism (see [34] and references therein). When
m, 2 100 MeV, the axions are too heavy to be dictated by strong dynamics, leaving the minimum
potential impervious to gravitationally-induced CP violating terms. Notably, heavy QCD axions
are too unstable to be considered a viable dark matter candidate.

While gluonic couplings are the definitional component of QCD axions, couplings to the other

SM gauge bosons and to leptons are also allowed. The complete Lagrangian for these axions is as

follows:
1 2 1 2 2
»Caxion = 5(8ua) - Emaa + »Cgauge + »Clepton (35)
with
(0%} ~ (oD ~ (71 ~
E auge = - . GG WW BB 36
aug 6387rfaa +C287rfaa +Cl87rfaa (3.6)
and
dua s,
£lept0n = Z &) 2fa Efy '75€~ (37)

K:&Hﬂ'
For simplicity in the analysis, I consider a “codominance” scenario in which all the gauge
couplings are equal (¢c; = ¢, = c3), and assume ¢, is the only non-zero leptonic coupling. These

assumptions are commonly employed for other QCD axion searches as well (e.g. [34, 38]).
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Figure 3.3: Feynman diagrams for ALP production via kaon decay (left) and mixing with pseudoscalars
70, m, or 1/ (right). The crossed dot is a weak vertex in the chiral effective theory. The solid dot on the left
is a shorthand representation of the axion mixing with the pseudoscalars, i.e. the process shown in detail on
the right. The mixing is mediated by quarks (solid lines) and gluons (looped lines).

3.2.1 Production

Axions can be produced at the SBN Program from kaon decay or through mixing with pseu-
doscalar mesons 7, 7, and 7/, as depicted in 3.3. Production via kaon decay dominates below
the myx — m, axion mass threshold [7]. At higher masses, ALPs are primarily produced via mix-
ing with pseudoscalar mesons 7%, 1, and 1. Reference [67] points out that the Primakoff process
v+ A — a+ A in which a photon scatters off of a nucleus to produce an ALP would be the
dominant production mechanism if the ALP’s gluonic coupling were subdominant to its photonic
coupling, but this scenario is not considered in the present analysis.

Production of ALPs in kaon decays is described as follows. CP violation suppresses the pro-
duction of axions (which are CP odd) from K?, leaving just the following relevant branching

fractions for axion production via kaon decay [68,69]

X

2
B (1 ) - T 20 (koYY [Ny
1-— 4m7r/mK (38)

Ty f2 \4mi —3m2 —m2

Br (K§ — 7tn")

and

TKE

Br(K$ — n%a) = —*Br(K* — 7% a), (3.9)

TK*
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where 7y are the respective kaon lifetimes and f,~ 130 MeV is the pion decay constant. Produc-
tion from K72 is highly suppressed by the ratio 7, /7x+ in 3.9, so to good approximation, only
charged kaons can significantly produce the axions.

For heavy QCD axion production via mixing, the rate of mixing with a meson m is equal to

the magnitude-squared of the relevant mixing angle, |0,,,|>. The relevant mixing angles are given

by [34,70]

1 fr m?
6/2 fam2 —m2’
5 1 frm?2—4m?2/9
o g
1 fom? — 16m2/9

T 2/6 e m2—m?

eaTr -

(3.10)

Oy

3.2.2 Decay

Partial widths for heavy QCD axion decay channels that are relevant to ICARUS are enumer-
ated below. Feynman diagrams for some of the processes are shown in 3.4. Fig. 3.5 shows the

branching ratios for ALPs with model parameters ¢, = ¢, = 0.0l and ¢; = ¢y = ¢c3 = 1.

1. Photons:

The width for axion decay into two photons is given by [34,70,71]

ey [*mq

a—yy — Wa (3.11)

where « is the fine structure constant and c, is the axion coupling to photons. ¢, is enhanced

by all other axion couplings at loop level [34,72]:

2 _
9 mi—m

2 8m§—4m3r/9+7m§—16m72r/9
3mZ—m2 9 mi—m? b

1
¢ = s (—1.93+— M L 2

5
+ 501 +co+2 Z ceB(4m7/m?), (3.12)

€:€7M77
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)+
Figure 3.4: Feynman diagrams for the following ALP decays: a — v, a — 37, a — 27y, and a — (/.
The solid dots represent ALP/meson or p/y mixing.

where B(z) =1 — zf(x)? and

sin”! <L> ifr>1
f(z) v (3.13)
3+ log (HVE=E) ifa <1,

The factor or —1.93 is an empirical value derived from a fit of chiral perturbation theory and

lattice QCD to decay and scattering data [72].

2. Hadronic decay: 37

Analytic results from [73] are used to model hadronic axion decays in this work, yeilding

amplitudes for the two possible a — 37 channels equal to
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Figure 3.5: ALP branching fractions for ¢, = ¢, = 0.0l and ¢; = c3 = c3 = 1.
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Afa — 370) = gZ[@w—&C%+w%%+&m>@@mﬂwmﬂ

m2 — om2
+¢},2_®£(JEW+&”H,
w n

Ala — nta 7% = Sflf [( mZi .- —mg —2m2) (am)
1
—&ym? (% + V2S5, + Snfw> (\/i(am + (an’))
5 m2 — Qm%
* [mfr —4mg %
(\/gm?T (\/§an + Snxﬂ) m2,__ +m?2+3m > ] .

(3.14)

o1 = (my, —myg)/(my +my) = 1/3 is the isospin symmetry breaking factor, computed from

the up and down quark masses. Sp,p, = Mp,p,/(m3, — m3,), where mp, is the mass of
2 _ .2 2 _ .2

meson P (, n, or /), M7, = —m7+/2/3, and M7, = —m?/+/3. The brackets () are used

to denote expectation values, which are given by
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{am) ~ 2 m2 —m2’
(an) m2  m?2 1 |
an) ~ | —& —
g \/6 2\/6 mg - m%’ (3 5)
() ~ [ m?2 B mfr] 1
23 V3] mZ-m?

The decay widths are derived from these amplitudes as

k
25m,

/ |A(a — 37)|?d®s. (3.16)

Fa—>37r =

Here, & = 2.7 is an empirical factor introduced to bring the equivalent analytic result for the
n — 3w decay width into agreement with experimental data, and S is a symmetry factor
equal to one for the a — 777" channel, and equal to six for the a — 7°7°7") channel.
For three body decays of the axion with mass m,, into particles with masses my, ms, and ms,

the phase space differential is
dm?,dm?2,
3. Hadronic decay: ©+n~

Axion decays to this final state undergo an intermediary p vector resonance, so that the

overall decay width is given by

3am; ) ) ) m2_ 13 4212
Fa%’Y(PH”J’_“_) = W dmrrﬂ"lQﬂ-BWP<m7r7r><app>‘ Mor 1 - m2 1— m2 y
(3.18)

where BW, is the Breit-Wigner function for the p resonance. For axion masses above 1.4

GeV (which are not relevant for ICARUS), the amplitude in the integrand requires an addi-
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tional form factor. The expectation value is evaluated as

n
= 3.19
(app) /6 + V12 ( )
and [74] provides the Breitt-Wigner function as
BWP(S) - BWGS(Sa mp, Fp)v
GS _ 1 +d(mp)L,/m,
BW (Symp)rp) - mz — s+ f(S,mp,Pp) — impf(s,mp,Fp)’
D(s,m,,T,) =T i( Ba(s) )3
e =g \Gmd))
Br(s) = /1 —4m2/s,
3 m m, + 2k(mj) mp m2m,
dimy) = =1z mg>ln( 2 ) onk(m2)  wkdmz) 020
r,m?
f(s,mp, Tp) = kg’gm;’) [K*(s)(h(s) — h(my)) + (m), — s)k* (mg) R (my)]
P
1
k(S) = éﬁﬁﬂ'(s>7
h(s) = gk(s)ln (\/§+2k(s)) ,
T /S 2my
1oy dh(s)
h(s) = 7

4. Leptonic decays: a — Ul
Tree level couplings between heavy QCD axions and leptons result in the decay width

2 2 2
cimem; _Amy

87 [z mg

Lo = (3.21)

Fortuitously, leptonic decays can also arise from the other gauge couplings at loop-level,
qualifying leptonic decays as a viable search channel even in minimalist model scenarios

that do not explicitly include the leptonic Lagrangian term (see [7] and references therein).
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Figure 3.6: Values of the axion-muon coupling parameter, c,, induced from the other couplings at loop
level for the codominance scenario, as modeled by [7].

Under such a scenario, which will sometimes be referred to as the “running” (leptonic or

muonic) coupling, the induced leptonic decays depend on the relative strengths of the gauge

couplings ¢y, co, and c3. [7] describe this scenario assuming values of ¢y, ¢, c3 defined at an

energy scale of 47 f,. Starting with the initial condition that ¢, = 0 at this scale, they then

solve the one-loop renormalization group equations to run the couplings down to the scale

of the top quark mass m; ~ 172.69 GeV [15]. A non-zero ¢, is generated by this evolution.

Below the top mass, the running of ¢, stops at one loop, so it is considered to be the low-scale

effective value of this coupling. Figure 3.6 depicts the running coupling c,, associated with

different values of f,,.
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Chapter 4

Simulated Datasets

This analysis leverages simulated datasets of HPS, heavy QCD axion, neutrino, and cosmic
activity in the active volume of ICARUS’s TPCs. Specific Monte Carlo samples are generated
for the BSM signal events and for neutrino interactions arising in the NuMI neutrino beam, and
cosmic ray signatures generated with CORSIKA [75] are added to events in each of these datasets
to represent the cosmics that would enter the ICARUS TPCs during the TPC electronics’ readout

time of a neutrino- or portal particle-triggered event.

4.1 Simulated Neutrino Interaction Samples

The simulation of neutrino interactions in ICARUS relies on the accurate prediction of off-axis
flux (quantity, flavor, and kinematics) of neutrinos from the NuMI beam, and on how neutrinos
interact with argon nuclei in the ICARUS TPCs.

To produce the NuMI beam, hydrogen atoms are stripped of their electrons, accelerated to
120 GeV, and directed at a thin graphite target approximately 1 meter long [30]. The high energy
interactions between the accelerated protons and graphite produce hadrons, which are forward-
focused by magnetic focusing horns located downstream of the target. The direction of current in
the horns determines whether negatively or positively charged hadrons are focused, where the FHC
(RHC) configuration focuses positively (negatively) charged hadrons. Kaons and pions produced
in the target subsequently decay into neutrinos and other particles. Most resulting neutrinos tend to
be collimated due to the kinematic boost they inherit from their focused parent hadrons, but since
they are charge-less and thus impervious to the magnetic focusing horns, they do tend to disperse
to off-axis angles. The neutrino beam is also dispersed due to some of the hadrons decaying to
neutrinos before reaching the horns. This dispersion is what enables ICARUS to see a fraction of

NuMI-beam-generated neutrinos and other neutral particles.
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The MINOS experiment, which was the first experiment designed to study neutrinos from
NuMI, developed the first simulation for the NuMI neutrino flux, which is based on the Geomet ry
and Tracking (GEANT4) simulation toolkit [76—78]. Hadrons are transported and interacted
with material in the NuMI target and decay pipe in this simulation. The output of the simulation is
stored in the DK2NU [79] flux file format, which preserves kinematic information for every particle
produced throughout the chain from protons interacting with the graphite to the eventual neutrinos.
An additional software toolkit called the Package to Predict the Flux (PPFX)[80,81],
also developed by MINOS, compares the flux output by GEANT4 with data and applies corrections
and estimates of systematic uncertainties associated with hadron interaction modeling in order to
bring the simulation and data into agreement. These corrections and uncertainties are determined
using experimental cross section data, and can be propagated downstream for analyses that utilize
the NuMI beam (such as the one presented in this thesis).

The simulation approach was later upgraded by MINERVA for use in the MINERVA and
NOvA experiments (both of which also lie on the NuMI beamline axis). More recently, ICARUS
has dedicated effort towards characterizing the off-axis NuMI flux it sees. For ICARUS’s off-axis
angle of 5.75° relative to the Numi beam, much of the beamline geometry downstream of the target
is negligible. On the other hand, there are other materials, such as the presence of large concrete
slabs positioned along the vector from the NuMI target to ICARUS that must be accounted for,
as this dense material attenuates hadrons and neutrinos alike. Furthermore, some of the operating
conditions of the NuMI beam have changed since its inception and use in older experiments, such
as the beam spot size. These changes are also accounted for in ICARUS’s dedicated study and
characterization of the off-axis flux. [82] describes in detail all that goes into the off-axis NuMI
neutrino flux simulation for ICARUS, and the associated systematic uncertainties.

With a simulation of the NuMI neutrino flux as seen by ICARUS in place, charged current
(CC) and neutral current (NC) interactions between the neutrinos and the LAr in ICARUS are then
modeled. Neutral current interactions are mediated by the Z boson, and in these interactions the

incident neutrino persists to the final state. On the contrary, charged current interactions are medi-

34



ated by the Z™ or Z~ boson, and the incident neutrino is replaced by its lepton partner in the final
state. CC interactions, which dominate over NC interactions as background for the present analysis
since they are more easily mis-reconstructed as dimuon final states, can be further classified into

the following types:

* Charged current quasi-elastic and meson exchange current (CC QE + MEC): no pions
or other hadrons are produced in these interactions. For QE interactions, the v interacts with
a single neutron, resulting in a lepton and one nucleon in the final state. In MEC interactions,
the neutrino interacts with two nucleons, resulting in a lepton and two nucleons in the final

State.

* Charged current resonant scattering (CC RES): a neutrino and nucleon interact to pro-
duce a lepton and a A resonance, which is an excited state of the nucleon. The A subse-

quently decays back into a nucleon and typically one or more pions.

* Charged current deep inelastic scattering (CC DIS): typically occuring at higher energies
(E, ~ 10 GeV), the neutrino interacts with an individual quark in the nucleon, producing a
shower of other hadrons (pions and nucleons) in the final state that accompany the final state

lepton.

* Charged current coherent pion production (CC COH or CC Coh 7): a small energy
transfer from the neutrino to the nucleon coherently produces a pion. The final state is one

lepton and one pion.

The ICARUS collaboration uses the software package GENIE to generate v-Ar interactions,
though there are a suite of alternate event generators that can also be used (e.g. GiBUU [83],
NEUT [84], NuWro [85], and ACHILLES [86]). Each of these event generators have their own
implementation of neutrino-Ar cross sections, resulting in slightly different outputs for the distri-
bution of observable final state particles, given the same input of neutrino flux. These differences
between generators, as well as comparisons to experimental data, are used to determine systematic

uncertainties associated with the relevant cross section modeling.
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For the present analysis, I use a generic sample of NuMI neutrinos generated for ICARUS in
the production campaign MCP2023A. As will be presented in Chapter 5, the leading background
in the search for dimuon final states comes from CC Coh 7 interactions, which have one pion
and one muon in the final state. Despite being the primary background for the present analysis,
these interactions are very rare relative to other neutrinos, comprising less than 1% of the neutrino
interactions in the NuMI beam. To bolster the statics of the leading background, I use an additional
sample of “coh-like” events, which includes CC Coh 7 interactions and other neutrino interactions
with topologically similar final states. Generated neutrino events must satisfy the following to be
included in the coh-like sample: has > 2 generated particles of p, 7+, or Y%, and does not have
a proton generated with kinetic energy >50 MeV. The sample of coh-like events has > 50x the
statistics of coh-like events expected for data, compensating for the rarity of these interactions
relative to others in NuMI which otherwise leads to insufficient statistics for studying background

in the signal region.

4.2 MeVPrtl: Event Generator for BSM Processes within SBN

Members across the Beyond Standard Model working groups of ICARUS and SBND, self
included, have collaborated to develop an in-house event generator for simulating the production
and decay or interaction of 10s-100s MeV mass scale portal particles in the SBN detectors. This
event generator is called MeVPrt1, and is described in Ref. [39]. The MeVPrt1 generator is
used to make the simulated samples of Higgs portal scalars and heavy QCD axions produced via
mixing used in this analysis. It simulates the production of BSM particles via meson decay or
mixing in BNB or NuMI, the BSM particles’ decay or interaction inside ICARUS or SBND, and
the associated weight of each simulated event. At present the MeVPrt1 event generator includes
implementations for Higgs portal scalars, heavy QCD axions, and heavy neutral leptons. Event
weights are needed to recover the correct probability of the event occurring in actual data. The
positioning of the MeVPrt1 generator relative to the other simulation and reconstruction codes

used within SBN is shown in Figure 4.1.

36



MeVPrtl Event .
(Gen(l?ratic\);n . . Detector Response Reconstruction

Figure 4.1: Diagram of how the MeVPrtl generator fits into SBN Monte Carlo production. Image is from a
forthcoming paper describing the MeVPrt 1 event generator.

Event generation is split into four stages in MeVPrt 1: extraction of mesons from provided flux
files (such as those containing simulated neutrinos, as discussed in the previous section), determi-
nation of the portal particle flux, tracing portal particle trajectories from their production point to
the detector, and determination of the decay in the detector. Each of the four stages has its own in-
terfacing C++ module: TMesonGen, IMeVPrt1Flux, IRayTrace, and IMeVPrtl1Decay,
respectively. The modular organization of this event generator eliminates redundancy in simulating
different BSM particles, where there is shared overlap in the pertinent phenomenology. A diagram
depicting the four stages of event generation, along with example implementations for each stage,
is presented in Figure 4.2.

The total weight corresponding to each event produced by MeVPrt1 is a product of contribu-
tions from the various stages of generation, normalized by the number of protons on target (POT)

generated versus expected:

POTexpected

_— 4.1
8 POTgenerated ( )

Wiotal = Whux X Wray X Wdecay

Whux, Wray, aNd Wyecay are discussed in the following subsections, in the context of the module
in which each term is calculated. POTgeperaeq 18 the number of simulated protons on target and
POTypectea 18 the number of protons on target expected for the experiment being studied.

The analysis presented here uses signal events that have been de-weighted by the event gener-
ator. MeVPrt 1 de-weights events according to an accept-reject algorithm, where it calculates the
maximum possible weight m, and then rejects simulated events with weight w according to the

probability 1 — w/m.
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Stage Example Implementations

NuMIKaonGen BNBKaonGen NuMIEtaGen
MeVPrtlFlux: Decay mesc
. (, « 1, . HX ) ‘(.(.1} Heson Kaon2Scalar Tau2HNL
into “portal” particle
RayTrace: Transport particle WeightedRay Trace
to detector
Me\‘/ PrtlDecay: Decay back MakeHNLDecay
to SM

Figure 4.2: Schematic representation of the MeVPrt1 framework. Each of the four main stages of the
generator are shown in consecutive order at left in black. Specific example implementations that could be
run for each stage are shown in colored blocks to the right of the corresponding stage. There is exactly one
implementation for the RayTrace stage, WeightedRayTrace, as that physics is common to any dark
sector particle originating in the BNB or NuMI beam and traveling to the SBN detectors. Image is from a
forthcoming paper describing the MeVPrt 1 event generator.

MesonGen: Get meson

MeVPrtl is fully integrated with the SBN Program’s LArSoft-based [87] simulation and
reconstruction pipeline. The generator is hosted by the SBN Program on its GitHub repository
for common analysis software, SBNSoftware/sbncode. The generator’s code can be found in
sbncode/EventGenerator/MeVPrtl. Itis accessible on GitHub [88].

The physics for which each stage of the MeVPrt 1 generator is responsible is discussed in
Subsections 4.2.1, 4.2.2, 4.2.3, and 4.2.4. Subsection 4.2.5 presents work that I completed to

validate the event weighting procedure implemented in the MeVPrt 1.

4.2.1 IMesonGen: Meson Extraction

The IMesonGen class sources the parent particles, usually mesons, that will decay to or mix
with the BSM particles, and returns their information in the same format as the neutrino flux inputs
currently utilized in the SBN Program’s LArSoft [87] analysis pipeline. The IMesonGen class

also records the number of protons on target simulated for all of the provided parent particles.
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MeVPrtl encodes all needed meson information in LArSoft’s simb: :MCFlux [87, 89, 90]
object, which is used to handle neutrino fluxes, for easier incorporation into the standard neutrino
simulation code. The simb: : MCF 1lux objects also have fields reserved for neutrino information;
these fields are ignored by MeVPrt 1.

Information is extracted differently for long- and short-lived parent particles. To simulate long-
lived mesons K and 7*, the generator relies on the neutrino flux simulation in NuMI [30] and
BNB [91]. Kaons are extracted from g4numi [82] and g4bnb [92-94] Geant4 simulation
outputs in Dk2Nu [79] and BooNE format, respectively.

The short-lived 7°, 7, and n’ parent particles do not produce significant numbers of neutri-
nos, and so they are not kept in standard neutrino flux files, and therefor cannot be sourced from
g4numi or g4bnb flux files as the kaons can. The MeVPrt 1 generator instead sources the 70, 7,

and 7’ particles from a sample simulated with PYTHIAS [95], where primary proton-nucleon inter-

actions in the NuMI target are simulated at the center-of-mass energy Ecq, = \/ m2 + m3 + 2myE,.
Here, m is the mass of the target nucleon and m,, and £, are the mass and energy of the incident
proton, respectively. The resulting E., is 15.123 GeV for proton-proton collisions and 15.133 GeV
for proton-neutron collisions in the target. Nuclear motion, nuclear final state interactions, and
secondary interactions are neglected in this approximation of F.,. The protons and nucleons are
collided with the SoftQCD process, which simulates the low energy QCD interactions primarily
responsible for light meson production. The four-momenta of the resulting 7°, 7, and 7’ particles
is recorded for use in generating the portal particle fluxes in the next module. Noteably, the full
NuMI beam geometry downstream of the target is not included in the PYTHIAS8 simulation used
to source these mesons, but it is reasonable to neglect such a detailed simulation since the 7, 7,

and 7’ are unlikely to propagate far after production.

4.2.2 IMeVPrtlFlux: Portal Particle Flux Determination

The IMeVPrt1Flux class handles the production of the BSM particles via meson decay or

mixing, and sets the multiplicative weight associated with the production, wgy.
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For Higgs portal scalars, the decay width of kaons into scalars presented in Equation 3.2 is
used. For simulated heavy QCD axions, the mixing angles in Equation 3.10 are used.

For portal particles originating from long-lived mesons (M), the flux weight takes the form

Br(M — S+ X)

“Br(M > vt X) 4.2)

Whux = Wimp

The g4bnb and g4numi codes force mesons to decay into neutrinos for increased statistics of
neutrino interactions. This unnatural bias is accounted for by dividing by the SM branching frac-
tion of meson to neutrinos. Br(M — S+ X)) is then included to account for the probability that the
meson will decay to the portal particle of interest. The importance weight [92] wyy,, is a statistical
weight output by g4bnb or g4numi, reflecting the modification of used cross sections (g4bnb)
or encoding the survival probability of a parent particle (g4numi). For portal particles that come
from short-lived mesons, wg,, = Br(M — S + X). If it is impossible for a given meson to

produce a portal particle, the meson is skipped.

4.2.3 IRayTrace: Ray Tracing

The IRayTrace class takes as input the portal particle flux, and outputs a direction such that
the particle impinges ICARUS or SBND, along with the associated weight w,,y.

The geometry of the detector is modeled as a box containing the active volume(s) of the detec-
tor. The dimensions are specified in a coordinate system where 2 is the BNB axis and y is vertical.
In the case of a NuMI-generated flux, the detector is then rotated to a coordinate system where z
is the NuMI beam axis. The coordinates of the center of the detector are specified in the relevant
beam frame for the given simulation, with 6 being the polar angle with respect to the beam axis
and ¢ being the azimuthal angle around the beam axis. This reference frame is referred to as the
lab frame below.

To ensure efficient event generation, simulated particles are forced to follow a trajectory that
impinges a detector volume. This is done by sampling the portal particles’ direction from all those

that would intersect the detector, and accounting for the probability that the portal particle would
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actually take that path in the ray weight, w,,,. For portal particles that are produced isotropically

in the decay of a parent particle, this probability is equal to

1
Wray = EdQ,, (43)

where (' = (0',¢') is the solid angle spanned by the detector, in the rest frame of the parent
particle. A change of variables from the parent particle rest frame to the lab frame is applied, so

that the solid angle of the detector can be expressed in lab frame coordinates 2 = (6, ¢):

/
L ‘ AV . (4.4)

BT T

The TRayTrace module performs this integration by sampling particle trajectories from {2, and
applying the Jacobian |d€)/d(2| as weight on the event. This weight is known for neutrinos
(dSY /dY = E?/E'"), where the mass of the child particle is approximately zero [96]. The Ja-
cobian for massive child particles (i.e. the portal particles MeVPrt 1 simulates) is computed as
follows.

The momentum and energy of the child particle in the parent rest frame (p’ and E') are deter-
mined at the time of production via two-body decay. Furthermore, the child particle direction in
the lab frame (6, ¢) is known, since it is sampled from the solid angle spanned by the detector. The
child particle momentum in the lab frame (p) and the polar angle in the parent particle rest frame

(01) are expressed in terms of the known quantities as

_ E'Bcosl/y+ \/E?/v? —m? +m?B3? cos? 0
= 1 — (32 cos? 6

4.5)

and

—E'Bysin®0 & cos 0/ E2 /v —m?2 + m232 cos? 0
p'y(1 = B2 cos®0) ’

cost, = (4.6)

where 3 and ~ are the usual quantities from special relativity given by the velocity and boost of the

parent particle in the lab frame, and m is the child particle mass. Unlike the massless (neutrino)
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Figure 4.3: Example solutions to the lab frame momentum (4.5) and the ray weight (4.7). The solutions are
specified by the parent velocity in the lab frame (3) and the child mass () and momentum in the parent
rest frame (p’). Plots are from a forthcoming paper describing the MeVPrt 1 event generator.

case where there is exactly one solution to the Jacobian, there are two analytic solutions to the

Jacobian for massive child particles

(dQ’) _Epldp
+

A ), EBipPdy ) “
dp\ P BeosO+ E'/\/E? —~?m?(1— 32 cos?0) '
dp' ), E'v 1 — 32cos?6 '

One, both, or neither of these solutions are allowed for a given event, depending on the relative
kinematics of the parent and child particles. In the case that v ,4 > Uparent, Only (d€2'/d€2)_ is
physically possible. In the case that v/,;; < Vparent» Whether both or neither of (d€)'/d2) . are al-
lowed is dictated by the relative directions of the particles. Both solutions are allowed (of which the
generator randomly applies one) below a critical angle defined by cos 6, = \/m?——E’?/fy2 /(mp),
and neither solution is allowed for polar angles greater than .. The critical angle is the maximum
polar angle the particle can have and still arrive at the detector, when v/} ;4 < Vparent. Example nu-
merical solutions for the ray weight (i.e. Jacobian) and child particle lab frame momentum under

this scenario are shown in Figure 4.3.
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As is evident from the figure, the ray weight corresponding to the critical angle is infinite,
meaning that de-weighting with an accept-reject algorithm based on the maximum possible weight
cannot be performed. To overcome this issue, MeVPrt 1 provides an alternative computation that
only forces the ¢ angular variable to hit the detector, while still picking ' randomly. In this case,
the Jacobian contributing to the ray weight is trivial (d¢’/d¢ = 1), but the weight is scaled by the
fraction of successful throws of 6’ that impinge the detector, from a (configurable) set number of
throws for a single event. The event generation is still reasonably efficient with only one angular
variable forced to intersect the detector volume (= 0.1% of throws are successful). Events that

cannot possibly impinge the detector are dropped during the ray tracing stage of generation.

4.2.4 IMeVPrtlDecay: Portal Particle Decay

The IMeVPrt1Decay class also takes the portal particle flux as input, and outputs the decay
information of the particle. This information includes the portal particle’s decay position and time,
the list of particles it decays to, and the kinematics of the portal particle and its decay products.
The associated probability for the particle decaying to the final state of interest in a detector, Waecay-
is given by

wdecay = (e_Lenler/’YBT - e—Lexit/'Y;BT) X BI(S — ﬁnal State) (48)

where v and [ are the Lorentz boost and velocity for the portal particle (S) with respect to the
lab frame and 7 is its proper lifetime. Ly, and Ly correspond to the points along the particle’s
trajectory where, if the particle is stable enough, it would enter and exit the detector. “Final state”
refers to the decay products being simulated (e.g. "y~ for an HPS decaying into the dimuon

channel).

4.2.5 Event Weight Validation

MeVPrt 1’s determination of event weights has been validated in the context of HPS generation

at ICARUS by an independent approach described by the following formalism.
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For a given event, the differential probability of HPS decay in terms of its decay position

relative to the parent kaon is given by

1 1
dP = ———¢7"/"drd cos 0'd¢, 4.9)
41 yout

where r is now the length of the HPS trajectory, v is the HPS speed, and 7 is the HPS lifetime. In

terms of ICARUS detector coordinates x4, 34, 24 this becomes

dP = i Le—r(iﬂd,yd,%)/vvr

Amw vt

J(cos ', ¢')
J(cos b, ¢)

dxddyddzd. (4 10)

‘8(7“, cos b, @)
(x4, Y, za)

The first Jacobian is the same as |d€)'/d€)| in 4.7. The second takes the form 1/72, following
the usual transformation from a spherical to Cartesian system. For any given event, the scalar’s
trajectory r = (x4, Y4, z4) is well defined by the scalar and kaon decay positions.

Event weights are defined such that a sum over the event weights in a sample of weighted
events, to be normalized by the POT as explained in 4.1, gives the number of expected interactions
in the detector (/N'). This statement assumes the POT is exactly known. Monte Carlo genera-
tion performs this sum via implicit integration of the likelihood of each event, over the detector
volume. Leaving the POT-normalization to be accounted for downstream, the kaon importance
weight, relevant branching fractions, and differential probability of decay from 4.10 contribute to

the likelihood of each event:

D(K* — 7£5) T(S — final state) ~ dP
N’:/ (K~ = m=5) (S — final state) dzgdyadzy. @.11)
detector

YD RE S X)) T(S — any)  deadyadza

volume

In accordance with the mean value theorem, the integral can be approximated as a product of
the detector volume and a sum over the form of the integrand for each generated event, normalized

by the number of generated events in the sample (/V):
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N — Vietector XN: ['(K* — 7%S) (S — final state) ( dP >

TN Wimei DKE S X)  D(S — any)

4.12
dwddyddzd ( )

=1

Further leaving NV to be re-accounted for downstream, and distributing the factor of the detector

volume into the form of the integrand for each event, the total weight of a given event is given by

['(K* — 7%£S) (S — final state) dP
Wrotal = Wimp T T ‘/Zletector .
(K* —-vX) TI(S— any) dxqdyqdzg

(4.13)

This formalism lends itself to sampling HPS decay positions from the ICARUS detector vol-
ume. Indeed, this is done in practice for the validation approach. As long as the scalar’s velocity
in the kaon rest frame, v%, is greater than the kaon’s lab-frame velocity vy, sampling scalar decay
positions in the detector volume will result in a finite maximum weight. With the scalar decay
position fixed entirely by sampling, though, it remains possible that the singularity in Z—%! is en-
countered when vy > vy (as discussed in 4.2.3). In the validation approach, event de-weighting
is thus performed with an accept/reject algorithm that uses the maximum generated weight in the
sample, in contrast to the maximum possible weight as is done by MeVPrt 1. While one must
be extraordinarily unlucky to sample and generate an event with kinematics landing exactly on
the singularity, at high statistics, generating at least one event near the singularity (i.e. on the
asymptote to the infinite weight) is not impossible. Since encountering a maximum weight near
the singularity any time the generator is run is left to chance, leading to unpredictable and possibly
very poor de-weighting efficiency, this method is reserved for validation purposes only.

To validate that MeVPrt1 is correctly weighting HPS events, the expected event rates and
energy spectra of HPS generated by MeVPrt1 have been compared to samples generated with
the validation approach. The validation was performed for three different model benchmarks:
mg = 100 MeV with s = 2 x 1074, mg = 240 MeV with 05 = 1075, and mg = 340 MeV
with 65 = 107°. For the 240 MeV and 340 MeV mass benchmarks, samples consisting only of

scalars that decay to muons are compared. This comprises the vast majority of 240 MeV scalars,
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since pion final states are not kinematically allowed there and the lepton decay width scales with
the lepton mass squared. Decay to pions dominates for 340 MeV scalars, but a comparison for the
fraction of scalars that decay to two muons verifies correct handling of relative branching fractions
in the generators. 4.1 shows the number of de-weighted Monte Carlo simulation events for each
sample used for the comparison, along with the corresponding projected number of events to occur
in ICARUS for 6 x 10% protons on target from the NuMI beam (roughly equal to ICARUS’s
exposure to NuMI during its first three runs of data collection). The number of events expected
according to each generation method agrees within the statistical uncertainty, thus validating the
approach employed in MeVPrt 1. The POT-normalized spectra are shown in 4.4. The statistics
and event rates in the legends in 4.4 reflect only the portions of each sample included in the plotted
range (04 GeV). A x? comparison is computed for each pair of spectra over the plotted range,
so that the number of degrees of freedom 7 for each fit is equal to the number of non-empty bins.
The spectra generated by MeVPrt 1 show consistency with those generated with the validation

approach for all three model benchmarks, with p-values for x? given n shown in 4.1.

HPS model benchmark (fi- | Events Events (Valida- | p-
nal state) (MeVPrtl) tion) value
mg = 100 MeV, 05 = 2 x | 21.41 22.09 0.69
1074 (ee)

mg = 240 MeV, g = 107° | 3.19 3.19 0.12
(pepe)

mg = 340 MeV, 0g = 107° | 5.05 5.32 0.12
(pp)

Table 4.1: The number of generated and POT-normalized HPS events occuring in ICARUS according to
MeVPrt1 and the validation approach for three different benchmark scalar masses. The events generated
are normalized to 6 x 102" protons on target. The p-value for x? given n for each model benchmark is also
shown here.
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Figure 4.4: Demonstrated agreement between the MeVPrt 1 generator and the validation approach for
three different HPS model benchmarks. The spectra generated by MeVPrt 1 show consistency with those
generated with the validation approach for all three model benchmarks, with p-values for x? given n equal
to 0.69, 0.12, 0.12 for the mg = 100 MeV with g = 2 x 1074, mg = 240 MeV with g = 107>, and
mg = 340 MeV with g = 10~° HPS benchmarks respectively.

4.3 Simulated HPS and ALP Samples

For the present analysis, simulated samples of HPS and mixing-produced heavy QCD axions
are generated with MeVPrt 1. Because the kinematics and thus final state observables of hypothet-
ical portal particles depend on the portal particle mass, it is important to simulate samples across
various mass benchmarks for each BSM model being probed. From there, predicted event rates

for a given benchmark mass can be reweighted in post to reflect a change in the other (non-mass)
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model parameters. This analysis utilizes simulated samples for the following HPS and heavy QCD
axion model benchmarks:

Higgs portal scalars:

e mg =220 MeV, 5 = 10°

e mg =240 MeV, 05 = 10°

e mg =260 MeV, g = 107°

e mg =280 MeV, g = 107°

e mg = 300 MeV, fg = 107°

e mg =320 MeV, g = 107°

s mg = 340 MeV, g = 107°
Mixing-produced ALPs:

* m, =300 MeV, f, = 10° GeV, ¢, = 0.01
* m, =350 MeV, f, = 10° GeV, ¢, = 0.01
* m, =400 MeV, f, = 10° GeV, ¢, = 0.01
* m, =450 MeV, f, = 10° GeV, ¢, = 0.01
* m, =500 MeV, f, = 10° GeV, ¢, = 0.01
* m, =540 MeV, f, = 10° GeV, ¢, = 0.01
* m, = 600 MeV, f, = 10° GeV, ¢, = 0.01
s m, =650 MeV, f, = 10° GeV, ¢, = 0.01

* m, =700 MeV, f, = 10° GeV, ¢, = 0.01
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For the generated ALPs, the other lepton couplings are assumed to be zero, and the codominance
scenario is assumed for the gauge boson couplings, with ¢; = ¢, = ¢3 = 1. The even 50 MeV
spacing in ALP mass benchmarks is interrupted where 540 MeV ALPs are generated in lieu of 550
MeV ALPs. This was done intentionally to avoid the 7 resonance encountered in hadronic decay
modes of the axion, which blow up the axion decay width (see Equations 3.14 and 3.15).

Figure 4.5 shows the BSM particle energy spectra for a subset of the simulated signal bench-
marks, demonstrating the general trend that more massive portal particles arriving at ICARUS
tend to have a greater total energy. The energy spectrum shown for 540 MeV heavy QCD axions is
much more boosted than the other benchmarks due to its proximity to the 7 resonance encountered
in hadronic decay modes of the axion. This and other resonances result in infinite spikes in the
total decay width of the axion, thus infinitely shortening its lifetime and mean free path. As such,
an axion with a mass near a resonance will need to be much more boosted in order to arrive at
ICARUS before decaying, lending to the shifted energy distribution seen for 540 MeV ALPs.

For Higgs portal scalar events, a reweighting from a particular mixing angle 6 to a new mixing

angle 0’ is given by

6/2 6_0/2Lenler/92LS _ 6_9/2Lexit/92LS

(4.14)

Wosg = = X
6—0’ 62 e—Lenter/LS — e_Lexil/LS ’

where Lg is the mean lab frame decay length of the scalar with mixing angle 6. Leper and Ly, are
the points along the scalar’s trajectory where, if the particle is stable enough, it would enter and
exit ICARUS.

A reweighting for ALPs from parameters f, and c,, to new parameters f, and ¢, is given by

’ T
fg efLemer/La _ G*Lexu/La Br(a — MILL)/

Wi, .cn—flc, = -
fasecu=1a H f(/12 e_Lenter/La — e_Lexu/La Br(a N M:u) !

(4.15)

where L, and Br(a — uu) are the axion mean lab frame decay length and branching fraction for
decay to two muons, respectively, given f, and ¢,. L] and Br(a — p1)" are the same parameters,

but given f; and . Written in terms of their un-primed counterparts, these are
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Figure 4.5: Energy spectra for some simulated Higgs portal scalar (left) and heavy QCD axion (right)
benchmarks. Generally, more massive portal particles that arrive at and decay in ICARUS are more ener-
getic. The energy spectrum for the 540 MeV heavy QCD axions is far more energetic than the other spectra

due to the ALP’s proximity to the 7 resonance there, as described in the text.

2 L,
L= Ja 4.16
" TATBra ) + ZBila > 40/ 2) 1o
and
& Br(a — pp)
Br(a — pp) = - : (4.17)
c2 (1 —Br(a — pp) + c?Br(a — pp)/c2)

The HPS samples produced by MeVPrt1 can be used as-is. The ALPs, on the other hand,
require further processing or consideration.
First, MeVPrt 1 only produces ALPs arising from mixing with neutral mesons, so ALPs origi-

nating in kaon decay need to be derived from the (kaon-produced) HPS samples. This is performed
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with a reweighting, where Higgs portal scalar events are rescaled in accordance with the heavy

QCD axion model according to

Br(K — a) Br(a — pp) (e Lemer/Ba — o= Lexii/La)

cu,c3 — . 4.18
W0 fasciea Br(K — S) Br(S — ppu) (e~ Lemer/Ls — e=Lexit/Ls) (4.18)
L, can be written in terms of Lg as
r
L, — LS —any), (4.19)
I'(a — any)

The HPS — ALP reweighting is only applied to HPSs with charged kaon parents, since axions
from K? are CP-violating-suppressed. This model reweighting is valid since the decay kinematics
are identical for the processes K — 75 and K — ma, whenever m, = mg.

All parameters needed for the aforementioned reweights are output by the MeVPrt1 event
generator.

Furthermore, the modeling for mixing-produced ALPs incorporated into MeVPrt1 does not
consider all the relevant physics. MeVPrt1 generates ALPs produced via mixing with neutral
mesons (7°, 7, and 1) by applying a corresponding mixing angle weight to meson events that are
generated with PYTHIAS8. The PYTHIAS simulation is not a full simulation of protons interacting
within the target, but rather a simulation of individual primary protons interacting with protons
and neutrons at rest. The output therefor only includes neutral mesons whose parent particle was
a primary proton, excluding the extras that would come from secondary interactions within the
target or NuMI decay pipe. Such a detailed simulation of these neutral mesons is not available
in the official Monte Carlo fluxes for the NuMI beam as they are for charged mesons, which
are of primary interest for neutrino physics. This shortcoming of the PYTHIA-based MeVPrt1
generation is addressed by performing a partial beam simulation for the neutral mesons using

Geant4. This simulation was performed by Joshua Berger and described below.
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Events are simulated in Geant 4, where a proton smashes into a box of graphite with dimen-
sions 940 x 15 x 4 mm, approximately equal to the dimensions of the NuMI target. The density
of the graphite in the simulation is adjusted to that of the NuMI target, 1.78 g/cm?.

From there, 7°, 1, and 7’ mesons produced for each proton hitting this target were identified.
Two sets of the generated mesons are then considered. The first is a subset that includes only
mesons classified as coming from primary interactions, where the meson’s parent particle is the in-
cident proton. These interactions are consistent with those generated in the PYTHIAS8 simulation.
The second set of events includes all mesons produced as the particles are propagated through the
target. This set includes mesons produced in secondary interactions within the target, in addition
to those produced in primary interactions, and is a more realistic prediction of the actual meson
flux that could contribute to ALPs at ICARUS.

To ensure the kinematics of the mesons closely match those that would be observed by ICARUS,
only mesons traveling at an angle of between 5.557° and 5.956° with respect to the beam axis, repli-
cating the solid angle spanned by the ICARUS detector in the standard beamline geometry, were
used in each set of events. The Geant 4 simulation was generated to correspond to 10° POT, and
the energy spectrum of each meson, 7°, 1, and 7/, was recorded. For comparison with the baseline
simulation, meson spectra for 10° proton interactions using PYTHIAS with the same settings as in
MeVPrt1 were also generated.

Next, the total event rate for ALPs as a function of energy was computed, for the three sce-
narios: PYTHIAS (without secondaries), Geant 4 without secondaries, and Geant4 with sec-
ondaries. The total event rate for the ALPs was calculated from the meson spectra in each case
by

N(E bin) = 62N, (F bin) + QiN,,(E bin) + 6,/ N,/ (E bin), (4.20)

where “FE bin” denotes a given bin of meson energy and the mixing angles ¢ are as given in [?].
These rates are presented per POT, per GeV in Figure 4.6, spanning 20 total energy bins from 135

MeV to 22.143 GeV. The error bars for the vertical axis come from the statistical uncertainty in

52



each bin, according to
ox(E bin) = 6;N(E bin) + 0, N, (E bin) + 6;, N,/ (E bin). 4.21)

Central value reweights to account for MeVP rt 1’s failure to include neutral mesons produced
in secondary interactions in the target are derived from the ratio of the ALP rates as predicted by
the Geant 4 simulations with and without secondaries. These are shown by the green and orange
data in Figure 4.6, respectively. Logarithmic binning is used for this derivation to mitigate the
effect of prohibitively low statistics in the higher energy bins. In rare cases where the ALP energy
is greater than the upper bound of the highest energy bin, the reweight derived for the highest
energy bin is applied to that event.

As is discussed in Section 6, a comparison between the primary spectra from PYTHIAS and

Geant4 is used to determine a one-sided flux uncertainty for ALP production.

4.4 Downstream Simulation

The above subsections describe how the signal BSM and background neutrino events are gen-
erated in ICARUS, but further simulation is needed to propagate those interactions into observable
signals ready for anlayzing. This is performed with two more steps in the ICARUS simulation
pipeline: the “g4” simulation and the “detsim” simulation. The g4 simulation uses the Geant 4
software in order to determine how the final state particles interact with the liquid argon. The
Bethe-Bloch formulation, for example, is built into the g4 simulation stage in order to predict the
energy deposited by the final state particles as they traverse through the LAr. (Generally speaking,
Geant 4 can be used to model the propagation of any particle through any medium, which is why
it is also used to generate the neutrino flux, e.g. starting with protons interacting with the graphite
target.) The output of ICARUS’s g4 simulation is used as input to its detsim simulation, which
models the detector response to the simulated charge and light signals, giving an expectation for

what the actual collected data will look like.
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Figure 4.6: ALP rates predicted from mesons generated with PYTHIAS (blue) and Geant 4 with (green)
and without (orange) the inclusion of secondary proton interactions in the NuMI target.
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Chapter 5

Event Selection

Physical parameters such as interaction vertices, primary and secondary particles, particle
types, and track and shower start point, length, direction, and energy are reconstructed from the
simulated and collected data using the reconstruction software Pandora [97]. The present analysis
employs a cut-and-count approach to signal identification, where cuts on these reconstructed quan-
tities are used to distinguish signal and background. The chosen event selection has been designed
to suppress the background as much as possible, so that a BSM signal can be identified as any
significant excess. The selection for uncontained dimuon tracks results in ~0 cosmic background
events and ~2 neutrino background events expected for an exposure of 2.41 X 10?° POT. The
event selection was designed, tested, and optimized using simulated data sets, and will be applied
to collected data to probe the HPS and ALP models.

The selection criteria employed in this analysis can be classified into categories of Preselection,
Object Cuts, Particle Identification, Kinematic Cuts, and Track Length. The event selection, along
with descriptions of the parameters used to define cuts, is presented in the following subsection.
Efforts to optimize the event selection are described in Section 5.2, followed by a summary of the

event selection’s performance in Section 5.2.1.

5.1 Cut Flow

This subsection describes the reconstructed quantities and corresponding cuts used to discrim-
inate between signal and background events. Figures 5.1 and 5.2 show the distributions of these
quantities by simulated interaction type: ‘BSM,” ‘v,” or ‘cosmic.” These interaction classifications
are based on the type of particle that deposits the most energy in the reconstructed slice. The
‘BSM’ category lumps together interactions from all the simulated HPS and ALP model bench-
marks (that do not get classified as ‘cosmic’). The ’v’ category includes simulated events from the

nominal and coh-like neutrino samples, also excluding those that do not get classified as ‘cosmic.’
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5.1.1 Preselection

The preselection for this analysis requires a reconstructed interaction vertex in the fiducial
volume, two reconstructed muon-like tracks starting within 10 cm of the reconstructed interaction
vertex, and that at least one of the muon-like tracks has a reconstructed end point not in the fiducial
volume.

The fiducial volume is defined to exclude the outermost 10 cm of the active volume boundaries
in the x and y coordinates and a 15 cm buffer from the upstream detector boundary in z. For the
downstream buffer in z, interaction vertices must be 1 m from the detector edge to be considered
fiducial, while track depositions must be a minimum of 15 cm from the detector edge to be con-
sidered fiducial. The fiducial volume definition excludes two additional regions of the detector in
order to avoid complications with modeling the detector response around a hanging cable in the
western-most TPC and a field cage distortion in the eastern-most TPC. The non-fiducial region
around the hanging cable is defined as 210.29 < x < 358.49 cm, y > 70 cm, and z > 0 cm. The
non-fiducial region around the field cage distortion is defined as —358.49 < x < —210.29 and
either y >115 cm or y <-161.86 cm. Finally, preselected events must not be marked as obviously
corresponding to a cosmic event, as identified with the clear_ cosmic tag by Pandora.

Calorimetry and track length are considered for “muon-likeness.” Using calorimetry, a y? fit
of the reconstructed dF /dz vs. residual range for the track is computed with respect to the ex-
pected signature for muons and protons in liquid argon [98,99]. Henceforth, these x? values may
sometimes be referred to as the “PID scores" of the track. To be considered muon-like by the
preselection, contained tracks must be at least 10 cm long and and be loosely consistent with a
muon and inconsistent with a proton, with Xi < 30 and X;,Q) > 80. For uncontained tracks, the
preselection requires that the track is at least one meter long. There is no calorimetric requirement
imposed on exiting tracks in the preselection. For some interactions, there may be more than 2
tracks in the reconstructed interaction satisfying these criteria. In cases where there are more than
two such reconstructed tracks in an event, the two muon candidates are taken to correspond to the

tracks with start points that are closest to the interaction vertex. The track starting closest to the
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interaction vertex is called the “trunk” track, and the track with the next-closest start point is called
the “branch" track. Up to the requirement of track (un)containment, this preselection is identical

to that used in the contained dimuon analysis.

5.1.2 Object Cuts

Object cuts are applied to identify and eliminate interactions with more primary particles than
the two candidate muon events identified in the preselection. Low energy (< 50 MeV Kkinetic en-
ergy) primary protons are targeted first. Such low energy protons are unlikely to traverse through
the liquid argon far enough to leave a discernible track of ionization charge that Pandora can re-
construct. On the other hand, ionization charge from the Bragg peak of these particles results in
high charge deposition near the interaction vertex, which Pandora has a tendency to cluster into
other particles’ reconstructed tracks that originate at the same vertex. These signatures, colloqui-
ally referred to as proton “stubs," are identified using an algorithm that checks the collection plane
dFE /dx of the trunk and branch tracks in regions close to the track start point. This is done in four
regions along the track: along the first half-centimeter, between 0.5-1 cm, between 1-2 cm, and
between 2-3 cm from the start of the track. Distributions of the dF /dx in each in each of these
regions along the track are shown for BSM, v, and cosmic events in Figure 5.1. Discrimination
between events with and without low energy protons in the final state is found with the application

of acceptable maximum values of dF /dx in each of these regions:

dE /dz along first half-centimeter of track < 50 MeV/cm (“Stub Cut 17)

dE /dx from 0.5 cm to 1 cm along track < 35 MeV/em (“Stub Cut 2”)

dE /dx from 1 cm to 2 cm along track < 15 MeV/cm (“Stub Cut 3”)

dE /dx from 2 cm to 3 cm along track < 10 MeV/cm (“Stub Cut 4”).

Henceforth, these cuts will be collectively referred to as the “Stub ID" cuts.
Next, events with primary electrons or photons are eliminated from the sample via the identifi-

cation of sufficiently long reconstructed showers. Though the final state of interest contains exactly
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zero electrons or photons, Delta rays or misclassified charge depositions from a minimum ionizing
particle can still result in reconstructed low-energy showers in signal events. The number of recon-
structed showers above some energy threshold, then, could be a powerful variable to cut on instead
in order to eliminate background events containing a primary electron or photon. However, present
challenges with the current shower energy reconstruction in Pandora at the time this event selec-
tion was designed deter use of reconstructed shower energy in the analysis. Shower length, which
has a positive correlation with energy, is therefore chosen instead as the variable used to identify
and eliminate interactions with primary electrons or photons in the final state. An upper limit on
the length of the longest reconstructed shower in selected events in enforced. Interactions with no
reconstructed showers are assigned an unphysical shower length quantity equal to -10, so that these
events are accepted by cuts that also accept short reconstructed showers. A threshold set at zero cm
would thus only select events with no reconstructed shower. The maximum reconstructed shower
length for all reconstructed BSM, v, and cosmic interactions that pass the preselection is shown in
the top left panel of Figure 5.2. A cut at a maximum shower length < 0 cm, therefor accepting
only events with no reconstructed shower, has been adopted for this analysis, as informed by the

exercises described in Section 5.2.

5.1.3 Particle Identification

As was done in the contained dimuon analysis, I reconsider tighter cuts on contained tracks’
PID scores beyond what was imposed in the preselection. PID scores are calculated by comparing
the reconstructed dE'/dz vs. residual range of a track to theoretical expectations from the Bethe-
Bloch formulation. In the Bethe-Bloch formulation, residual range is defined with respect to where
particles come to rest. In the reconstruction software, residual range is defined with respect to the
reconstructed endpoint of the track, which does not correspond to the point at which the particle
traversing the detector comes to rest if the particle exits the detector. For exiting tracks, then,
use of reconstructed track end point as the reference point for residual range folds a non-physical

systematic effect into the determination of residual range, and thus also into the calculated PID
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scores. With this in mind, I only apply a further PID score cut to contained muon candidate tracks.
94% of all preselected background events have a muon candidate track that is contained, while only
59% of preselected signal events have a muon candidate track that is contained. The muon PID
scores for all contained trunk and branch tracks from preselected events are shown in Figure 5.2.

The cut is placed at x?, < 8 for contained muon candidate tracks.

5.1.4 Kinematic Cuts

Two kinematic variables that provide substantial discrimination power between signal and
background events have been identified: Onuwvr and 0,,,. These are depicted schematically in Fig-
ure 5.3, and their distributions for preselected BSM, v, and cosmic interactions are shown in Fig-
ure 5.2.

Onumt 18 the reconstructed angle between the incoming parent particle, and the vector that con-
nects the NuMI target to the origin of the ICARUS detector coordinate system. For signal events,
the parent particle is the dark sector scalar, while for neutrino background events it is the in-
coming neutrino. The parent particle direction is determined from its reconstructed momentum,
Pparent = Pirunk + Pbranch, assuming that the candidate muons originate from a two body decay.
This assumption is true for BSM particles producing dimuon final states. Since most kaons and
psuedo-scalar mesons would decay into the BSM particle near the NuMI target shortly after being
produced, the distribution in Ox,wy is then highly peaked at zero for signal. On the other hand, de-
spite most neutrinos also originating near the target [82], the distribution of (reconstructed) Onymr
is less peaked towards zero for neutrino events since typically not all of the incoming neutrino’s
momentum is shared between the two candidate muon tracks. This is attributed to by various ef-
fects including “missing" reconstructed energy of scattered neutrinos in the final state, momentum-
smearing from the Fermi-momentum of nucleons in v-Argon interactions, and neutrino interaction
final states comprised of more than two visible primary particles and subsequently not fully ac-
counted for by consideration of just the selected trunk and branch muon candidate tracks. Onuwy 1S

peaked far from zero for cosmic activity, which primarily comes from above the detector.
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By default, Pandora uses the dF/dx signature of a track in conjunction with the continuous
slowing down approximation (CSDA) to determine a particle’s incident momentum from the the
length of its ionizing track:

0 1

Track Length = Range gp, = / WdE. (5.1)
x

Eincidem

The range (length of track) and dE/dx are measured from the data, then the predicted particle type
is used to solve for the incident energy or momentum. Similarly to the case of PID scores, the range
based momentum reconstruction biases the reconstructed momentum for uncontained tracks, and
thus biases the calculated Oxy v for uncontained muon tracks.

Particle momenta can alternatively be determined from principles of Multiple Coulomb Scatter-
ing (MCS), instead of Pandora’s default range-based momentum reconstruction. Multiple Coulomb
Scattering refers to a series of electromagnetic scattering events of an incident charged particle off
atomic nuclei. MCS happens as charged particles traverse the liquid argon in ICARUS, so that
on short scales, reconstructed particle tracks resemble a series of splines as opposed to one long
straight line. Given an initial momentum p of the incident particle, the scattering angles of these
coulomb interactions follow a Gaussian distribution centered at zero, with an RMS prescribed

analytically by the Highland Formula [100]:

. S92 l )
OHL = pﬁcz\/Xo (1 + eln XO), (5.2)

where, z is the charge of the incoming particle, X is the radiation length of the target material, [ is
the track segment or spline length, and s, and € are fit parameters. By measuring the RMS of the
MCS scattering angles, one can thus determine the incident particle’s momentum.

To determine Oyyy, range-based momentum reconstruction is used for contained tracks, and
the momentum estimated from Multiple Coulomb Scattering (MCS) is used for uncontained tracks.
The algorithm ICARUS uses to determine particle momentum from MCS was developed by the

MicroBoonNE Collaboration, and ported into sbncode by SBN collaborator Mun Jung. Jung val-
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idated use of this algorithm in ICARUS using a sample of stopping, cathode-crossing cosmic
tracks > 20 cm long and with a median d@)/dx > 1000 ADC/cm. Jung’s studies (unpublished),
demonstrated no bias in the MCS-reconstructed momentum with respect to range-based momen-
tum reconstruction for simulated events, and a 3% disagreement between pyics and prange in data.

I have repeated studies on the efficacy of the MCS momentum reconstruction for the present
analysis, comparing pycs and pye for candidate muon tracks that pass the preselection, and that are
truth-matched to a muon, from the simulated BSM and v interactions. This comparison revealed
a significant bias in pyics not captured by the previous studies. The bias can be seen in the blue
curves of Figure 5.4 and in the left panel of Figure 5.5. As seen in the right panel of Figure 5.4,
the bias present in uncontained tracks is confounded by the algorithm’s (expected) increased dif-
ficulty resolving the momentum when the track is not fully contained. Reconstructed momentum
of contained tracks thus gives better insight to the systematic bias present in the MCS momentum
reconstruction algorithm.

For the present analysis, I apply a correction to the reconstructed pyics that re-centers the per-
cent difference between pyics and pyye at zero. To derive this correction, I first plotted the distri-
bution pycs VS. purwe fOr contained and exiting tracks from the simulated BSM and v samples, as
shown in the left panel of Figure 5.5. For every py.. bin, I identified the hottest pycs bin, and fit a
line to those points, using the bin centers as coordinates. Each point used for the fit was weighted
by the number of events in that bin. Using this best fit, I then identified the transformation one
would need to apply to reconstructed pycs values in order to bring the best fit line back to y = =

in the pyes Vs. pure Space. The needed correction is

Phics = 0.846 X pycs + 0.036, (5.3)

where pycg is the corrected value and pycs is the value output by the default algorithm. The
orange curves in Figure 5.4 show (pjycs — Prrue)/Puues the peaks for both the exiting and contained

tracks are brought closer to zero after the correction. The right panel of Figure 5.5 shows py,cg Vs.
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Puue, €Xemplifying that the distribution in this space lies along the line y = x after the correction is
applied.

I would like to note that other methods of calculating fyuwvr that avoid the dependency of the
variable on the MCS momentum reconstruction were also considered. One alternative method, re-
ferred to as the “weight by length" method, avoids reconstructing the candidate muons’ momenta
altogether. With that method, the direction of the incoming parent particle is instead computed
by adding the candidate muons’ tracks as vectors with directions equal to the reconstructed track
directions and magnitudes equal to their lengths. The distribution of the Oy, variable as recon-
structed with the “weight by length" method is more discrepant with the distribution made from
truth-level momentum than are the momentum-informed 6y, distributions, resulting in less dis-
crimination power with the Oxumiwg by 1en Method. Furthermore, the bias in the MCS momentum
reconstruction has very little impact on the distribution of fy,;. These statements are evidenced
in Figure 5.6. For these two reasons, I opt to cut on the momentum-informed version of Oyym in
the analysis, as described above.

An exception to the typical profile of Oy, being displaced from zero for neutrino interactions
lies CC Coh 7 interactions:

vut A= 7+ A (5.4)

where A represents an argon nucleus. The energy transfer from the neutrino to the nucleus in these
interactions is small, so that most of the final state visible momentum p), + p is oriented along p,,.
An aggressive cut at On,v13° is adopted for the present analysis in order to eliminate as much CC
Coh 7 background as possible.

The other kinematic cut employed in the event selection is on the reconstructed dimuon open-
ing angle, 0,,. 0,, is calculated as the angle between the reconstructed track directions of the
trunk and branch candidate muon tracks. Unlike the other parameters used in the event selection,
the distributions of 6, vary significantly across the BSM model benchmark masses. Samples with
a higher portal particle mass tend to produce muon pairs with a wider opening angle. This is ac-

counted for by the available phase space, which is fixed by the NuMI meson flux, being consumed
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by the downstream particles’ rest energy in addition to their kinetic energy. When the portal par-
ticle mass is higher, there is less available energy left to boost its decay products, resulting in a
less columnated, i.e. wider, opening angle. This trend is demonstrated in Figure 5.7, and taken
into account when setting the upper limit on acceptable opening angles in the event selection at

0,,, < 25°.

5.1.5 Track Length Cut

CC Coh 7 events, leading to a final state of 1ulm, are the toughest background to eliminate
in the present analysis. On average, muons are expected to travel farther without scattering or
reinteracting in LAr than are pions. A requirement on aggressively long tracks is adopted in an
effort to squander persistent 117 events surviving the other cuts. The distribution of the minimum
track length for trunk and branch tracks in preselected events is shown in Figure 5.2. The secondary
bump at 1 m shown there is a feature of the preselection, where any exiting track was required to
be at least one meter long. The final track length requirement accepts only events where both the

dimuon candidate tracks (contained or uncontained) are at least one meter long.

5.2 [Exercises to Optimize the Event Selection

Initial cut thresholds were first “eyeballed" from the distributions for the BSM signal, back-
ground, and cosmics shown in Figures 5.1 and 5.2. From there, two exercises were performed to
better optimize the placement of each cut threshold.

The first optimization exercise optimized for statistical significance S = Ny /+/Tsig + Npg. TO
optimize the cut threshold for a given cut, various thresholds were scanned over with the other
cut thresholds fixed to their initial values. At each scan, the statistical significance was computed.
This process was repeated for all cuts except for the final requirement on track length. The reason
the track length cut was excluded from this exercise is because that cut is intentionally designed to
eliminate all remaining background (or as much as possible) - an optimization for statistical sig-

nificance distracts from the simpler minimization of background events, which this cut is intended

63



for. To stay model-agnostic here, I then chose updated cut thresholds that appeared to average the
optimal choices across the various model benchmarks.

A second exercise to further optimize, and ultimately finalize, the event selection was per-
formed by comparing the projected sensitivities to the Higgs portal scalar and heavy QCD axion
models for event selections slightly varying from the ones benchmarked after optimizing for sta-
tistical significance. (The procedure for determining these sensitivities is described in Section 8.)
Variations among the tested event selections included tightening and loosening the cuts already in
the selection, using different versions of the Oy, variable, and excluding certain cuts altogether.

Finally, introductions of a few additional cuts were considered, inspired by a visual scan of sur-
vived background events. One additional cut checked for reconstructed primary particles in excess
of the muon candidates. Another cut rejected any events with a contained candidate muon track
with reconstructed daughter particles. Muons, including those comprising the signal, can have
delta rays or Michel electrons at the ends of the tracks, but these are unlikely to be reconstructed as
daughter particles. Higher energy minimum ionizing daughter particles resulting from hard pion
interactions, by contrast, are more likely to be reconstructed. I also tested additional cuts designed
to identify substantial “kinks" in the candidate muon tracks, indicative of pions undergoing a hard
scatter that a muon would not (e.g., not just multiple coulomb scattering). The distribution of scat-
tering angles for track segments identified by the MCS momentum recontruction algorithm was
probed in an attempt to identify hard scattering kinks. While some of these cuts excluded single
surviving background events from the benchmarked event selection, none improved the overall
event selection in a statistically significant way. Therefore, none of these additional cuts was
adopted into the cut flow.

The final set of cuts used in the analysis is presented in Tables 5.2.1, 5.2.1, and 5.2.1.

5.2.1 Event Selection Performance

For an exposure of 2.41 x10%° protons on target, the event selection results in 0 cosmic events,

and 1.78 selected neutrino background events. These values correspond to O and 55 simulated
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Monte Carlo events, respectively. 49 (89%) of the remaining background events are CC Coh 7
interactions. The average selection efficiency across all simulated signal model benchmarks is
about 15%. Tables 5.2.1, 5.2.1, and 5.2.1 show the event selection performance on each of the

simulated signal model benchmarks and each type of background interaction.
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Figure 5.1: First four panels: dE/dz in the collection plane, calculated along various regions near the
start of the track, for all simulated events that pass the preselection. Bottom Panel: Distribution in lengths
for the longest reconstructed shower in each event. Events that do not have any reconstructed showers are
assigned a flagged value of -10, attributing to the most populated bin.
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Figure 5.2: Top left: Muon-PID scores for contained candidate muon tracks, for all events that pass the
preselection. Top right: Onyvp determine using range-based momentum reconstruction for contained tracks
and the corrected MCS momentum reconstruction for uncontained tracks. Bottom left: Opening angle 0,,,
between the candidate muon tracks. Bottom right: length of the shorter of the branch or trunk tracks for
each event. The secondary peak at 1 m is a feature of the preselection requirement that any uncontained
track is at least 1 m long. All: Plots are for preselected events from each simulated sample.
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Figure 5.3: Onumr is the reconstructed angle between the candidate muons’ (solid orange) parent particle
momentum (dashed orange) and the vector connecting the NuMI target to the origin of the ICARUS co-
ordinate system (cyan). The ICARUS coordinate system origin is 23cm above the geometric center of the
detector. ¢, is the opening angle between the reconstructed candidate muon tracks.
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Figure 5.4: (pvcs — Prrue)/Purue distributions for contained (left) and exiting (right) muon-matched tracks
from the simulated neutrino and BSM samples. The blue curve is made using the default MCS-reconstructed
momenta. The orange curve shows the distribution after the correction is applied. Muon tracks with an un-
physical MCS momenta (before the correction is applied) are excluded from the distributions. Unphysical
values of pycs result from computational underflows, overflows, and failures of the MCS momentum re-
construction algorithm, and occur less than 3% of the time.

— y=x 10
weighted Linear Fit
to Hottest Bins
m=1.18, c=-0.04 25

103

N
o

; Y] > n
(O] X~ (] X
9 £ O 3
ol 2L Tous JE
2 102y gl / 1025
s # = #
Q Q
1.0
10! 10!
0.5
10° 10°
0.5 1.0 1.5 2.0 2.5 3.0 0.5 1.0 15 2.0 2.5 3.0
Ptrue (GeV) Ptrue (GeV)

Figure 5.5: MCS-reconstructed momentum vs. true momentum for candidate muon tracks from the sim-
ulated BSM and v samples. The left panel shows the nominal MCS-reconstructed momentum, while the
right panel shows the MCS-reconstructed momentum after the correction from Equation 5.1.4 is applied.
The solid black line in both panels is the line y=x, which should fit the data if there is no bias in the MCS
momentum reconstruction. The dotted black line in the left panel is the best fit to the data using the hottest
pMcs bin per pirye bin, as described in the text. That best fit line has a slope of 1.18 and a y-intercept of
-0.04.
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Figure 5.6: The distribution in Oxyny for simulated BSM and neutrino interactions in the analysis, according
to different methods for calculating Onymr. Solid lines are used for the BSM events while dashed lines are
used for neutrino events. Black is used to show Onyumr as calculated from the true momenta corresponding to
the trunk and branch candidate muon tracks. Green shows Onumr as calculated using range-based momentum
reconstruction for contained tracks and the default MCS momentum reconstruction for uncontained tracks.
Pink is the same as green, except that the MCS-momentum has been corrected in-post, as described above.
Purple shows Onymr calculated according to the “weight by length" method.
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Figure 5.7: The distribution in dimuon opening angle, 6,,,,, for different simulated BSM model benchmarks.
Generally, the opening angle is larger for muon pairs produced in the decay of higher-mass portal particles,
as explained in the text. An exception to this trend is seen for muon pairs coming from heavy QCD axions
with mass m, = 540 MeV, which are close to the 7 resonance. This is because events near the eta resonance
tend to be much more boosted, as shown in Figure 4.5 and described in Section 4.3.
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Events w/ mg = X (MeV)

220

240

260

280

300

320

340

Preselection

dE /dz <50 MeV/cm up to 0.5 cm
dE /dz < 50 MeV/cm 0.5-1 cm

dE/dx <50 MeV/cm 1-2 cm
dE/dx <50 MeV/cm 2-3 cm
Max shower length < 0 cm
Contained track y;, < 8

Onavt < 3°
Oy < 25°

Minimum track length > 1m

1.0
0.921
0.914
0.887
0.849
0.493
0.360
0.177
0.174
0.158

1.0
0.924
0.921
0.895
0.862
0.539
0.427
0.242
0.238
0.199

1.0
0.908
0.906
0.878
0.843
0.526
0.415
0.252
0.240
0.188

1.0
0.915
0.912
0.888
0.856
0.531
0.424
0.246
0.218
0.167

1.0
0911
0.907
0.880
0.850
0.530
0.412
0.243
0.201
0.158

1.0
0.908
0.905
0.878
0.848
0.522
0.404
0.240
0.182
0.145

1.0
0.913
0.909
0.885
0.857
0.520
0.397
0.229
0.161
0.131

Events w/ m, = X (MeV)

300

350

400

450

500

550

600

650

700

Preselection
Stub Cut 1
Stub Cut 1
Stub Cut 1
Stub Cut 1
Shower Cut
X; Cut
Onuvr < 3°
Opp < 25°
Trk Length Cut

1.0
0.927
0.924
0.897
0.859
0.485
0.389
0.255
0.235
0.208

1.0
0.929
0.925
0.898
0.866
0.489
0.396
0.261
0.218
0.195

1.0
0.929
0.926
0.899
0.866
0.476
0.379
0.249
0.190
0.172

1.0
0.934
0.931
0.904
0.873
0.460
0.371
0.234
0.166
0.156

1.0
0.928
0.925
0.897
0.867
0.455
0.364
0.226
0.152
0.143

1.0
0.932
0.929
0.898
0.860
0.423
0.353
0.208
0.181
0.174

1.0
0.925
0.921
0.893
0.864
0.445
0.355
0.209
0.117
0.113

1.0
0.929
0.925
0.896
0.867
0.447
0.345
0.199
0.098
0.096

1.0
0.932
0.928
0.900
0.875
0.456
0.355
0.196
0.077
0.075

o‘”b
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Preselection 1.0
Stub Cut 1 0.874860
Stub Cut 2 0.823091
Stub Cut 3 0.712104
Stub Cut 4 0.642458
Shower Cut 0.149348
XZ Cut 0.051769
eNuMI < 3° 0.000372
0, < 25° 0.000000
Trk Length Cut  0.000000

1.0
0.899001
0.866468
0.788428
0.749923
0.391640
0.166684
0.003809
0.000206
0.000000

1.0
0.863089
0.792384
0.669118
0.611251
0.211486
0.082204
0.003290
0.000113
0.000032

1.0

0.880692
0.829567
0.714344
0.641603
0.081891
0.027940
0.000752
0.000065
0.000065

1.0

0.917506
0.909894
0.874540
0.844341
0.328259
0.129143
0.044930
0.018905
0.012030

1.0

0.876506
0.817771
0.664157
0.588855
0.094880
0.028614
0.000000
0.000000
0.000000

1.
0.918908
0.886380
0.810143
0.768607
0.493888
0.156345
0.000011
0.000000
0.000000

0

Table 5.1: Selection efficiency of each type of event, for every consecutive cut in the event selection.
Fractions are relative to the preselected samples of events. The same set of cuts is shown in all tables — a
different naming convention is used for the ALP and background events for formatting purposes.
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Events w/ mg = X (MeV) 220 240 260 280 300 320 340
Preselection 2710 6052 7850 5227 8962 10525 12930
dE/dr <50MeV/cmupto 0.5cm 2495 5592 7130 4781 8163 9556 11809
dE/dx <50MeV/em 0.5-1 cm 2478 5575 7110 4769 8131 9521 11751
dE/dxr <50 MeV/cm 1-2 cm 2400 5418 6890 4642 7889 9246 11438
dE/dxr <50 MeV/cm 2-3 cm 2302 5218 6621 4473 7620 8922 11075
Max shower length < 0 cm 1336 3265 4133 2775 4752 5496 6729
Contained track XZ <8 975 2586 3261 2215 3693 4256 5136
Onumr < 3° 479 1464 1980 1286 2178 2527 2967
0, < 25° 471 1439 1886 1139 1797 1918 2081
Minimum track length > 1m 429 1205 1475 873 1412 1528 1697
Events w/ m, = X (MeV) 300 350 400 450 500 550 600 650 700
Preselection 14466 17668 19617 22104 24056 25684 24829 24667 24409
Stub Cut 1 13412 16412 18230 20646 22320 23953 22955 22909 22739
Stub Cut 1 13367 16351 18164 20574 22247 23863 22867 22809 22652
Stub Cut 1 12977 15860 17630 19980 21576 23068 22175 22097 21968
Stub Cut 1 12423 15293 16981 19287 20867 22078 21449 21379 21350
Shower Cut 7013 8644 9334 10174 10948 10869 11060 11022 11124
Xi Cut 5627 6999 7443 8196 8764 9079 8818 8501 8656
Onumvr < 3° 3696 4610 4891 5181 5426 5340 5199 4905 4779
Opp < 25° 3405 3843 3720 3674 3647 4654 2902 2426 1868
Trk Length Cut 3005 3439 3375 3440 3438 4458 2802 2360 1819
&Q
0006 &X & Q\% QOQ\
< & Sy
a&o %Q QQ QQ QC/ QO o~ %
i N SN NN NN N O
Preselection 2685 9713 62004 61203 4073 664 88356
dE/dx <50 MeV/cmup to 0.5cm 2349 8732 53515 53901 3737 582 81191
dE/dx <50MeV/em 0.5-1cm 2210 8416 49131 50772 3706 543 78317
dE/dx <50 MeV/cm 1-2 cm 1912 7658 41488 43720 3562 441 71581
dE/dx <50 MeV/cm 2-3 cm 1725 7284 37900 39268 3439 391 67911
Max shower length < 0 cm 401 3804 13113 5012 1337 63 43638
Contained track Xi <8 139 1619 5097 1710 526 19 13814
Onunvt < 3° 1 37 204 46 183 0
0, < 25° 0 2 7 4 77 0
Minimum track length > 1m 0 0 2 4 49 0

Table 5.2: Number of Monte Carlo events surviving each cut in the event selection, for each type of event.
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> X

@&\ Q& Qg)% Q{O QOQ» & O

X N 0 R o NN N &P
Preselection 394.52 2837.78 6652.41 4682.57 15431 14793 48567.53
Stub Cut 1 34421 2558.59 5653.74 4025.13 140.90 128.39 44629.07
Stub Cut 2 325.76 2459.64 5122.40 3698.97 139.80 119.31 43049.29
Stub Cut 3 278.98 2256.49 4184.20 3008.02 135.02 100.65 39346.65
Stub Cut 4 253.45 2159.46 3666.96 2568.13 130.10 91.00 37329.32
Shower Cut<Ocm 7038 114290 948.69 31791 5442 19.42 23986.94

Xi Cut 24.07 483.71 340.82 11425 2237 6.42 7593.28
Onavt < 3° 0.02 6.13 7.12 2.39 9.07 0.00 0.55
0, < 25° 0.00 0.03 0.15 0.31 3.84 0.00 0.00

Trk Length Cut 0.00 0.00 0.06 0.31 1.42 0.00 0.00

Table 5.3: Number of background events surviving each cut in the event selection, scaled to an exposure of
2.41x10%° protons on target.
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Chapter 6

Systematic Uncertainties

In addition to the statistical uncertainty associated with any dataset, this analysis is further
subject to systematic uncertainties associated with the modeling of signal and background in the
simulated data sets. Sources of these systematic uncertainties lie in the modeling of the portal par-
ticles’ flux, the neutrino flux, neutrino interaction cross sections, effects related to particle propa-
gation through the LAr, the detector response, the reconstruction performance for cathode-crossing
tracks, and the statistical uncertainty on Monte Carlo events. At present, the analysis has all but the
cathode crossing and detector variation effects for signal events accounted for. The various ways
systematic uncertainties are computed are discussed below, followed by descriptions of each of the
sources of uncertainty presently incorporated into the analysis in Section 6.2. Table 6.1 shows the
scale of each of these sources of uncertainty on the simulated signal and background events that

pass the event selection.

6.1 Calculation of Systematic Uncertainties

The systematic uncertainties on the flux, neutrino cross sections, and particle propagation
through LAr are quantified with 100 alternate “systematic Universes.” For each of these systematic
uncertainties, each simulated event is assigned a reweighting factor that is sampled in accordance
with the modeling of that source of uncertainty. This is repeated 100 times, lending to unique
reweighting factors corresponding to a single source of uncertainty across the 100 universes. For
a given event in a given systematic universe ¢, the reweighting factors from every source of uncer-

tainty j are multiplied in order to arrive at a single systematic universe weight for that event,

J
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%6\0
%.%& D
S o :\ N ef’@ \%6\0 o>
g s & 6\% o S A
) S & N O &
Simulated Evts (# MC Evts) 6% ¢ ¥ PN«
mg =220 MeV (1205) 6 - - 54 10 5 56
mg =240 MeV (1205) 6 - - 54 10 3 56
mg =260 MeV (1475) 6 - - 54 10 3 56
mg =280 MeV (873) 5 - - 54 10 3 56
mg =300 MeV (1412) 5 - - 54 10 3 55
mg = 320 MeV (1528) 5 - - 54 10 3 56
mg = 340 MeV (1697) 10 - - 54 10 3 56
m, =300 MeV (3005) 65 - - 54 10 2 85
me = 350 MeV (3439) 55 - - 54 10 2 78
mg = 400 MeV (3375) 34 - - 54 10 2 65
m, =450 MeV (3440) 18 - - 54 10 2 58
m, =500 MeV (3438) 6 - - 54 10 2 56
m, = 540 MeV (4458) 4 - - 54 10 2 55
mg = 600 MeV (2802) 2 - - 54 10 2 55
mg = 650 MeV (2360) 1 - - 54 10 2 55
m, =700 MeV (1819) 3 - - 54 10 2 55
v NC (0) - - - - - - -
v, CC QE+MEC (0) - - - - - - -
v, RES (2) 43 0 33 54 10 74 107
v, DIS (4) 17 0 73 54 10 81 124
v,, CC COH (49) 5 48 11 54 10 16 76
v Other (0) - - - - - - -
Cosmic (0) - - - - - - -
Total BG (55) 7 38 14 54 10 19 71

Table 6.1: Systematics budget in the signal box (%d = absolute uncertainty / number of POT-normalized
events expected in the signal box) for the present analysis, by simulated interaction type. The first col-
umn shows the number of Monte Carlo events surviving the event selection, while the subsequent columns
show the percent uncertainty on the surviving events, by uncertainty type. The percent uncertainty on the
background due to detector modeling effects, 54%, is presently applied to the signal events as well as a
temporary placeholder. Similarly, the 10% uncertainty associated with the reconstruction performance of
cathode-crossing tracks applied to all events is a temporary placeholder value, as described in the text. These

values will be updated by analysis completion.
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The scheme to determine the reweighting factors w; associated with a particular source of

uncertainty differs depending on the uncertainty, but falls into one of these categories:

1. £10: The 1o relative uncertainty in the weight for a given neutrino is determined. A Gaus-
sian random number is sampled centered at 1 and with a spread given by the relative un-
certainty. This generated number is used for the reweighting due to the uncertainty in the

parameter. In equations, this amounts to
Wi; = 1+N(0,0’j), (62)

where i labels the universe, j labels the parameter, and N (11, o) is a random normal variable

with mean y and standard deviation o.

2. Morph: This category is similar to +10, but instead of a Gaussian reweighting in either

direction, the reweighting is unidirectional. Concretely, in equations,
wij =1+ N(0, 7)1, (6.3)

using the same notation as for (6.2).

3. Unisim: In this category, the reweighting factors are predetermined using the packages GE-
NIE Reweight and Geant4Reweight for the cross-section and particle propagation uncertain-
ties respectively. For each universe, the simulation is rerun entirely with varied parameters

according to those packages to determine an alternate weight.

In each universe, for every source of systematic uncertainty, a weighted histogram of a variable
is constructed using the reweighting factors w;;. The covariance between bins « and 3 for each
source of uncertainty j, €,3 , 18 then constructed for the histogram over all 100 universes (N =

100) as

N
1
€aBi = 7 Z ney — (”(B:V ”%B,j)a (6.4)
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where ncy is the number of events in a given bin for the central value sample (i.e. baseline simu-
lation), and n; is the number of events in the same bin but for systematic universe .

To determine the systematic uncertainties associated with detector modeling, alternate coh-like
neutrino samples are generated with tweaked parameters to account for plausible variations of the
detector operations and performance, which can affect track and/or energy scale reconstruction.
Alternate histograms are constructed for each of these variations, and scaled by the inverse of the
fraction of coh-like events in the CV sample in order to recover a detector variation histogram
representative of all NuMI neutrinos. A covariance matrix with respect to the baseline simulation
is then computed.

For every source of uncertainty, the square of the diagonal of the corresponding covariance ma-
trix is taken to be the resulting per-bin absolute uncertainty. The systematic uncertainty associated
with the Monte Carlo events in each bin is taken as the square root of the number of events in the
bin, in the CV sample. All the individual systematic uncertainties are then summed in quadrature

to get a total systematic uncertainty per bin.

6.2 Sources of Systematic Uncertainty

Neutrino flux uncertainties are determined with the PPFX (as discussed in Section 4.1), where
bidirectional variations to the beamline geometry and hadronic cross sections, based on a combina-
tion of hadron production data where available and Geant 4 templates where no data is available,

are applied. The bidirectional variations applied are:

shift in beam z position by 1 mm

shift in beam y position by +1 mm

* beam spot size variation by £2 mm (relative to the CV of S5Smm, which has been updated

from 3mm since the contained muons analysis)

shift in Horn 1 x position by +3 mm
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shift in Horn 1 y position by £3 mm

shift in Horn 2 x position by +3 mm

shift in Horn 2 y position by 3 mm

shift in horn current by £2 kA

increase/decrease in horn water level by =7 mm.

For some of these parameters, variations from the central value applied in either direction have
the same impact on the resulting flux. This is true for the beam shift in the x direction, for example,
since the [ICARUS detector lies at x=0 in the NuMI reference frame, so an off-centering of the beam
in either direction would lead to a reduction in the exposed flux. On the other hand, since ICARUS
lies at y > 0 in the NuMI reference frame, an off-centering of the beam upwards in y would
result in increased flux at ICARUS while an off-centering downwards would result in decreased
flux at ICARUS. For each systematic universe, for every neutrino event, I randomly choose to
apply either the positive or negative systematic beam variation as a “morph” type uncertainty.
This approach preserves the overall trending effect of each type of variation, regardless of whether
the two directions of the variation have the same or opposing effects on the resulting flux. The
resulting systematic uncertainty on the flux, derived from variations within PPFX, are applied to
the simulated neutrino interactions used in this analysis based on the energy of each simulated
neutrino. Similarly, the flux uncertainty is applied to kaon-produced signal events based on the
energy of kaon parents of neutrinos that come from PPFX.

As mentioned at the end of Section 4.3, the flux uncertainty on simulated mixing-produced
ALPs is derived from a comparison of the primary spectra from PYTHIAS and Geant 4 presented

in Figure 4.6. The relative one-sided (morph) uncertainty is defined as the difference

Nprim,Geant4 (E bln) B

; 6.5
Noyruras (E bln) 6)
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The Geant 4 simulation almost always gives a higher number of mesons than the PYTHIAS8 simu-
lation, so this uncertainty pushes the baseline simulation in the direction of increased flux. Though
the resulting flux uncertainty for mixing-produced ALPs is large (particularly for the lower-mass
ALPs?; see Table 6.1), the uncertainty is irreducible without further improvements to the theory
underlying the production of neutral mesons and mixing-produced ALPs. Furthermore, the esti-
mation of the ALP flux uncertainty that is presented here is a more thorough and realistic account
of this source of uncertainty than has been employed by other searches for mixing-produced ALPs
to date (e.g. [101]). It is likely that other searches have underestimated the uncertainty associated
with the heavy QCD axion flux.

The determination of all other sources of uncertainty in the present analysis is the same as was
done for ICARUS’s preceding contained muons search [38], which is described in more detail in
Ref. [1]. The content below paraphrases the key characteristics of these sources of uncertainty.

Neutrino interactions are varied using the GENIE Reweight package [102], accounting for
effects of neutrino cross section uncertainties. The specific GENIE Reweight variations per-
formed are shown in Table 6.2, along with the scheme that is used to determine the reweight and a
brief description of the variation.

The GENIE Reweight package uses the classical Rein-Sehgal model to simulate CC Coh
7 interactions, and assigns a conservative flat uncertainty of 100% to them. The later-developed
Berger-Sehgal model avoids a classical ansatz present in the Rein-Sehgal model, and agrees better
with CC Coh 7 cross section data from K2K and SciBooNE. In a study by Mun Jung and Gray
Putnam, the Berger-Sehgal model was tuned to fit more recent MINERVA cross section data on
iron and hydrocarbon [103] and interpolated to argon. They embedded the results of this tune into

the central value simulation for CC Coh 7 events at SBN, improving upon the baseline simulation

The relative production modes for ALPs produced in NuMI via mixing with 7°, 1, and ' depends on 1) the rate of
each of the parent mesons in NuMI, and 2) the mixing angles for each of the mesons with ALPs (see Equation 3.10).
At the lower mass benchmarks, the ALPs are primarily produced from 7%’s. ALP production from (unprimed) n’s
dominates at the higher simulated mass benchmarks. The difference in the meson flux as predicted by PYTHIAS and
Geant4 is larger for 7’s than it is for 7’s, leading to the inflated flux uncertainties for the lower mass ALPs. (The
PYTHIAS- and Geant 4-predicted rates for n’’s are most discrepant, but this production mode for the ALPs is very
sub-dominant for the mass benchmarks we simulate.)
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Name Weighting Description

Scheme

VecFFCCQEshape unisim Shape of vector form factor in charged- cur-
rent quasi-elastic (CCQE) scattering

RPA CCQE unisim Variation on random-phase-approximation
(RPA) in CCQE scattering

Coulomb CCQE unisim Varies the strength of Coulomb corrections

ZExp VariationResponse unisim Variations in z-expansion of axial form fac-
tor in CCQE scattering (to 4th order)

Norm CCMEC unisim Normalization variation in charged-current
meson exchange current (MEC) scattering

NORM NCMEC unisim Normalization variation in neutral-current
MEC scattering

Decay Angle MEC morph Variation of model of decay angle in MEC
scattering

CCRES VariationResponse unisim Normalization uncertainty on charged-
current resonant scattering

NCRES VariationResponse unisim Normalization uncertainty on neutral-
current resonant scattering

RDecBR1gamma unisim Scale factor for branching fraction of X + ~

RDecBR1eta unisim Scale factor for branching fraction of X + 7

ThetaDelta2Npi unisim Reweight from isotropic to Rein-Segall pre-
diction for the 7 angle dist. in A decay

ThetaDelta2NRad unisim Reweight from isotropic to oc cos? 6 for the

~ angular distribution in A decay
NonRESBGvp[n]CC(NC)12pi unisim Non resonant neutrino-proton charged (neu-
tral) current scattering with 127, one proton
[neutron] (W <2 GeV)
NonRESBGvbarp[n]CC(NC)12pi unisim Non resonant antineutrino-proton charged
(neutral) current scattering with 127, one
proton [neutron] (W <2 GeV)

DISBY VariationResponse unisim Variations in the response of the Bodek-Yang
DIS cross section model

FSI pi VariationResponse unisim Variations in pion final state interactions
(FSI)

FSI N VariationResponse unisim Variations in FSI of nucleons

NCELVariationResponse unisim Variations in response of neutral-current

elastic scattering

Table 6.2: Specific neutrino interaction variations from the GENIE Reweight package applied in order
to determine the overall uncertainty due to neutrino interaction cross sections. The technical name, type of
reweighting scheme, and a brief description are provided for each variation. This table is a copy of Table
8.2in[1].
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provided by GENIE. Systematic uncertainties on the CC Coh 7 cross section were derived from
the uncertainty of this fit and the first principle component of the covariance matrix from the
comparison of the GENIE and MINERvA-tuned fit. The uncertainty is driven primarily by the
cross section’s dependence on atomic mass, and how this is scaled from Fe and CH to Ar in the
interpolation. The Appendix in [38] provides more detail on the fit and uncertainties associated
with the CC Coh 7 cross section.

Systematic uncertainties related to particle propagation through the liquid argon (i.e. en-
ergy dissipation, ionization, and scintillation processes), are determined from variations within
the Geant 4Reweight package [104]. In particular, variations are applied to p-Ar, 7" -Ar, and
7~ -Ar, and calculated as unisim uncertainties.

Detector systematics are obtained for the coh-like sample of events by running alternate ICARUS
detector simulations reflective of possible deviations of the detector performance from the baseline

simulation. Seven dominant variations of the detector modeling are simulated:

* Middle induction plane transparency +1o and —1o. While the baseline simulation assumes
a uniform transparency for the middle induction plane, studies using through-going cosmic
muons have shown that some regions of the detector are more opaque and some are more
transparent. Variations of the simulation are run in which the transparency is uniformly
increased and decreased to the maximum and minimum observed transparency respectively.
These are interpreted as 1o upper and lower values of the transparency. Their variances with
respect to the baseline Monte Carlo are averaged, and applied towards the total systematics

budget as a single source of uncertainty related to the middle induction plane transparency.

* Front induction plane gain —15% (“low”) and +15% (“high”). These two variations are
implemented as separate simulations. Their variances with respect to the baseline Monte
Carlo are averaged, and applied towards the total systematics budget as a single source of

uncertainty related to the middle induction plane transparency.
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* Increase in noise by 20%. A detector simulation with increased noise is run and its variance

with respect to the baseline Monte Carlo is calculated.

* Increased space charge effect by a factor of 2. In LArTPCs, “space charge effect” refers
to the effect of distortions of the internal electric field caused by a buildup of slow-moving
ions in the cryostat. There are two known issues with the space charge simulation used to
generate the Monte Carlo samples. First, there is a bug that reverses the direction of the
effect in the east TPC of both cryostats. Second, it is known to disagree in magnitude by
roughly 1.5. To account for this, an alternate simulation is run with the space charge effect

doubled. The variance of this change with respect to baseline Monte Carlo is calculated.

» Use wire-cell to model signal shape on front induction plane. The baseline Monte Carlo
uses a tuned signal shape to model the signal in this plane, but it has been found that wire-
cell better describes low-level data. A simulation is run with wire-cell signal shape and the

variance with respect to baseline Monte Carlo is calculated.

The percent uncertainty derived from detector modeling variations for the coh-like sample is
applied to all the background. It is safe to do this, and save on computing and storage resources
that would otherwise be required to simulate these seven samples for the nominal NuMI neutrinos
as well, since the background in the signal box for this analysis is almost entirely from CC Coh 7
events.

As seen in Table 6.1, the uncertainty due to detector modeling is the dominant source of un-
certainty for background, at a value of 54%. This number is itself somewhat uncertain, as it is
subject to statistical uncertainty associated with the number of events from each detector variation
sample that pass the event selection. Table 6.3 shows the percent uncertainty associated with each
detector variation, that contributes to the overall detector uncertainty of 54%, accompanied by the
number of events from each detector variation sample that passed the event selection. The greatest
contribution to the detector uncertainty is from the modeling of the front induction plane gain, but

there is a wide spread in the uncertainties across all variations overall, from a few to ~50%. It is
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Detector Modeling Variation (# MC Evts) %0
Middle induction plane transparency (high and low averaged) (n/a) 25

Middle induction plane transparency — 1o (57) 36
Middle induction plane transparency +10 (26) 4
Front induction plane gain (high and low averaged) (n/a) 45
Front induction plane gain low (40) 38

Front induction plane gain high (44) 51

Increased noise (44) 9

Increased space charge effect (55) 12

Front induction plane signal shape modeling (55) 9

Table 6.3: Percent uncertainty on the background estimation in the signal box, due to specific variations of
the detector modeling. The percent uncertainties shown here combine to give the total 54% uncertainty due
to detector effects from coh-like events, that is shown in Table 6.1. The first column shows the number of
Monte Carlo events surviving the event selection, for each simulated detector variation sample.

likely that this wide spread in the uncertainties, including the particularly high values associated
with the front induction gain and low transparency samples, is due to significant statistical fluctu-
ations given the modest numbers of events that pass the event selection for each detector variation
sample. The detector uncertainties for this analysis could be made more precise, which could in
turn cause them to be smaller, by increasing the statistics of the detector variation samples used to
compute them.

It should be noted, also, that much work within the ICARUS Collaboration has been and con-
tinues to be done in order to better understand the detector response systems and improve the
detector modeling. Such improvements have been made since the central value and detector varia-
tion simulated samples used for this analysis were generated. Subsequently, the uncertainty due to
detector modeling for this analysis would be smaller if the analysis were to be repeated with more
recently generated Monte Carlo samples.

At the time of writing, the uncertainty on signal events due to detector modeling has not been
quantified, but there are plans in place to do this in the same way as for the coh-like neutrinos,
using alternate detector variations for some simulated signal benchmarks. For now, temporary
placeholder values for the detector modeling uncertainty on signal events are assumed to equal

that of the coh-like neutrinos.
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Furthermore, the preceding contained muons analysis [38] performed a data-driven study to
derive a signal and background systematic uncertainty associated with the reconstruction perfor-
mance for cathode-crossing tracks. The study revealed a 5% uncertainty on signal events and 6.4%
uncertainty on neutrino background events in that analysis’s signal box. A repeat of this exercise
has not yet been performed for the present analysis, so for now a temporary placeholder value of
10% is assigned to this uncertainty for both signal and background events. A value larger than
that observed for the contained muons analysis is adopted since the sample of uncontained (typi-
cally more energetic) muon candidate tracks this analysis targets tend to be longer than the fully
contained muons in the other analysis, and so more frequently cathode-crossing.

Finally, statistical uncertainty for every bin is computed as the square root of the number of

Monte Carlo simulated events contributing to the bin.
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Chapter 7

Data/ Monte Carlo Comparisons in a Far Sideband

Data / Monte Carlo comparisons in a far sideband region have been performed to verify ade-
quate modeling of neutrino and detector physics in the Monte Carlo simulation.

The far sideband is defined as events that that pass the preselection and satisfy 15° < Onumr <
20°.

Less than 10% of the data from ICARUS Runs 1 and 2 pass this far sideband definition, deem-
ing this sample too statistically limited to risk observation of neutrino oscillation, which could
spoil other ICARUS or SBN analyses. The lower bound on Oy in the far sideband definition is
set to be a conservative distance from the signal box, which is at Oy, < 3°. The upper bound of
Onuv < 50° is imposed to reduce the number of cosmic events in the far sideband (see upper right
panel of Figure 5.2), zero of which are expected in the signal box.

To compare the simulated Monte Carlo expectations for neutrino interactions to data, all sam-
ples are normalized to the statistics of the onbeam data. For the offbeam data, this is done using
trigger livetime. For simulation, the number of protons on target is used.

After normalization, offbeam data is subtracted from onbeam data to statistically remove cosmic-
triggered events. The simulated data is representative of this off-beam-subtracted difference, since
for all of the simulated data the neutrino (or BSM) event is assumed to have triggered the readout,
and the overlaid cosmics are out-of-time events that are reconstructed during event readout.

In all comparison plots that follow, simulated events are sorted by interaction type and dis-
played as stacked histograms. The data is plotted with black points, with error bars corresponding
to statistical uncertainty.

Data/Monte Carlo comparisons are shown for the parameters used in the proton stub cuts in

Figure 7.1, and for all the other cuts’ parameters in Figure 7.2. The level of agreement between the
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data and simulated event histograms is quantified with a reduced chi-squared value, x?/n, where

2 (l‘dataz‘ - $MC,¢)2
X = : (7.1)
izl 5gata,i + 61%/IC,Z'

where ¢ indexes the bins and z and § are the bin values and uncertainties for Data and MC. n is
the number of degrees of freedom in the histogram, which is the same as the number of bins. Only
non-empty bins that are shown in the plotted ranges in Figures 7.1 and 7.2 are considered when
computing x?/n. Each comparison plot in those figures is also accompanied by a plot showing the
ratio of data to MC events in each bin, with the systematic uncertainty from the simulation shown
as a gray band around 1, and statistical error bars on the data.

The data and Monte Carlo agree reasonably well for all parameters, as demonstrated by the
fact that 1 is within the error of the ratio of data / MC for most bins. I will note that the reduced
chi-squared for all of these comparisons is almost always <1, which may indicate overly conser-
vative uncertainties. This could be attributed to by setting conservative placeholder values to the
uncertainty on signal due to detector modeling effects and/or the estimated uncertainty associated
with track splitting when tracks cross the cathode. Another interesting finding from this exercise,
from the comparison for Oy specifically, is what appears to be a tendency for the modeling to
over-predict the presence of cosmics and underestimate how many neutrino interactions there are.
If this is true, these effects could cancel each other out in the comparisons of MC and data for the
other cut parameters, which have more constant ratios of v’s to cosmics across their plotted distri-
butions. At this stage, the potential underestimation of neutrino events hinted at by the Data/MC
comparison for the fOyuvp variable is not too concerning, since CC Coh 7 interactions, which are
the primary source of uncertainty in the signal box, are hardly represented in the far sideband at
all. Nonetheless, when advancing to looking at data in the near sideband and signal box, it is im-
portant to have a plan in place for differentiating an underestimation of the underlying background
and an excess indicative of the presence of signal events. A procedure to interpret data in the near

sideband and signal box in a way that does this is presented in Chapter 9.
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Figure 7.2: Same as Figure 7.1, for the other cut parameters used in the event selection.
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Chapter 8

Projected Sensitivity

The projected sensitivities of this analysis to the Higgs portal scalar and heavy QCD axion
models, given the event selection performance and estimated uncertainty on the modeling, are now
presented. Here, “sensitivity” corresponds to regions of the model spaces that could be ruled out
by the search, up to some confidence level, in the case of data that agrees with the background-only
expectation. At the time of writing, the CLs method (see, e.g., Chapter 40 of [15] and [105]) as
implemented in the pyh £ python library [106, 107] is used to find what number of selected signal
events corresponds to these limits, and the determined number of signal events for the limits are
used to draw sensitivity contours in each models’ parameter space®.

To obtain an expected sensitivity, that is, one that assumes agreement with the Standard Model
null hypothesis, a hypothetical data observation equal to the central value expectation for back-
ground from simulations is assumed. Applying a flat uncertainty to every simulated signal bench-
mark of 60% in this technique?*, and the true background uncertainty of 71% in the signal box,
the median 90% confidence limit is obtained at 4.78 signal events. The contours of 4.78 selected
events for HPSs and ALPs are shown with blue lines in Figure 8.1. For the ALPs, the dash-dot lines
correspond to axions produced in kaon decay, while the dashed lines correspond to those produced
via mixing. Bands encompassing the +1, 20 90% CL expected limits, at 1.64, 2.59, 11.28, and
35.19 selected events, are also shown as shaded blue bands around the central value expectation.
The interpretation of the resulting plots is the following: every HPS and ALP model benchmark

enclosed within these contours can be expected to be ruled out by the search to within a 90%

31t has recently been realized that the implementation of the CLs method performed by the pyhf python library is
not completely robust for this analysis. A corrected version of the CLs limit-setting procedure will be implemented
into the analysis before final publication. Nevertheless, the projected sensitivities produced via pyhf still represent
results in the ballpark of what can be expected from the improved implementation.

4As seen in Table 6.1, each of the simulated signal benchmarks has its own uncertainty estimate. The limit-setting
procedure used for this analysis will be updated to take into account the different levels of uncertainty for different
signal masses before final publication of the analysis.
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Figure 8.1: Projected sensitivity to the Higgs portal scalar (left) and heavy QCD axion (right) model spaces.
The ALP sensitivity is drawn for the the codominance scenario for the Gauge couplings, and the minimalist
scenario of the muon coupling where ¢, is induced by (or “runs with”) the axion decay constant f,.

Figure 8.1 includes the sensitivities to the HPS and heavy QCD axion model spaces of other
experiments, for comparison to the projected sensitivity for this analysis.

The projected sensitivity of this search is slightly offset towards larger mixing angles, relative
to ICARUS’s search using contained muons. This effect is attributed to by the fact that Higgs
scalars with larger mixing angles are likely to have a shorter mean free path before decaying, and
so they must be more boosted to arrive at ICARUS before decay. The uncontained muons search,
which tends to target higher energy portal particles than the contained muons search, is thus more
sensitive to the scalars with larger mixing angles. The median 90% C.L. projected sensitivity of
the present analysis to the HPS parameter space exceeds other searches in a modestly sized region
around mg ~260-265 MeV and 0% ~ 2 x 1078, The greater contribution of the present analysis is

to the heavy QCD axions, whose sensitivity is discussed now.
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This selection of uncontained dimuon pairs is not competitive with ICARUS’s contained muons
search in the region where ALPs dominantly originate in kaon decay. This is because ALPs in this
region of the parameter space tend to have relatively lower energy, and thus more frequently result
in dimuon signatures that come to rest in the LAr before escaping ICARUS’s fiducial volume. On
the other hand, this analysis’s sensitivity to mixing-produced heavy QCD axions, which probe a
higher-energy phase space of the ALPs, provides complementarity to the contained muons search
in the mass range of m, = 350 - ~450 MeV, extending ICARUS’s reach. Henceforth I will focus
the search and discussion on the heavy QCD axions model mostly, since this is the model space
where the present analysis makes the greatest impact.

There are well understood physical explanations for why there is not sensitivity to axion masses
surpassing m, = 500 MeV. First, the overall flux of high mass ALPs in the NuMI beam is heavily
constrained by the fixed energy distributions of their parent 7y, 7, and 7’ particles in the beam.
The heavier the ALP, the more energetic its parent particle must be to produce it, and thus the
less likely it is originate in the NuMI beam at all. Second, sensitivity to heavy QCD axions is
exponentially suppressed at alp masses equal to m,, and m,, due to a resonance in the ALP decay
width there. This feature of the model attributes to an unavoidable “pinching” of the sensitivity
on either side of m, ~ 548 MeV. Finally, the steep falloff from sensitivity over a wide range in
1/ fa. at my,= 400 MeV to a narrow range in 1/ f,, close to m,= 450 MeV is attributed to kinematic
availability to hadronic decay modes of the axion that competes with the axion branching fraction
to muons starting at m, =405 MeV. It should be pointed out that each of these characteristics of
the sensitivity is entirely due to nuances in the theoretical description of the heavy QCD axion.
The search may still be sensitive to high mass scalars from alternate new physics models that avoid
limitations so specific to the axion modeling.

Finally, I draw special attention to the reinterpreted CHARM limits of exclusion for the heavy
QCD axion model, that are shown by the dotted gray line in the right panel of Figure 8.1. These
limits technically encompass the reach of sensitivity of the present analysis, but they should be

considered with skepticism. The CHARM experiment performed a search for QCD axions decay-
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ing to vy and g pairs in their detector, turning exclusionary, null results [101]. Their limits were
cast in terms of the ALP mass and an axion decay constant [, parameterizing a generic QCD axion
model. In their work, F}, was used to set the scale of both the axion production and the axion decay
width to muons. The extension of the single parameter £, to both of these use cases, which rely
on independent physics, is not theoretically motivated and prohibits an analytic reinterpretation of
their exclusion limits in the context of the more detailed model scenarios this analysis investigates.
In general, their description of the heavy QCD axion model is very limited, so it is unclear exactly
what they probed, or if their treatment of the axions was correct.

Berger and Putnam recently recalculated the expected sensitivity of the CHARM experiment
to the co-dominance, running c,, scenario of the heavy QCD axion model, by simulating the axion
production and decay at CHARM with Geant 4 [7]. Their reinterpretation of the CHARM results
improve upon the earlier reinterpretation of Winkler [108], as discussed in their paper. Berger
and Putnam adopted the reconstruction and selection efficiency of 85% for a — pu events quoted
by the original CHARM result, producing the reinterpreted results that are shown in Figure 8.1.
While their reinterpretation of the CHARM sensitivity is now physically motivated with respect to
improved modeling of the axion, one should still be skeptical of these results due to probable over-
simplified simulation of the experimental configuration and systematic uncertainties, and adoption
of what is likely an unrealistic selection efficiency from CHARM. The CHARM results, published
in 1985, do not discuss any sources of uncertainty and do little to demonstrate the high recon-
struction efficiency they quote. This would not stand up to the level of rigor required of modern
experiments, that are held to increasingly high standards of systematics accounting. As such, it
is likely that many sources of uncertainty were underestimated or left out entirely. As one such
example, neither the CHARM nor reinterpreted CHARM results quantify an uncertainty on the
axion flux, which is the leading source of uncertainty for the axions in the present analysis.

In the case of no significant excess above the Standard Model background expectation in the
signal box, this analysis is projected to set leading bounds on high mass heavy QCD axions, among

modern, dedicated searches.
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Chapter 9

Unblinding Procedure

With a finalized event selection, (mostly) characterized uncertainty budget, and validation of
good modeling with adequate agreement between data and Monte Carlo in a far sideband, this
chapter now presents a procedure by which the analysis can check for BSM signatures of interest
in the signal box, and report a final result. The high-level approach follows a simple cut-and-
count strategy: check how many data events are observed in the signal box, and report the level of
consistency of this number with the background-only hypothesis, given the estimated uncertainty
for the signal box background expectation. A significant excess will point to a discovery, a lack
thereof will be used to set limits of exclusion in the Higgs portal and heavy QCD axion parameter
spaces following the CLs procedure.

The unblinding procedure presented here proceeds through a two-step process, first examining
data in a near sideband close to the signal box, and then checking the signal box itself. The near
sideband is defined as events satisfying 3° < Onemi < 9°, and surviving all other cuts included
in the event selection. This sideband is chosen in order to capture as much of the rare CC Coh
7 events as possible, while excluding types of neutrino interactions not expected to be significant
signal box.

Figure 9.1 shows distributions of the expected number of events per Oxyv bin, with all the
other event selection cuts applied, encapsulating both the signal box and proposed near sideband
region. The signal box lies to the left of the dotted red line, and the near sideband is comprised
of the two bins immediately to the right of the dashed red line. As seen in the figure, there is an
approximately flat background expectation spanning from the near sideband region into the signal
box, at about 2-3 events. The signal on the other hand, is expected to rise from right to left (this is
by-design with with the event selection), with an overall amplitude dependent on the exact model
parameters for the HPSs or ALPs. The signal benchmark shown in Figure 9.1, m, = 400 MeV,

¢, = 6.5 x 1074, f, = 2.5 x 107* GeV, corresponds to a set of model parameters expected to be
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near the edge of sensitivity of this search - in other words, the signal strength shown for this model
is about as much as could be ruled out within the expected 90% CL, given no significant excess
observed above the background expectation in the signal box. However, other sets of ALP model
parameters could lead to signal strengths substantially above the background expectation, even in
the proposed near sideband region. Figure 9.2 demonstrates this statement with a side-by-side

comparison of two sets of ALP model benchmarks across the signal box and near sideband region.
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Figure 9.1: Top panel: Background events are presented as stacked histograms, categorized by event type.
The gray hashed bands show the total uncertainty on the background expectation. The expected signature
from one heavy QCD axion model benchmark (mass given in units of MeV; f, in units of GeV), near the
expected edge of sensitivity, is shown in yellow, with uncertainty bands. Bottom panel: A breakdown of
the fractional uncertainty on the background, per bin. The legend shows the fractional contribution of each
type of uncertainty in the signal box.

While a signal as strong as the ALP model benchmark shown in the right panel of Figure 9.2

is unlikely to have been missed by the CHARM experiment [101], for example, their results must

be taken with a grain of salt and so do not explicitly rule out the possibility. In an abundance
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Figure 9.2: Same as top panel of Figure 9.1, but with the curve depicting expected signal also including
the underlying background expectation. The plot on the right includes all the same inputs as that on the
left, with an additional curve for an ALP model benchmark capable of producing about as many events as
possible at ICARUS. Such a signature would entirely swamp the underlying background expectation, even
in the near sideband region. ALP masses are presented in units of MeV; f, are presented in units of GeV.

of caution, a fitting procedure has been developed for application to the near sideband, which
can be used to identify a scenario of encountering such a strong signal there, and offer further
understanding of both the sideband and signal box data in the context of the heavy QCD axion
model in this case. (This fitting procedure is not relevant for Higgs portal scalars, since any region
of that parameter space that could produce a large signal in the near sideband is already definitively
ruled out by other experiments.)

To perform this fit, the sideband data n (which is a vector of length two, corresponding to the
two sideband bins) is modeled as a linear combination of the underlying background expectation

bo and some signal benchmark s of a particular portal particle mass:

n=Axb+ B xs. 9.1

(For this step in the process, it is useful to use a model benchmark expected to lie near the edge
of your expected sensitivity for s.) In this model, the best fit normalization for the background,
A, is expected to be 1+ the average fractional uncertainty on the background expectation across

the bins. The best fit normalization for the signal, B, is likely to be zero in the case of sideband
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data consistent with the background-only expectation. Alternately, in the presence of signal, B
should capture scaling of the signal event rate with respect to non-mass model parameters, such
as the overall scale factor accounting for the differences in the two model benchmarks shown in
Figure 9.2, which have the same general shape. Note that portal particle mass affects the kinematics
of such particles that make it to ICARUS, and thus can also affect the shape of the distribution
in Onami- As such, the fit presented in Equation 9.1 is performed for multiple s with various
benchmark masses simultaneously.
The best fit A and B from Equation 9.1 in the sideband bins are determined according to the
likelihood >
L(A,Bln) =Pn|Axb+ B xs)xG(Axb|b, %), (9.2)

where P(n|A) is the Poisson probability distribution of observing n data given an expectation of

A,
NG ,—N;
Ate N

(ni)!

and G(x|p, Y) is the multivariate normal probability distribution with mean values p and covari-

P(n|A) = H

i

9.3)

ance matrix X:
1

V2mdet X
The associated profile likelihood £(B|n) is obtained by adopting the A that maximizes £(A, B|n)

G(x|p, %) = e~ =T ) /2. (9.4)

for each B. The best fit values of A and B are those that maximize the probability density, as calcu-
lated from the profile likelihood, across all simulated portal particle mass benchmarks. Whichever
model benchmark s led to the best fit values should be used in Equation 9.1 to derive an updated,
data driven and model-informed expectation for data in the signal box, according to the fit. In
cases where the best fit values of A and B predict a negative number of data in the signal box, a

prediction of zero events from the best fit is reported.

31t is known that this likelihood function needs to be edited to include another multivariate normal probability distri-
bution to account for the uncertainty on the simulated signal events - this task is outstanding. Once complete, the
mock data tests will be rerun as well.
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To obtain upper and lower limits on the data-driven signal box expectation within confidence
level a, the set of integration bounds B jow, Bs high such that the sum of the integrated probability
density across all s is equal to «, are used. All the Bgow, Bspign (from the various s model
benchmarks) must correspond to the same singular probability density value. Once these bounds
of integration are found, the o confidence level upper bound expectation for the signal box is
determined from which ever B pion and corresponding value of A from the profile likelihood lead to
the greatest number of events. The same is true for o confidence level lower bound expectation for
the signal box, using the found values of Bg jo, unless this returns a negative number of expected
events in the signal box. In this scenario, the lower bound expectation from the fit is taken to be
zero, as is done for the best fit value.

In the cases that there is not a strong excess of data above the background-only expectation in
the sideband, the o = 95% confidence level from the fit is likely to encapsulate the background-
only expectation of 1.78 events, or even O events, for the signal box. In these cases, the value of
performing the fit to the near sideband data is somewhat obsolete. Rather, the value in performing
the fit is to check for consistency between the data and the targeted BSM signature, namely heavy
QCD axions, in the case that a significant excess is observed in either the sideband region or signal
box. In the presence of a very strong ALP signal, the 95% CL signal box expectation from the fit
would not overlap with the background-only expectation.

After this near sideband fit is performed and reported, the signal box data will be unblinded.
The discovery sensitivity significance of the signal box observation will be determined from the
outcome of 1,000,000 toy throws of hypothetical signal box data containing no new physics. Each
toy throw is sampled from a Poisson distribution centered on A, with A sampled from a Gaussian
distribution with 1 = by and a spread equal to the uncertainty on the background in the signal box
as determined from the Monte Carlo. The distribution of these toy throws is shown in Figure 9.3.
A discovery sensitivity p-value for a given signal box observation ny will be computed from this
distribution as the fraction of toy throws greater than the observed signal box data. If the p-value

is significant, the signal box data will be compared with the expected range of data as determined
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from the sideband fit, in order to investigate consistency of the discovery with the BSM signatures

we have modeled and targeted in this analysis.

300000 A

250000 A

200000 A

150000 A

100000 A

Total Toy Throws

50000 -

# Occurences from 1 Million

0 2 4 6 8 10 12 14 16
Toy Throw # of Events in Signal Box

Figure 9.3: Rate of occurrence of a particular toy value for the number of background-only data events in
the signal box, for 1 million toy throws.

Appendix B.6 demonstrates the application of the presented plan for unblinding on several
mock data sets that are sampled from the background-only expectation, as well as various back-
ground + signal expectations. These mock data tests demonstrate potential outcomes of the analy-
sis, depending on types of data that could be lurking in the presently-blinded regions.

This plan for unblinding the near sideband and signal box data was approved internally by the
ICARUS Collaboration shortly before the writing of this dissertation. The actual unblinding of
the near sideband region, step one of the proposed process, has been delayed to accommodate the
completion and defense of this thesis. During that analysis “downtime,” it has since been suggested
that the procedure for extracting final results be consolidated into a single step of observing data
in all three O,y bins < 9° at once. The philosophy behind this suggestion is that, considering the
potential (albeit unlikely) contamination of signal events into the near sideband region for possible
ALP model parameters, the proposed sideband region of 3° < Onuvr < 9° cannot actually be

considered a sideband at all, and ought to instead be considered part of the signal box. (There is no
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alternative near sideband region that captures the dominant background of CC Coh 7 interactions,
while avoiding all possible contamination of ALP events.) It has been agreed upon by myself and
the committee members that this suggestion should be adopted for the analysis. It is not clear
at this time whether data in the updated signal box region at Oy, < 9° will be analyzed as a
single-bin or three-bin measurement, but this decision will be investigated and finalized after the
completion of this dissertation. While the final extraction of results for the analysis will likely
vary from the procedure presented here and demonstrated in Appendix B.6, the procedure shown
here still demonstrates the ability of this analysis to draw statistically rigorous conclusions about
the presence or absence of dark sector states resulting in dimuon final states, namely, Higgs portal

scalars and heavy QCD axions.
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Chapter 10

Conclusions

The ICARUS detector at Fermilab, commissioned with the primary goal of probing neutrino
physics for the SBN Program, is capable of probing any physics process that results in charged
Standard Model particles in the final state. The analysis presented in this dissertation probes for
BSM particles that could produce exactly two muons in the final state, where one or both of the
muons is uncontained in the detector’s fiducial volume. In particular, this signature will be used
as evidence for, or to set limits on, the Higgs portal scalar and heavy QCD axion models. It
complements ICARUS’s sensitivity to these models that has already been demonstrated by the
(Fermilab-headquartered) Collaboration’s first physics analysis, which selected for fully contained
dimuon final states. In particular, this analysis is projected to have leading sensitivity to high-mass
heavy QCD axions, among dedicated searches.

The underlying theory for the HPS and ALP models, ICARUS detector design and data acqui-
sition, signal and background simulation, event selection, systematic uncertainties, data/MC com-
parisons in a far sideband, projected sensitivities, and a procedure for unblinding the signal box
are all presented. These contents comprise the majority of work required for the completion of the
analysis. Outlying tasks required for the analysis to reach full maturity include the determination
of the size of detector modeling uncertainties for simulated signal events, the determination and
implementation of the uncertainty associated with the reconstruction of cathode-crossing tracks, an
update to the implementation of the CLs method that is used to set limits on the HPSs and ALPs,
incorporation of different levels of uncertainty for the different simulated signal benchmarks for
drawing exclusion curves, and, optionally but encouraged, a re-visitation for how the signal box
is defined and unblinded, as discussed at the end of Chapter 9. Of course, the last step is for the
signal box data to actually be unblinded, so that the final result of the analysis can be determined

and shared with the broader physics community. There are plans in place for these outstanding
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tasks to be completed by other ICARUS members after the completion of this dissertation, with a
targeted analysis completion date before the end of the calendar year.

In addition to the aforementioned tasks required to complete the present analysis, there are a
number of tasks that could be undertaken to improve it. As discussed in Section 6.2, the dominant
source of uncertainty on simulated background (and the projected dominant reduce-able source of
uncertainty on simulated signal) is from detector modeling, at 54%. This source of uncertainty in
turn has statistical uncertainty associated with the number of events from each alternate detector
variation simulation used to calculate it. This detector modeling uncertainty could be improved (i.e.
made more certain), and potentially reduced, by increasing the statistics of the detector variation
samples used to compute it. Better yet, the uncertainty due to detector modeling could certainly be
reduced if one were to repeat the analysis with Monte Carlo samples generated with a more recent
ICARUS code-base that accounts for improved detector calibration and modeling achieved by the
ICARUS Collaboration since the samples presently used were generated. This improvement would
require a dedicated production campaign within ICARUS: the analysis could re-purpose already-
generated nominal NuMI neutrino samples, but would require all-new generation for the coh-like
and signal samples (including central value and detector variation simulations).

This analysis could also benefit from increasing the dataset used for the result to include NuMI
Run 3 data, taken March-July of 2024. Inclusion of Run 3 data would nearly double the total
amount of data used (increasing the rates of both signal and background), therefor reducing its
fractional statistical uncertainty. NuMI Run 3 data was acquired with the NuMI focusing horns
running in the RHC configuration, contrasting the FHC configuration used for Runs 1 and 2. This
difference changes the abundance of charged mesons produced from interactions in the targets,
and which charged particles are focused by the horns, therefor affecting the flux seen by ICARUS.
As such, one would need to generate new simulated samples produced from an RHC configuration
that can be studied in order to include Run 3 data in the analysis.

ICARUS’s sensitivity to Higgs portal scalars and heavy QCD axions (among other BSM mod-

els that can be probed at ICARUS) could also further be enhanced with complimentary searches for
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signals of the other decay modes of the BSM particles, or signals of any of the decay modes of the
BSM particles where the BSM particle originates from meson decay at rest in the NuMI absorber.
Approximately 13% of the protons delivered by the NuMI beam travel through the NuMI target
without interacting, and instead travel roughly 700 meters downstream to the NuMI absorber [109].
Protons that interact in the absorber produce low-energy mesons, which in turn typically come to
rest in the absorber before decaying (lending to the term “decay at rest”). BSM particles origi-
nating from meson decay at rest in the absorber and arriving at ICARUS would have a distinctly
different incoming direction contrasting the majority of beam-originating events that come from
near the NuMI target. Furthermore, events from a given meson parent would be mono-energetic,
as the stopped mesons’ decay products would only inherit energy from the (non-boosted) meson
mass. These unique characteristics can be reconstructed from the observable final states, and used
to distinguish meson decay at rest BSM signatures from background, complimenting searches that
target the majority of beam-originating events which come from near the target.

Finally, there are a couple of additional tasks that could be performed to cast more impactful, or
at least more general, results for this analysis, without changing anything about the event selection
or systematics already presented. The first is to determine the analysis’s sensitivity to tau-coupled
axions, as motivated by [110]. This third production mode of the axions, in excess of the kaon-
decay and meson-mixing modes already accounted for here, would lead to an increased rate of
axions at ICARUS, possibly extending the analysis’s sensitivity to heavy QCD axions to higher
masses than what has already been shown. The tau flux from NuMI would need to be known in
order to probe these types of ALPS. From there, a new sample of tau-coupled axions could be
generated, or reweights could be derived and applied to make the axion samples already simulated
representative of having originated from mixing with taus in NuMI. Second, it would be good for
the final sensitivity of this analysis to be recast in a model-independent way before publication, as
was done within the contained muons analysis as well. The shape and limits of the sensitivity this
analysis has to heavy QCD axions in particular is highly restricted by nuanced details of the ALP

modeling (i.e. resonances in production and decay widths), as discussed in Section 8. A recast of
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the results of this analysis in the more generalized 3D space spanned by the BSM particle mass,
product of production and decay branching fractions, and average lifetime, as opposed to specific
model parameters, would make it easier to reinterpret the results to any other BSM models that

could lead to the same uncontained dimuon final state in the future.
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Appendix A
ICARUS Detector Controls System

The ICARUS Collaboration leverages Control System Studio (CSS) [111] for the design of
graphical user interfaces (GUIs) used to monitor and control hardware systems. CSS GUIs enable
the developer to build displays with a wide variety of widgets including but not limited to text labels
(liken to a “text box” in PowerPoint, with a set display string), various graphics (e.g. that can be
used to make illustrative diagrams or schematics of detector systems), LEDs (filled in circles that
take on a particular color in correspondence with acceptable or unacceptable values of data), plots,
and text updates (like a text label, but with text that displays data or metadata in real-time and so is
not set to a static display string). Each type of widget has a suite of programmable properties that
determine its name, what it displays (e.g. if showing a particular datum), how it displays content,
its position in the GUI, and any “control features” of the widget, among other characteristics.
Examples of a control feature of a widget could be that it opens a webpage or another GUI if
clicked on, or that it sends a signal to change the amount of power sent to a particular piece of
hardware on the network.

CSS relies on the Experimental Physics and Industrial Control System software (EPICS) to
display data in the GUISs in live time. In particular, widgets that relay data have a property called
Process Variable (PV) Name, which needs to be set to the name of an EPICs data product, also
referred to as a “record.” For hardware devices that are not manufactured to collect and transmit
data according to the EPICS protocol already, the DCS experts write parser scripts to translate
that collected data into the EPICS format. An EPICS application called an Input/Output controller
(IOC) is used to “activate” the EPICS datasets, enabling the live time transmission of the hardware
data to the CSS GUI in the EPICS protocol, and enabling live time control of the hardware systems
via CSS control widgets or EPICS control commands. In other words, the IOC is what establishes

two-way transmission of EPICS data between the GUIs and hardware devices.
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The EPICS developers guide [112] describes the different types of EPICS records that can
contribute to an EPICS database. A basic type of record frequently used by ICARUS’s DCS GUIs
is an Analogue Input (Al) record. Al records take an analog value from hardware as input, in the
“INP” field, and convert it to a value with engineering units assigned to it. A more complex and
arguably more useful type of EPICS record, that is also frequently utilized in the ICARUS slow
controls GUTIs, is called an MBBI record. MBBI records also have a field for the name of the
hardware data it corresponds to, but it has additional programmable properties that can be used
to convey pertinent information about possible values of that data. For example, if the analog
input could take on values of 0 or 1, corresponding to “ok™ or “error” states, these states can be
programmed into the MBBI record so that when the record is displayed in the GUI is shows as the
more helpful information of “ok™ or “error,” as opposed to a 0 or 1, which most users would not
know how to interpret. Alarms of varying severity can be programmed within EPICS records, such
that when a CSS widget points to a record, it will display the data with a colored border indicating
a warning or alarm if the data is outside the (programmed) acceptable range. By creating a visual
queue for alarm states in the GUISs, this feature enables issues with detector operations to be spotted
more efficiently by shifters, and thus facilitating quicker intervention to get all systems back to spec
for optimal data taking.

I have contributed to the creation and/or improvement of many ICARUS DCS GUIs and
databases used to monitor and control detector hardware. When making new GUIs, special care
was taken to design them in ways aligned with optimal user experience. This included streamlin-
ing displays for general ICARUS shifters (e.g. not including more information than is necessary
for the shifter to check, making alarm states clearly visible, taking into account common personal
laptop display sizes when establishing the layout of the GUI, and removing control widgets that
could inadvertently be used to change hardware configurations by mistake), who are required only
to check high-level operations, and identify and relay any alarm state to subsystem experts for
further intervention. When designing GUIs for use by hardware experts, I worked closely with

the experts (including leveraging my own experience as a PMT subsystem expert for work on any
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PMT-related GUIs) in order to understand and cater to their needs with the GUI. The following
two subsections describe two of the more involved slow controls projects I completed during my

service as a DCS expert.

A.1 GUIs to Monitor the White Rabbit Switch

As mentioned in Section 2.3, a White Rabbit network [52] is used to time-synchronize the
various ICARUS subsystems with beam signals from Fermilab’s accelerator complex. The de-
vice used for this synchronization is referred to as the White Rabbit Switch (WRS). The WRS
is crucial to the ICARUS triggering system, and therefor must be continually tested, monitored,
and backed up to ensure high integrity data acquisition. The WRS stores and transmits data ac-
cording to the snmp protocol, and so must be parsed into the EPICS format. A description of
every snmp data object available to and for the switch is contained in the firmware version-specific
WR-SWITCH-MIB. txt file provided by the White Rabbit network developers [52]. ICARUS has
two WRS devices - one used for actual ICARUS triggering, referred to as the “production” switch,
and another switch used for offline testing and as a backup in case of failures of the production
switch, the “spare" switch.

At the time I became an ICARUS slow controls expert, the only slow controls monitoring
tools available for the WRS was a simple script that parses the production WRS snmp objects into
EPICS AI type records, and a GUI that displayed the name and value of each of these records
as a list. I improved upon these monitoring tools by creating sets of more user friendly GUIs
for both the production and spare switches. For each switch, there is a “shifter" GUI designed
to display only the high-level specifications and status of the switch, an “expert" GUI designed
to offer more insight than the shifter GUI, and an “All records" GUI that has all available data
products corresponding to the switch (like the original GUI). In the shifter and expert GUIs, records
are displayed as a dependency tree, so that a high level alarm can intuitively be traced back to lower
level causes. I collaborated closely with ICARUS’s White Rabbit Switch experts, to come up with

and implement this design.
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Furthermore, I made significant improvements to the parser script use to translate the WRS
data from the snmp to the EPICS protocol. In particular, the new parser script creates MBBI type
records for data products relaying information about the switch status, and these MBBI records are
thus incorporated into the GUIs so that incompliant values can easily be spotted with warning or
alarm displays.

Finally, my work introduced the use of EPICS templates (see [113], for example) into the
WRS monitoring systems, in order to eliminate redundant work around creating similar systems
for both the production and spare systems. The use of templates enables flexibility for configuring
databases corresponding to whichever White Rabbit firmware version a switch is operating with.
This feature proved extremely useful, as ICARUS used the spare switch to test upgraded firmware
versions before porting the updated versions to the production switch: with the use of templates,
new databases can be configured for either switch, for any firmware version with a few clicks of
the button.

This project was worked on iteratively over several months, and reached its final state for use
by ICARUS in the spring of 2023. About 6 months ahead of the SBND experiment coming online
to take neutrino data, I was consulted by their DCS experts for guidance in setting up their own
WRS monitoring systems. Using the systems I built and documentation I wrote, SBND was able
to implement their complete WRS slow controls monitoring in about a day.

Figure A.1 is a graphic created upon completion of this project, which illustrates how the
relevant hardware, data, and applications interface to produce usable GUIs for monitoring and
troubleshooting a White Rabbit switch. Figure A.2 shows a screenshot of the WRS Expert GUI
designed by me, featuring a section of header-type information at the top of the display showing
basic information about the switch, and a dependency tree for various status-related snmp objects,
converted into MBBI type EPICS records by the parser script. The screenshot shows an “error”
overall status for the script, which is programmed as an alarm state and so displayed with an eye-
catching red border around the widget. The error can easily be traced through the dependency tree

to the “Soft PLL Status” error, facilitating streamlined troubleshooting by WRS hardware experts.
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Widgets at the bottom of the display can be used to navigate to the “All Records" GUI and to the

ICARUS-managed WRS information wiki, for further investigation by experts.

A.2 Overhaul to Presentation of all ICARUS Slow Controls

GUIs

ICARUS collaborators access the slow controls GUIs by connecting to the icarus-dcsO1 server
via a VNC secure connection. CSS is left running on that remote desktop, and has tabs across the
top of the window for the various GUIs that shifters and experts alike need to access in order to
check on and interact with the hardware. Internal ICARUS wikis for shifters and hardware ex-
perts orient users with the contents of the GUIs, and provide instruction as to which widgets or
data products are important to check. Since the detector is continuously monitored 24/7, the CSS
window and various GUI tabs are left open and running on the server. Often times, when experts
access GUIs not needed for the general shifters, those GUIs are left open in the CSS window as
well. Over time, the CSS window can become cluttered with many tabs, causing confusion for col-
laborators not well oriented with all the slow controls tools, and trying to find a particular display
or data value. Furthermore, such as the case with the newly designed White Rabbit Switch GUIs,
many displays have two versions — one for simply monitoring the hardware, which is accessed
by shifters, and one with system “control" capabilities that is used by experts to intervene with
detector operations, such as changing the amount of power supplied to a device. These pairs of
GUISs tend to look very similar, so it is possible for shifters to unknowingly interact with the control
GUIs instead of monitoring GUISs, increasing the risk of inadvertent and/or ill informed changes
getting made to actual detector operations, putting the hardware and data streams at risk. Finally,
the slow controls team has designed many GUIs to assist with operations over the years, and few
collaborators are aware of all of these tools that are available to them for investigating hardware
systems. Without a complete knowledge of the full set of GUIs available, collaborators may work

harder than necessary to investigate and address various issues.
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Info-graphic illustrating the key components (hardware, files, applications, and data flows)

required to monitor the White Rabbit Switch, with accompanying informative text.

Figure A.1
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White Rabbit Switch Status

Switch Version: 1 (Spare) WRS Restart Reason: softwareReset WRS TAI Time: 2023-02-23-23:23:33
Firmware Version: v5.0.1 Number of Boots: 5 WRS UTC Time:
10C Boot Time: 2023-02-15 16:08:22 Number of Reboots: 0 Drift Time:

This tree shows general status objects for operators.

The status of each objectin this tree is based on the status of its child objects.

Objects in the third layer of this tree are calculated based on the SNMP expert objects.

Shifters should relay errors and warnings (indicated by status boxes with red or orange wamings) to WRS experts, unless errorfwarning is known and acceptable.

Main System Status e 0SS ALUS ok —_— Boot Successful ok
Temperature Warning temp_OK

b MeEMory Free Low ok

e Cpu Load High ok

Disk Space Low ok

. Timing Status ————— PTPStatus ok
| Soft PLLStatus

Slave Links Status ok

‘e PTP Frames Flowing ok

Networking Status ok —eee. SFPs Status ok

Endpoint Status ok

b SWCOTE Status ok

‘e RTUSHALUS ok

To see all records navigate here: |Open

Open WRS Troubleshooting Wiki

The WRS Failures and Diagnostics documentation files are available at the bottom of the above wiki under files.

Figure A.2: Screenshot of the CSS-displayed WRS expert GUI used by ICARUS White Rabbit switch
experts, as described in the text.

To address all of these issues, I took on a project of reorganizing the presentation of all the
ICARUS slow controls GUIs into a more streamlined, intuitive, and user-friendly arrangement.
This was done with the creation of new “top level" GUIs featuring CSS navigation tabs, where
each tab redirects to an existing GUI for a piece of I[CARUS hardware. The navigation tabs are
oriented in a navigation tree that always remains visible on the screen, helping users to orient
themselves with what GUI is actively being viewed, as well as what other GUIs are available
for use. I made one organization tree intended for use by general shifters, which has just the
(monitoring versions of) GUIs they are instructed to reference for their shifter checklists. Another
organization tree was made to display all ICARUS GUIs available, for use by hardware experts.
The latter organization tree includes both monitoring and control GUIs, and the display of the

organization tree makes it clear to the user which version of the GUI is being accessed at a given
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time. During this effort, I also performed the exercise of carefully comparing all GUISs to their
respective descriptions in the ICARUS wikis. Where inconsistencies existed, I worked with experts
to settle on which actions should be taken to bring them into agreement - whether that be updating
the GUIs or the wikis, or both. On the software side, this intervention included changes to both
GUI design as well as some EPICS databases, for example, to update alarm thresholds for various
records. Furthermore, all existing ICARUS GUIs were quality checked for broken links or widgets,
outdated design, proper security measures (i.e. password protections where needed or desired, such
as for accessing the CRT control GUI, which was a request made by CRT experts), and any data
streams compromised by the reorganization. Finally, shortcuts were programmed within CSS to
easily reset the GUIs displayed in the window to just the two containing the organizational trees
that can be used to access everything, providing a quick and easy way for users to “clean up” the
window in the case of accumulated clutter of unnecessary GUIs. This overhaul of all of ICARUS’s
slow controls GUIs was deployed in the spring of 2025, complemented by thorough efforts to
educate all collaborators about the changes, and has since improved the efficiency and efficacy
of monitoring and intervening with detector operations across the collaboration. Figures A.3 and
A.4 show screenshots of the newly created CSS displays featuring navigation tress for the GUISs,
for shifter use and expert use respectively. The navigation tabs are shown on the left, with the
top-most level of tabs organized by detector hardware type. Tabs highlighted in blue indicate the
path followed in order to display which ever GUI is shown to the right. As seen in Figure A.4,
the users can reference the navigation tabs there to easily switch between monitoring and control

GUISs, without loosing track of which is being accessed.
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Appendix B
Mock Data Tests for Unblinding the Near Sideband

and Signal Box

Here, I demonstrate the sideband and signal box unblinding procedure outlined in Chapter 9
on mock data sets representative of no BSM signal, the presence of a weak BSM signal, and the
presence of a strong BSM signal.

All mock data tests below include a figure that shows the number of events from the simulated
background expectation and from the mock data, per On,m1 bin, with all other event selection cuts
applied. These plots encapsulate both the near sideband region and signal box. The number of
events in those Figures are represented as scatter plot points with x coordinates equal to the Onuv
bin center.

Each mock data test also includes a plot showing the profile likelihood probability density
from Equation 9.2, for simulated ALP benchmarks with m, = 300, 350, 400, and 450 MeV. In
each mock data test, this probability density was used to determine the best fit A and B values for
the data, according to Equation 9.1, and in turn set the sideband-data-informed 95% CL range of
expected signal box values from the fit. In cases where the 95% CL range of expectation values
for the signal box does not overlap with the background-only expectation from simulation, the CV
and 95% upper and lower bounds for the signal box are also shown in the plot of Oxuw.

For mock data tests that do not have a significant excess of events in the signal box, “observed”

exclusion curves according to the mock data are shown for the ALP model space.

B.1 Mock Data Test: Background Only, Throw 1

This mock data was sampled from the background-only expectation. The best fit values to
Equation 9.1 with the near sideband data were A = 1.13 and B = 0.05, leading to a most likely

signal box expectation of 2 data events. The 95% CL upper and lower bounds to the signal box
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expectation from the sideband data fit were 21 and 0, respectively. In this case, these fit values are
not shown in the Oy, plot for this mock data test, since the range in expected signal box values
overlaps with the background-only expectation for the signal box from Monte Carlo.

The signal box was opened and revealed zero data events, consistent with no new physics. The
corresponding discovery sensitivity p-value is equal to 0.74. An “observed” exclusion curve in the

ALP model space was computed for the observation of zero events in the signal box.

@ simulated BG ) T
51 o mock data Signal Box p-value = 0.74
(BG only, throw 1)

ﬂ 4 ®
c
(O]
Lﬁ [ d
w 3 ] °
o ® [ ]
—
3
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>
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1 - - - .

04 @ [}

2 4 6 8 10 12 14

Bnumi (bin centers)

Figure B.1: Number of events per Onymr bin for simulated background (blue) and fake data sampled from
the simulated background (black), Throw 1. The signal box is the left-most bin, and the sideband region is
comprised of the second and third bins.

B.2 Mock Data Test: Background Only, Throw 2

This mock data was sampled from the background-only expectation. The best fit values to
Equation 9.1 with the near sideband data were A = 0.84 and B = —0.50, leading to a most likely
signal box expectation of 0 data events. The 95% CL upper and lower bounds to the signal box
expectation from the sideband data fit were 0 and 10, respectively. In this case, these fit values are
not shown in the Oy, plot for this mock data test since the range in expected signal box values

overlaps with the background-only expectation for the signal box from Monte Carlo.
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Figure B.2: The profile likelihood probability density from Equation 9.2 for the background-only mock
data, Throw 1, with respect to m, =300, 350, 400, and 450 MeV ALP benchmarks for s. (The values of f,
are given in GeV.)

The signal box was opened and revealed 2 data events, consistent with no new physics. The
corresponding discovery sensitivity p-value is equal to 0.29. An “observed” exclusion curve in the

ALP model space was computed for the observation of 2 events in the signal box.

B.3 Mock Data Test: Background Only, Throw 3

This mock data was sampled from the background-only expectation. The best fit values to
Equation 9.1 with the near sideband data were A = 1.33 and B = 0.70, leading to a most likely
signal box expectation of 9 data events. The 95% CL upper and lower bounds to the signal box
expectation from the sideband data fit were 33 and O, respectively. In this case, these fit values are
not shown in the Oy, plot for this mock data test since the range in expected signal box values
overlaps with the background-only expectation for the signal box from Monte Carlo.

The signal box was opened and revealed 1 data event, consistent with no new physics. The
corresponding discovery sensitivity p-value is equal to 0.49. An “observed” exclusion curve in the

ALP model space was computed for the observation of 1 event in the signal box.
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Figure B.3: Exclusion contours for the Higgs portal scalar heavy QCD axion parameter spaces. The blue
bands are from the expected sensitivity of the search, as described in section 8. The black curves are drawn
in accordance with the background-only, Throw 1 mock data, i.e. an observation of O events observed in the
signal box.

B.4 Mock Data Test: Background + ALP Signal with m, =

400 MeYV, f, = 25000 GeV, Throw 1

This mock data set and the mock data sets used in the following test were both sampled from
the expectation for background + alps with model parameters m, = 400, f, = 25000 GeV (and
the associated running coupling c,). This is a heavy QCD axion model benchmark that lies near
the expected reach of sensitivity, meaning that if this model exists, one can expect a small number
of signal events in the sideband, and just enough to see an excess above the background-only
expectation in the signal box.

The best fit values to Equation 9.1 with the near sideband data were A = 0.52 and B = 1.06,
leading to a most likely signal box expectation of 4 data events. The 95% CL upper and lower
bounds to the signal box expectation from the sideband data fit were 20 and 0, respectively. In

this case, these fit values are not shown in the fx,v plot for this mock data test since the range in
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Figure B.4: Same as Figure B.1, for Mock Data Test with Background Only, Throw 2.

expected signal box values overlaps with the background-only expectation for the signal box from
Monte Carlo.

The signal box was opened and revealed 9 data events, an observation above the background-
only expectation with a discovery sensitivity p-value of 0.0008. This p-value would correspond to
a z-value of 3.16 for a one-sided Gaussian distribution centered at 0 with a width of 1. This result

thus constitutes evidence for new physics with o = 3.16.

B.5 Mock Data Test: Background + ALP Signal with m, = 400,

£, = 25000 GeV, Throw 2

The best fit values to Equation 9.1 with the near sideband data were A = 1.21 and B = 1.66,
leading to a most likely signal box expectation of 18 data events. The 95% CL upper and lower
bounds to the signal box expectation from the sideband data fit were 42 and 0, respectively. In
this case, these fit values are not shown in the fy,m plot for this mock data test since the range in
expected signal box values overlaps with the background-only expectation for the signal box from

Monte Carlo.
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Figure B.5: Same as Figure B.2, for Mock Data Test with Background Only, Throw 2.

The signal box was opened and revealed 14 data events, an observation above the background-
only expectation with a discovery sensitivity p-value of 6 x 1076, This p-value would correspond
to a z-value of 4.34 for a one-sided Gaussian distribution centered at O with a width of 1. This

result thus constitutes evidence for new physics with o = 4.34.

B.6 Mock Data Test: Background + ALP Signal with m, = 400,

fa = 5000 GeV, Throw 1

This mock data set was sampled from the expectation for background + alps with model pa-
rameters m, = 400, f, = 5000 GeV (and the associated running coupling c,). This is a heavy
QCD axion model benchmark that could lead to O(100s — 1000s) of events in the near sideband
and signal box. This is the regime where the fit to sideband data is useful for predicting the signal
box observation, and checking if the (real) signal box data is compatible with the fit and therefor
with the heavy QCD axion model.

The best fit values to Equation 9.1 with the near sideband data were A = 1.01 and B = 140.70,
leading to a most likely signal box expectation of 1352 data events. The 95% CL upper and lower

bounds to the signal box expectation from the sideband data fit were 1589 and 1111, respectively.
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Figure B.6: Same as Figure B.3, for Mock Data Test with Background Only, Throw 2.

These fit values do not overlap the background-only expectation for the signal box from Monte
Carlo, so they are shown in the Oy, plot for this mock data test.

The signal box was opened and revealed 1354 data events, an observation far above the background-
only expectation with a discovery sensitivity p-value equal to zero (given the precision obtained
from simulating 1,000,000 toy signal box values). If a scenario like this is encountered with the
real data, more signal box toy values should be thrown so that a non-zero z value can be com-
puted. In any case, such a scenario would constitute extremely strong evidence for BSM physics.
Note that the signal box data here is within the expected range of values determined from the near

sideband data fit, bolstering this discovery as consistent with the heavy QCD axion model.
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Figure B.7: Same as Figure B.1, for Mock Data Test with Background Only, Throw 3.
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Figure B.8: Same as Figure B.2, for Mock Data Test with Background Only, Throw 3.
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Figure B.9: Same as Figure B.3, for Mock Data Test with Background Only, Throw 3.
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Figure B.10: Same as Figure B.1, but for mock data corresponding to background + ALP Signal with
mgq = 400, f, = 25000 GeV, Throw 1.
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Figure B.11: Same as Figure B.2, but for mock data corresponding to background + ALP Signal with
mq = 400, f, = 25000 GeV, Throw 1.
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Figure B.12: Same as Figure B.3, but for mock data corresponding to background + ALP Signal with
mgq = 400, f, = 25000 GeV, Throw 2
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Figure B.13: Same as Figure B.2, but for mock data corresponding to background + ALP Signal with
mq = 400, f, = 25000 GeV, Throw 2

134



1600 1 predicted signal box data
from likelihood fit
1400 4 I simulated BG

mock data

» 12001 (BG + (m, = 400 MeV, f, = 5000), throw 1)

+

c

2 1000 Signal Box p-value = 0.00

Ll

Y

O 800

—_

3

600 1

€

S

Z 400

200 1
[ ]
0{ & - 8 L}

6 8 10 12 14

Figure B.14: Same as Figure B.1, but for mock data corresponding to background + ALP Signal with
mg = 400, f, = 5000 GeV, Throw 1. The range of predicted signal box values from the Likelihood
fit to near sideband data (see Figure B.15) is shown in this @xumr plot, since it does not overlap with the
background-only expectation predicted by the Monte Carlo. Notably, the mock data value in the signal box
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is consistent with the range of values predicted by the fit to the near sideband data.
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