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ABSTRACT

Many of the unexplained phenomena in particle physics and cosmology today, such as the
microphysical nature of dark matter, the strong CP problem, and the origin of the neutrino
masses, can be resolved by the existence of a light (~ GeV), weakly-coupled hidden sector of
new physics. Such hidden sectors often predict the existence of “long-lived" particles (LLPs)
that travel a far distance from production before decaying into Standard Model particles.
Neutrino oscillation experiments, which combine intense particle beams with precise imaging
detectors, are well equipped to probe LLP models with new sensitivity. This thesis details a
search for a long-lived particle decaying to two muons with the ICARUS liquid argon time
projection chamber (LArTPC) neutrino detector in the Short-Baseline Neutrino program at
Fermilab. The calibration of the ICARUS time projection chamber (TPC) which enables
the search is also presented. Notably, the calibration measures an angular dependence in
electron-ion recombination in argon, a novel observation relevant for the detector physics of
LArTPCs. The search is performed using data taken with the Neutrinos at the Main Injector
(NuMI) beam, with an exposure of 2.41 x 1020 protons on target. No significant excess over
background is observed, and we set world-leading limits on two new physics models that
predict this process: the Higgs portal scalar and a heavy axion model. We also present the
sensitivity in a model-independent way applicable to any new physics model predicting the

process K — w4+ S(— pp), for a long-lived particle S.
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CHAPTER 1
NEUTRINO OSCILLATIONS AND THE INTENSITY
FRONTIER

Neutrinos are the particle of big numbers. Amongst the zoo of fundamental particles uncov-
ered in the last century and a quarter since J.J. Thompson’s 1897 discovery of the electron,
the neutrino stands out for its ubiquity in nature and distance in scale from everyday matter.
About 100 trillion neutrinos travel through our bodies each second, originating from a vari-
ety of sources natural and man-made. Among these are counted: the sun, nuclear reactors,
the earth’s crust, bananas, and notably, outside Chicago, from acccelerator beams. These
large fluxes pass us by without notice due to the large distances a neutrino will travel before
interacting. A neutrino from a nuclear recator would travel through about 200 trillion miles
(30 light years) of water, on averge, before interacting. This extremely small interaction
strength led the scientist who originally suggested its existence, Wolfgang Pauli, to believe
it would never be detected [1].

The neutrino was detected, twenty-six years after its postulation, in 1956 by Clyde Cowan
and Fred Reines from a nuclear reactor source [2]. Today, a myriad number of neutrino
sources and detectors are paired to perform experiments studying the particle. Many of
these are directed towards studying the astounding property of neutrino oscillation: there
are three types, or “flavors” of neutrino, and left alone a neutrino particle will swing back and
forth between all three. Neutrino oscillation experiments require intense fluxes of neutrinos
to impinge on large, sensitive detectors. They therefore offer the opportunity to search for
new particles that would be as weakly coupled to normal matter as neutrinos are, or even
moreso. Such particles could explain some of the outstanding problems in particle physics

today, such as the microphysical nature of dark matter.



1.1 Neutrino Oscillations

Neutrinos oscillate because they have mass, and their mass eigenstates differ from the flavor

eigenstates. These two bases can be related by a unitary matrix U

o) = 3" Uai 1) (L)

where a € e, i, 7 indexes the flavor states, i € 1,2,3 indexes the mass state, and U is the
Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix [3, 4, 5, 6]. Neutrinos are produced in
the weak interaction in a flavor eigenstate |v), which is a combination of mass eigenstates
given by equation 1.1. As the neutrino travels with 4-momentum p,, a 4-length 2#, each mass
eigenstate picks up a separate phase proportional to: p,z# = Et—p-7 ~ (p+m2/2p)L—pL =
Lm?/2p ~ Lm?/2E (in units where i = ¢ = 1). The approximation is made that the
neutrino is nearly massless and travelling nearly at the speed of light. Thus after travelling
a distance L, a neutrino in an initial flavor eigenstate |v,) will have oscillated into a state
given by

—iLm?2/2F
(L)) =Y e PP ) (1.2)
J
When it is detected, it is projected into a flavor state 5. The oscillation probability from

the state a — ( is

2
2 —iLmZ2/2E
Pyg = |(w(L)p)|” = D> _UxUsje” m3/ , (1.3)
j

In the simple case where there are only two oscillating states with flavors («, 5) and masses
m1, mg, the neutrino oscillation is described by the disappearance probability P,—o and the

appearance probability P,_,3 =1 — Py—q. In this limit, the PMNS matrix is described by



a single mixing angle 6

cosf —sinf

= (1.4)
sinf  cosf
The appearance probability is (adding in numerical factors)
Am? L GeV
— w2 -2
Py_,p = sin” (20) sin (1.27 2 ET) . (1.5)

Thus, in the two neutrino case, there are two measurable parameters: the mass difference
Am2(z m% — m%), and the mixing angle #. The mixing angle controls the amplitude of the
oscillation, while the mass difference determines its frequency. In the three neutrino case,
there are three mass differences and three mixing angles; one for each pair of neutrinos. Fur-
thermore, when there are three neutrinos the PMNS matrix also has an additional complex
phase dcp. This phase, if non-zero, would violate charge-parity (CP) symmetry: it would

cause neutrinos to oscillate in a different pattern than their anti-particle (anti-neutrino)

counterparts.

1.2 Neutrino Oscillation Experiments

The imprint of neutrino oscillation was first observed in the Homestake experiment pioneered
by Raymond Davis which detected, for the first time, the flux of neutrinos from the sun [7].
Collecting data over many decades, it observed a long running deficit of the expected number
of neutrinos by about two thirds. We now know that this is because the flux of solar neutrinos,
which when produced is entirely in the electron (e) flavor state, had partially oscillated into
the other two flavors muon (u) and tau (7). The detector was only sensitive to the electron
flavor component of the flux.

In the 1990s, new experiments collected increasingly convincing data supporting the

neutrino oscillation picture. The SNO experiment measured separately both the electron



and total component of the solar neutrino flux. The electron component confirmed the
results of the Homestake experiment, while the total flux matched the expectation of the
rate from the sun [8, 9]. Alongside this evidence, the Super-Kamiokande experiment observed
the oscillation of neutrinos produced in the atmosphere as they travelled through the earth
[10]. The two experiments were together awarded the 2015 Nobel prize in physics for these
discoveries.

Further experiments have solidified this picture using artificial neutrino sources. Neu-
trinos can be produced in particle accelerators. In the “super-beam” technology, an intense
proton beam is directed to a fixed target. In the spray of produced particles, pions and kaons
decay to neutrinos which constitute the beam. Experiments using these sources are built
with a “near” detector, which is situated close to the source and measures the rate before
oscillation, and a “far” detector which measures the oscillated rate. This experimental design
has been employed with accelerator neutrino sources (such as by MINOS [11], T2K [12], and
NOvVA [13]), as well nuclear reactor neutrino sources, to provide precise precise measure-
ments of neutrino oscillations which established the three neutrino, PMNS picture. The

mixing angles between the three flavor eigenstates are [14| (rounded to the nearest degree)

019 ~ 33°
093 ~ 49° (1.6)
The mixing angles are large and produce significant oscillation effects. They are much larger

than the equivalent mixing angles in the quark sector, which could be a clue of the fields

which give the neutrinos their mass [15]. The mass differences between the three mass



eigenstates are [14] (rounded to two significant figures)

Am3y ~ 7.4 x 1072eV2
(1.7)
|Am3,| ~ |Am3y| ~ 2.5 x 1073eV2.

The signs of Am%l and Am§2 are not known. For a 1GeV neutrino, typical of the energy
of neutrinos in accelerator sources, the atmospheric mass splitting (Am%l, Am%z) drives an
oscillation that reaches its maximum (i.e. its quarter cycle) at a baseline of 500 km, while

the solar mass splitting (Am%l) oscillation does so at a baseline of 16 000 km.

1.3 Experimental Questions in Neutrino Oscillations

There are a couple open questions left to resolve in the neutrino oscillation picture. First,
the CP-violating phase of the PMNS matrix has not been measured. The most recent
measurements from T2K and NOvA allow any value at the 30 confidence level [14, 16, 17].
The neutrino mass hierarchy, as determined by the sign of Am%l and Amgg, is also not
known. Finally, the three neutrino oscillation picture does not accommodate the results of all
neutrino experiments. A series of “short-baseline anomaly” measurements have found results
in tension with the three neutrino picture. These anomalies have found results indicative
of neutrino oscillations on a shorter baseline than what the three neutrino picture allows:
~ 0.1—1km, for a 1GeV neutrino. An oscillation explanation for the anomalies therefore
would require a new oscillation period from an additional mass difference, and thus a fourth
neutrino state. The number of active (weakly-interacting) neutrinos is fixed very precisely
to three by the measurements of (e.g.) the Z boson width [18, 19], so this new neutrino state
would have to be sterile: not participating in the weak interaction. It would therefore only
be observable through its mixing with the active neutrino states.

The state of the short-baseline anomalies presents an evolving and muddled picture.



Significant anomalies have been observed across a variety of neutrino sources such as accel-
erators [20, 21], radioactive nuclei [22, 23, 24|, and nuclear reactors [25]. These anomalies
stand alongside other searches for short baseline oscillations that have found null results
[26, 27, 28], often in tension with the anomalies [29]. The anomalous results almost all rely
on an estimation of the neutrino interaction rate without the presence of a near-er detector
to calibrate the unoscillated rate. This estimation is a challenging exercise that is fraught
with possibility for experimenter error. Indeed, in the case of the reactor neutrino anomaly,
recent results have indicated such a mis-estimation of the expected rate was in fact the cause
[30, 31]. However, in the case of the radioactive nuclei sources, the anomaly has persisted
and strengthened with the results of the BEST experiment [24]. In the accelerator case,
the MicroBooNE experiment has found a null result [32] which is still limited in statistical
power compared to the size of the anomalies [33]. In a different vein, IceCube has performed
a search with high energy atmospheric neutrinos, which puts limits on some areas of the
parameter space but also finds its own (weak) anomaly, at the 90% CL [34].

There is today an ongoing, international program of neutrino experiments dedicated to
resolving these open questions. The long-baseline experiments T2HK in Japan [35] and
DUNE in the United States [36] will in the coming decades measure dcp with unprecedented
sensitivity and determine the neutrino mass ordering. Operating now, the Short-Baseline
Neutrino (SBN) program at Fermilab [37, 38] will probe the short-baseline anomaly with
an accelerator source. The program consists of the Short-Baseline Near Detector (SBND)
and the ICARUS far detector. The two detectors are placed at baselines necessary to do a
near-far oscillation search specifically for a short baseline oscillation. This thesis is the first
particle physics result to come out of the SBN program. It, however, does not address the
question of the short-baseline anomalies. Instead, it is a search for a different sort of new

physics that could also be visible at SBN.



1.4 Searching for a Hidden Sector at the Short-Baseline Neutrino

Program

The set of particles we have discovered between the 1897 discovery of the electron and the
2012 discovery of the Higgs boson, as organized into the Standard Model of particle physics,
remains incomplete. There are a number of phenomena for which they do not account. One
of those is neutrino mass, its existence as indicated by neutrino oscillations. Neutrinos do not
necessarily obtain their mass from the Higgs field as do the other Standard Model particles,
and so there may be a new field which endows the particles with mass. In addition, the
existence of a neutrino mass requires that there be sterile, right-handed neutrino states in
addition to the active neutrinos of the Standard Model. The short-baseline anomalies are a
hint at a 1eV sterile neutrino, but the new states could arise at any mass. In particular, the
type-I see-saw mechanism indicates the possibility of a sterile neutrino with a mass ~1 GeV
and a mixing with active neutrinos ~ 10710 [39] (such a particle would by itself be in tension
with cosmological measurements of big bang nucleosynthesis [40]; these can be avoided with
the introduction of additional fields [41]). Such a sterile neutrino would be an example of a
“hidden sector” of new physics.

Sterile neutrinos are just one example of a possible hidden sector. Many of the unex-
plained phenomena in particle physics and cosmology today, such as the microphysical nature
of dark matter and the strong CP problem, in addition to the origin of the neutrino masses,
can be resolved by the existence of a light (~ GeV), weekly-coupled hidden sector of new
physics [42, 43, 44, 45]. Such hidden sectors often predict the existence of “long-lived” parti-
cles (LLPs) which can be produced in intense particle beams and travel a far distance before
decaying into Standard Model particles. As will be described in detail in chapter 3, the SBN
program relies on sensitive liquid argon time projection chamber (LArTPC) detectors placed
in intense “super-beams” of neutrinos. This is the same combination of technologies that will

be applied in the long-baseline DUNE experiment in the coming decades. This combination
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enables sensitivity to a wide variety of LLP models [46, 47, 48, 49, 50, 51].

This thesis presents a search for a physics process that would be induced by LLPs:
kaon decay to a scalar LLP which decays to two muons. As is discussed in chapter 2, this
process is sensitive to a number of hidden sector models. The search is performed with the
ICARUS detector in the SBN program, which is introduced in chapter 3. This thesis also
includes the calibration and preparation of the ICARUS dataset necessary to perform the
LLP search. First, the application of the main source for these calibrations, cosmic muons,
are reviewed in chapter 4. This chapter includes the description of a new effect noted by the
author important for calibrating muon energy loss. The calibration of the ICARUS detector
is covered in chapters 5 and 6. Novel calibration techniques and a new effect of highly
ionizing particles in argon are noted. The results of the calibration are applied in an event
selection for di-muon LLPs, which is introduced in chapter 7. This event selection identifies
di-muon decays against backgrounds, which originate from neutrino interactions in ICARUS.
The event selection is validated in sideband samples, as covered in chapter 8. Systematic
uncertainties arise in the event selection from predictions of the neutrino background and
scalar signal rates. These are detailed in chapter 9, alongside the statistical procedure used
to identify any new physics signal and exclude LLP parameter space. Finally, the result of
the analysis is shown in chapter 10. Chapter 11 concludes the thesis.

The headline result of this thesis is the search for new physics in kaon induced LLPs.
The studies presented here also reach beyond just this core result. The calibration of the
ICARUS data which enables the search will also be used in the broader program of particle
physics performed by the detector. In particular, with the start of operation of the Short-
Baseline Near Detector (SBND), data from the two detectors can be combined to perform
the SBN search for short-baseline oscillations. The calibration of ICARUS includes new tech-
niques and describes novel phenomena in the detector physics of liquid argon time projection

chambers. This detector technology will also underlie future neutrino experiments such as



DUNE, and thus the techniques we develop can be applied there. In addition, searching for
hidden portals at neutrino experiments is a recent phenomenon. The statistical methods we
apply in the LLP search include techniques novel, to our knowledge, in their application at
neutrino experiments (though they are well-trodden ideas for collider experiments). Future
neutrino experiments, such as DUNE, will be able to probe hidden sector physics with an
even greater sensitivity. The techniques that we explore and apply at SBN an be useful for

those future searches.



CHAPTER 2
HIDDEN SECTOR MODELS FOR LONG-LIVED DI-MUON
RESONANCES IN KAON DECAY

In this chapter, we develop two hidden sector models that contain a new scalar particle that
would be produced in kaon decay and decay to two muons: the Higgs Portal Scalar (HPS)
[47], and axion-like particle (ALP) decay [48, 52, 53]. These are introduced in sections 2.1
and 2.2 respectively.

The range of new physics models that can be probed at beam dump and neutrino ex-
periments is an active area of research. Accordingly, we orient this search in a model-
independent way, sensitive to any new physics model that predicts a rate for the process
K — 7+ S(— pp), for some long-lived particle S [54]. Section 2.3 discusses this general

scenario.

2.1 Higgs Portal Scalar

In the Higgs Portal Scalar (HPS) model, a new scalar particle is introduced with couplings
to the Standard Model through a small mixing with the Standard Model Higgs Boson. This
mixing endows the scalar with couplings to all Standard Model particles proportional to
their Yukawa coupling. Such a scalar is a candidate for a mediator between the Standard
Model and a dark matter particle [55]. The existence of an additional mediator depletes
the population of dark matter in the early universe, which avoids the issue of thermal over-
production of dark matter in the case that the dark matter particle is light (<2 GeV) [56].
Below, we detail the HPS model and its associated branching ratio and decay widths. These

are also plotted in figure 2.1.
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HPS Production in Kaon Decay HPS Decay Widths
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Figure 2.1: (Left) Branching ratio for HPS production in kaon decay. (Right) Widths for
HPS decays.

The Lagrangian for this model is [47]

1 2m? 2 mys _
£ —miS? + sing 52 %W;WM+%ZNZ#—ZTH¢‘ @1

f

where S is the scalar field with mass mg and mixing 6, v is the Higgs vacuum expectation
value, le is the W boson, Z is the Z boson, and f indexes the Standard Model fermions.
In the NuMI beam, the HPS would be produced in the decays of charged and long kaons.

The decay width to the scalar is given by [47]

92 Sv*v‘t m2m2 2 mQ m2
I(K* = S+a%) = o LR I
167mm e+ 32mev Meer Mt 2.9
2 9 .
92 3V Vigm2m? m2 m
P(KF = s+7%) = Re [ K2 )y (1,8, 2= ),
167mm e+ 32mev My Myt

where V' is the CKM matrix and \ is the Kallen function (A(a, b, ¢) = (a® + b? + ¢ — 2ab —
2bc —2ac)). The decay proceeds through a penguin diagram, as shown in figure 2.2. The top
quark loop dominates the rate due to its large Yukawa coupling to the Higgs. The branching

ratio of decay is given by BR = 7q\;[', where 7q)\ is the Standard Model lifetime of the kaon
11



(either charged or long).
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Figure 2.2: Feynman diagram for production of Higgs portal scalar events in kaon decay,
from Ref. [47]. The top quark loop dominates the decay amplitude.

Scalars decay predominantly into pairs of electrons, muons, and pions in the mass region

relevant at ICARUS. The decay width to leptons is given by (£ = e, u)

2 4 2 3/2
TS — T67) = 02”;””25 (1 ) (2.3)
v mS

The decay width to pions (either charged, 7" 7, or neutral, 7TO7T0) is given by

1/2

3G 2\12 2

[ (S = rm) = 220 m) () dmz ) © (2.4)
32mvimg m%

where G is a form factor. Below the QCD scale (relevant at ICARUS), it is fixed to
Gr(s) = %5 + %m% Above the kaon mass, decays to other hadronic final states, including
strange and charm mesons, become available [57, 58|. However, these are not relevant for

this analysis.

2.2 Axion-Like Particles and the Strong CP Problem

Axion-like particles (ALPs) arise as Goldstone bosons in any theory with a Peccei-Quinn
symmetry, a spontaneously broken global symmetry that is anomalous with respect to the

Standard Model gauge interactions [59, 60, 61|. In the case that the axion couples to gluons,
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it would resolve the strong CP problem [59, 62|: the observation that the continued non-
observation of any neutron electron dipole moment |63, 64| requires that the relevant CP-
violating QCD parameter governing its size be un-naturally small [65]. This special case is
called the “QCD axion”. The minimal realization of this phenomena (by the Peccei-Quinn
mechanism) leads to a light axion with a large decay constant, related by mg ~ 5.7meV
X (109Ge\/ / fa). In such a model, the axion field receives large corrections from gravity,
an issue known as the quality problem [66, 67, 68|. Alternative realizations of the axion
can resolve the strong CP problem with a heavier axion particle (M ~ GeV) and a UV
completion that is less susceptible to corrections from gravity [69]. The model we detail in
this section is an example of such a “heavy” axion model, or axion-like particle (ALP).

The effective Lagrangian for the ALP, after spontaneous symmetry breaking, is given by

48]

o ~ a9 ~ aq ~ o0,a —
LD 03875“ aGG + 6287rf aWW + c1 Snf aBB + Zcf#f’y“%f, (2.5)
a a a a
f

where a is the axion field with mass m, and decay constant f,, ag is the strong coupling,
a9 = a/sin®fyy the is SU(2)y, coupling (cv is the fine structure constant), a; = a/cos2yy
is the U(1) hypercharge coupling, v# and 5 are the gamma matrices, G is the gluon field
coupled to the axion by c3, W is the SU(2);, doublet coupled to the axion by co, B is the
SU(1) field coupled to the axion by ¢1, and f indexes the Standard Model fermions, each with
an individual coupling ¢y to the axion. We consider a case where only the muon coupling
¢y, is non-zero. This generates a decay of axions to two muons. In this chapter, we consider
three scenarios for the gauge boson couplings: gluon dominance (c3 =1, cg = ¢ = 0), weak
dominance (cg =1, ¢g = ¢ = 0), and co-dominance (c3 = co = ¢q).

The coupling of axions to gluons in the mass regime relevant at ICARUS (m, ~100 MeV)
is challenging to compute because it is close to the QCD scale. This is an active area of
research with ongoing refinement. We detail below the latest understanding of the gluonic

(section 2.2.1) and weak (section 2.2.2) production of axions in kaon decay, as well as the
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ALP Production in Kaon Decay ALP Decays
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Figure 2.3: (Left) Branching ratio for ALP production in kaon decay. (Right) Widths for
ALP decays. The ALP production is shown for the co-dominance case. In the situation of
gluonic (weak) dominance, only the gluonic (weak) decay mode is present.

decays of the axion into Standard Model particles (section 2.2.3). The production rates and

decay widths are also plotted in figure 2.3.

2.2.1 Gluonic Production in Kaon Decay

Prior studies of the sensitivity of neutrino experiments to gluonic axion like particles have
focused on the role of mixing with psuedoscalar mesons (7r0, n,n') |48, 50, 70, 71]. In this case,
axions are produced in primary p — C interactions that produce a psuedoscalar meson that

transmutes to an outgoing axion through mixing. The rate of this process is proportional

2
to the axion-psudoescalar (P) mixing |6,p|?. In the case of the 79, 4 = %J;—”ﬁ
a g =g

The thinking goes that the production of axion production in kaon decay, mixing with the
outgoing 70 also governs the rate. In this case, the production would also be proportional
to [far|?. Since there are more pions produced in primary p — C' interactions then there are
kaons, the psuedoscalar mixing dominates the rate.

However, a recent re-analysis of axion production in kaon decay has demonstrated that
this assumption does not hold. Rather, the K™ — a4 71 decay is dominated by a different

set of operators (with a larger coupling) than that of K+ — 79 4+ 7+ [72], an effect known
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as octet enhancement [73]. In particular, this makes kaon decay the dominant production
process for axions below the kaon decay mass threshold (mg < mp —my). This enhancement
is responsible for the significant sensitivity of this search to gluonic coupled axions.

The decay amplitude A (K tsa+ Wi) in chiral perturbation theory is given by [72, 74|

N m2 — m2Y(m2. — m2
iA(K*F = a+nt) =—2-8¢ (m B W)<2 K 2a)
fCL 4mK - mﬂ- - Sma (26)
z’A(KOL—>a+7ri> =—7J.A(Ki —>a~|—7ri) 7
where Ng = _G_\/gVJdVUS%f 7% comes from the weak chiral Lagrangian.l It can be related to

short kaon decay by [75, 76|

N2 (m2 —m2)?
F(K%—)w*w_>:87r;2( K x) \/m2 —4m2 . (2.7)
™

My

We use the convention that the pion decay constant fp ~ 130MeV. The decay width

r A2 \/A(l,mg/m%(,m%/m%()
- 87 2mp

is then equal to

2
2F2c2 m2. —m2 A1, m2/m2., m2/m?2
I(K* —a+nF) :F<Kg—>7r+7r_> fﬂc?’( K @ (L, ma/mic. ma/mi)

fé 4m%{ —3m2 —m2 1- 4m72r/m%(

F(KL—>CL—|—7Ti) :I’(Ki—>a+7ri) .

(2.8)
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Figure 2.4: Feynman diagram for weak decay of kaons to axions through a penguin, from
Ref. [77].

2.2.2  Weak Production in Kaon Decay

The decay proceeds through a penguin diagram, as shown in figure 2.4. The decay widths
are [77]

3 2\ 2

F(Ki—> I i):mK 1 M | |2 A1, m2/m2., m2/m2.)

a+m in - Gasd , Mz /M, mg [mi,
K

; 5 (2.9)
L 0y MK m2 2 202 22
r <K0 —a+T ) = Gin 1— ) Im(g4d) \/A(l,mﬂ/mK,ma/mK),
K
3V2Gp M} 1+ (logz—1
where g0 = — 3;3}"202&2 agtVasV;df(ma/m%/) and f(z) = %2 In the

co-dominance case, the gluonic decay dominates over the weak decay by many orders of mag-
nitude. However, in the weak-dominance case, the Weak decay would be the only available

channel for axion production in kaon decay.

2.2.8  Decays

The decay width to two photons is given by [48, 78|

o?|ey[m

Fa%fw = W ’ (2'1())

1. There is also a contribution to the amplitude from 27-plet operators in the chiral Lagrangian, which
we neglect because it is small.

2. In the notation of Ref. [77], their gow is equal to our caaz/27 f,
16



where « is the fine structure constant and cy is the axion coupling to photons, which gains

contributions from all axion couplings once loop diagrams are included:

1 m2 8m2 —4m2/9  TmZ—16m2/9\ 5 9 9
cy =c3 (—1.93 + 32— m2 + 9 mIo m% + 9 w2 —m?, +§cl+02+cﬂB(4mu/ma),
n
(2.11)
where B(z) = 1 — zf(x)? and
in~! (L> if o> 1
sin it z >
fla) = ve (2.12)
§+%log<}:ﬁvti) ifz<1.
The decay width to two leptons with coupling ¢y to first order is given by
r B c%mamﬁ 4m§ (2.13)
a—00 — 87ng mg .

There is also a yym decay kinematically available to the axion in the mass regime [78].

However, it is not significant for m, <0.4 GeV.

2.3 General Case

The two models we have enumerated, Higgs Portal Scalars and Axion-Like Particles, are
two cases of the general process we are sensitive to: K — 7 + S(— pp). This process is
specified by three numbers: the (psuedo-)scalar mass Mg, the branching ratio (BR(K —
T+ 5) x BR(S — pp)), and the (psuedo-)scalar lifetime 7g. Physics models for this process
(such as HPS and ALP) specify the branching ratio and the lifetime given some coupling(s).
This picture is complicated somewhat by the fact that these new particles are produced
in both K+ and K 1, decays, at different relative rates depending on the model. This is
studied in appendix B, which demonstrates that we can set the sensitivity on a suitable

linear combination of the branching ratio of the two kaon decays.
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CHAPTER 3
THE ICARUS DETECTOR IN THE SHORT-BASELINE
NEUTRINO PROGRAM

ICARUS is a liquid argon time production chamber (LArTPC) neutrino detector currently
taking data as part of the Short-Baseline Neutrino Program [37, 38]. The detector was
installed at Fermilab in 2020 after a previous run at Gran Sasso [79] and subsequent refur-
bishment [80]. Images of the installation of the ICARUS detector are shown in figure 3.1.
ICARUS sits at the intersection of two neutrino beams: it is on-axis to the Booster Neutrino
Beam (BNB) [81] and is 5.7° off-axis to the Neutrinos at the Main Injector (NuMI) beam
[82]. This thesis uses data from ICARUS physics data taking runs 1 and 2, which spanned
from June 2022 to July 2023.

Neutrinos are detected in ICARUS through their interactions with argon nuclei in the
detector bulk. Charged particles produced in these neutrino interactions propogate through
the detector and ionize electrons from argon atoms. The ionization electrons are used to
image the charged particle trajectories with high spatial resolution and precise calorimetry.
The electrons are drifted by a large electric field to to multiple planes of readout wires which
detect the charge. A diagram of this detection scheme for neutrino interactions is shown in
figure 3.2. Example images of two candidate neutrino events in ICARUS are shown in figure
3.3.

The same production and detection scheme for neutrinos also enables the detection of
possible long-lived particles (LLPs). In the NuMI beam, LLPs can be produced in kaon
decay [47, 52, 53]. The produced particles would travel a distance from the NuMI beam
to the ICARUS detector, where they would decay into Standard Model particles. These
particles would be imaged by the ICARUS LArTPC as in the case of neutrino interactions.
Figure 3.4 displays a schematic of the detection scheme. An event display of a simulated

di-muon decay from an LLP in ICARUS is shown in figure 3.5.
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Figure 3.1: Images of the installation of the ICARUS detector. Taken from Ref. [83].

ICARUS consists of 760t of liquid argon in two modules. Both modules are a cryostat
with dimensions 3.6x3.9x19.6m3. Both cryostats contain two TPCs divided by a central
cathode plane. The TPCs are all operated at a drift voltage of about 500V cm ™1, They
all have three planes of charge sensing wires: an unshielded front induction plane, a middle
induction plane, and a collection plane. The wires on the front induction plane are oriented
along the horizontal (beam) direction, and the wires on the middle induction and collection
plane are oriented at +60° to the horizontal direction, depending on the TPC. The wires
on each plane are each spaced 3mm apart and the wire planes are spaced 3mm from each
other. In the nominal configuration, the wire bias is —250V on the front induction plane,
—30V on the middle induction plane, and 250V on the collection plane. A diagram of the
layout of the four ICARUS TPCs is shown in figure 3.6.

Each TPC wire is instrumented to digitize the collected and induced charge signals with
minimal noise [85]. Signals are run through an offline signal processing chain which subtracts
noise that is coherent across wires in the same readout board and deconvolves the signal to
provide a Gaussian shape with further reduced noise [83]. These signals provide the input
to reconstruction algorithms which group together hits into tracks (from muons, protons, or
other charged hadrons) and electromagnetic showers (from electrons or photons) and form
three-dimensional particle trajectories. The reconstruction applied for this thesis is supplied
by the Pandora framework [86, 87|, optimized for the ICARUS detector. The charge loss per

length (d@/dx) along 3D trajectories can be computed after calibrating the detector response
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Figure 3.2: Diagram of the liquid argon time projection chamber (LArTPC) concept for
neutrino detection, from Ref. [84]. Neutrinos interact in the bulk argon and produce charged
particles. These charged particles traverse the argon and ionize electrons from argon atoms.
The ionization electrons are drifted by a large electric field to a set of multiple charge sensing
wire planes. The wire planes measure multiple two-dimensional views of the charge, which
can be combined to reconstruct the three-dimensional trajectory of each charged particle.

to charge (see chapter 5). The charge loss is turned into an energy loss (dE/dx) using a
measurement of recombination (see chapter 6). The energy loss, along with topological
features of the particle trajectory, are used to determine the particle type and energy for
phyics analysis.

In addition to the TPC, ICARUS is also augmented by two other detection subsystems:
an array of photo-multiplier tubes (PMTs) inside the argon and a set of scintillator pads
forming a cosmic ray tracker (CRT) outside the cryostat. Inside each ICARUS TPC, there
are 90 8" Hamamatsu P5912-MOD PMTs arrayed behind the wire planes. The PMTs detect

scintillation photons produced by charged particles as they traverse the bulk argon. The
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Figure 3.3: Candidate neutrino events in the ICARUS liquid argon time projection cham-
ber. The event displays show the two-dimmensional projection of particle trajectories as
observed by one plane (the collection plane) of charge-sensing wires. The horizontal direc-
tion shows the axis perpindicular to the wire plane direction, while the vertical direction
shows the drift (time) direction. The magnitude of collected charge is shown in a color
scale from blue (no charge), to green, yellow, and red (more charge). In the electron neu-
trino interaction on the left, two particles are detected: an electron which produces a diffuse
shower of ionization charge (bottom), and a proton which leaves a straight, highly-ionized
track of ionization (top). In the muon neutino interation on the right, a muon and proton
are detected. The muon track leaves a long, windy, minimum-ionizing track. The proton
produces a short, straight, highly-ionized track. From https://news.fnal.gov/2021/05 /icarus-
gets-ready-to-fly/.

PMT glass is not transparent to the scintillation photon wavelength (128 nm), so each PMT
is coated with Tetra-Phenyl Butadiene (TPB) to shift the scintillation photons to visible
light [88]. An image of the PMT system inside one ICARUS TPC is shown in figure 3.7.
Operating nearly at the surface, ICARUS observes a ~11 kHz rate of cosmogenic muons.
This corresponds to about 11 muon tracks observed in a 1 ms TPC readout. The ICARUS
cosmic ray tagger (CRT) provides ~ 47 tagging of cosmic muon tracks that impinge the
detector. Other cosmogenic activity, such as hadrons and high energy photons, are almost
completely stopped by a 3m concrete overburden. The CRT is split into separate top, side
and bottom systems. The top CRT consists of 123 modules covering a total surface of about

426 m2. It catches more than 80% of the cosmic muon flux. Each module is a 1.86x1.86 m?2

box with two perpindicular layers of eight scintillator bars. The coincident observation of
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Figure 3.4: Diagram of the phenomenology of the Higgs portal scalar (see section 2.1) in the
NuMI beam (see section 3.1) at ICARUS. Scalars are produced in the NuMI beam in kaon
decay, travel to the ICARUS detector, and decay into standard model particles: electrons,
muons, or pions.

Figure 3.5: Example ICARUS Monte Carlo simulation event display of a Higgs Portal scalar
decaying to two muons. The mass of the simulated scalar is 260 MeV.
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Figure 3.6: Diagram of the layout and enumeration of the ICARUS TPCs. Not to scale.
The wire plane orientations are mirrored in opposite TPCs. The East and West cryostats
have the same layout.

scintillation light in both layers allows the position to be reconstructed. The side CRT uses
scintillator modules from the MINOS experiment [11]. Each module contains twenty adjacent
strips of 800 x 4 x 1cm? scintillator. On the South side of the detector (upstream to the
beam), two layers of modules are arrayed orthogonally to improve the spatial resolution. On
the East, West, and North sides, only one layer is installed. The bottom CRT consists of
14 scintillator modules, refurbished from the Double Chooz experiment [89] Each module
consists of 64 scintillator strips running in parallel.

The calibration and analysis work discussed in this thesis all exclusivly use measurements
made with the ICARUS time projection chamber. However, the PMT and CRT systems will

be applied in future results in ICARUS.

3.1 The Neutrinos at the Main Injector Beam

ICARUS receives neutrinos at a far-off-axis location from the Neutrinos at the Main Injector
(NuMI) beam [82]. The NuMI beam produces neutrinos from the interaction of 120 GeV
protons with a graphite target. A spray of mesons produced in these interactions decay to
neutrinos and source the beam.

The proton beam is accelerated to 120 GeV through the Fermilab accelerator complex
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Figure 3.7: Image of the PMT system inside one of the ICARUS TPCs. Taken from Ref.
[83].
(see figure 3.8). A linear accelerator (Linac) accelerates H™ ions to 400 MeV. The ions are
converted into protons in the Booster, which accelerates them to 8 GeV. Protons are bunched
into 1.6 ps long batches, each consisting of a number of constituent 2ns long bunches, each
spaced 18.9ns apart. The batches are then fed into the Main Injector, a synchroton that
accelerates the beam to 120 GeV. The Main Injector can accelerate 6 batches from the
Booster at a time, which corresponds to a 9.6 ps total spill length.

A method called slip-stacking doubles the intensity of the NuMI beam. In this process,
a first set of six bunches are fed into the Main Injector. These are decelerated by one batch
length, and then another six batches are fed in. Slip-stacked batches thus have double the
protons of nominal batches. This version of the slip-stacking process has been in place at
NuMI since 2017 [90]. All ICARUS NuMI data is collected in this configuration.

The batches of 120 GeV protons in the Main Injector are directed at a graphite target.
Beam proton interactions in the target produce mesons that decay to neutrinos. The most

important meson decays for producing neutrions are:
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Figure 3.8: From Ref. [82]: diagram of the Fermilab accelerator campus.
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Each decay is shown with the corresponding branching ratio on the right hand side. The
beam is predominantly v, with an important but sub-dominant component of v from kaon
decays. A pair of magnetic focusing horns steer charged pions and kaons in the forward
direction to focus the neutrino beam. The horns can be run in forward horn current mode,
where positively charged mesons which source neutrinos are focused, or reverse horn current
mode, where negatively charged mesons which source anti-neutrinos are focused. The NuMI
beam and horn system is depicted diagramatically in figure 3.9. All of the NuMI beam data
for this result were take in forward horn current mode.

As is diagrammed in figure 3.10, ICARUS is situated far-off-axis to the NuMI beam
direction: 5.75°. At this off-axis angle, the flux has very different characteristics to the on-
axis or near-off-axis case. The energy falls off quickly, so that at ICARUS (E,) ~1.5GeV.
The source of the flux mostly comes from pions and kaons that are directly oriented at
ICARUS, as well as large-angle 3-body kaon decays. As a result, the focusing system does
not have much impact: nearly all of the relevant mesons decay before reaching the second

focusing horn. Thus, there is a significant component of anti-neutrino flux, even for the
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Figure 3.9: From Ref. [82]: diagram of the NuMI neutrino beam.

forward horn current data used in this thesis.

3.2 ICARUS Monte Carlo Simulation

ICARUS detector Monte Carlo simulation enables the generation of neutrino and scalar
decay signal events. This simulation emulates the full detection process: the production of
mesons in the NuMI beam, the production of neutrinos and LLPs in meson decay and their
interaction or decay in the argon, the propogation of particles produced in the interaction,
and the full detector response to these particles. Simulated cosmogenic activity (mostly
cosmic-ray muons) is also overlaid.

Meson decays in the NuMI beam source both neutrino and scalar events. The NuMI flux
is generated by the GEANT4-based package ganumi |91, 92, 93]|. The ganumi package simulates
the interaction of 120 GeV protons on the graphite target, the production of mesons, and the
re-interaction and focusing of those mesons in the magnetic horns, as well as re-interactions
in other materials in the target hall. The flux is modified by the PPFX package [92, 93|, which
corrects the flux and determines its systematic uncertainty, taking into account world data
on proton-Carbon and other relevant cross sections. ICARUS sits 5.75° off-axis to NuMI,
and so has a different flux from on or slightly off-axis detectors. The constraints have been
tuned for the ICARUS off-axis location which determines which on-axis constraints are and

are not applicable [94]. Unlike the on-axis case, neutrinos at ICARUS are mostly generated
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Figure 3.10: From Ref. [47]: elevation view of the relative locations of ICARUS and the
NuMI beam direction. Nearly all of the off-axis angle of ICARUS to NuMI is in the vertical
direction, as is shown in this figure.

by unfocused pions and large-angle kaon decays.

Neutrino interactions form a background to di-muon decays, so simulating their rate is
important to developing the analysis. The intrinsic pp neutrino background to this signa-
ture, from neutrino tridents [95] and charm production [96], is negligible. However, there
is a non-intrinsic background from pm production in muon neutrino charged current inter-
actions (mostly through resonant, deep inelastic, and coherent scattering). Pions cannot
be calorimetrically separated from muons in LArTPCs, although they can be identified in
cases where they inelastically scatter with an argon nucleus before stopping or exiting the
detector. Neutrino interactions are generated by GENIE [97]. The study done here uses the
SBN tune developed for SBN and DUNE oscillation analyses!.

As is shown in chapter 7, after event selection cuts the dominant residual neutrino back-

ground comes from muon-neutrino charged current coherent pion production (v,CC-Coh-7

1. Technical documentation for this tune does not exist, but is being developed.
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Figure 3.11: Feynman diagram of the 1, CC-Coh-m interaction, from Ref. [98]. In this
process, a muon neutrino coherently upscatters off a nucleus (A) into a pr final state. The
nucleus is left in its ground state. The diagram identifies two relevant momentum transfer
variables: t (see equation 3.1) and Q% = —(py — pu)Q.

) [99, 100]. A diagram of this process is shown in figure 3.11. The interaction comprises a
small fraction of the total neutrino rate in ICARUS (~ 0.2%). However, it has characteris-
tics that make it hard to distinguish from di-muon decays. In this process, a muon neutrino
interacts coherently with an argon nucleus, up-scattering to a u — 7 final state. It leaves the
argon nucleus in its ground state, not producing any other activity that can be used to veto

the interaction. Because the process is coherent, it occurs at small energy transfer to the

nucleus, as defined by

= ‘pV_p[.L_pWFa (3-1)

where py, pp, and pg are the neutrino, muon, and pion 4-momenta, respectively. Di-muon
decays do not involve a nucleus, so they all occur at t = 0.

No data exists on argon to meaningfully constrain the process. The interaction has
been observed on argon by the ArgoNeuT experiment [101]. However, the measurement has
limited statistical power and was made at a different neutrino beam energy than is relevant
for ICARUS. GENIE applies the Berger-Sehgal model [100] for this process, and assigns a

100% uncertainty on the rate. To assess a more realistic central value and uncertainty for this
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process, its rate was tuned to a measurement made by the MINERvVA experiment on carbon
and iron [102]. Figure 3.12 shows spectra of the v, CC-Coh-m process for the GENIE nominal
value compared to the result of the MINERvVA tune. There is about a 60% uncertainty on
the interaction rate of this process after the tune. The uncertainty depends most strongly
on the pion energy, and gets much larger at low pion energies. The MINERvVA measurement
has a much larger uncertainty in this area of phase space. In addition, there is a large
theoretical uncertainty on the interaction rate at this energy due to the uncertain impact
of the A resonance on the cross section. Theoretical models that predict the v, CC-Coh-m
rate from pion-nucleus scattering differ when interpolating from deuterium [99] or carbon
[100]. Microphysical models of the process also provide different predictions [103, 104, 105].
The tune uncertainty does not explicitly account for this theoretical uncertainty, although
in effect it does reflect it.

Higgs portal scalar decays are generated with the MevPrtl event generator. This tool
generates decays of BSM particles such as the Higgs portal scalar [47], heavy neutral lepton
[46], and heavy axion [48] models. The MevPrtl1 generator operates on beam mesons as input.
It simulates the meson decay to the BSM particle, which is propagated to the detector volume
and decayed into standard model particles. The MevPrtl generator has also been validated
by verifying it against an independent, standalone simulation of the scalar decay process.

Cosmic muons are generated on top of scalar and neutrino events by the CORSIKA
generator [106]. No sample of cosmic-only simulation is used; off-beam data is instead used
to estimate the component of on-beam data where cosmic activity triggers the detector.

Generated particles are turned into simulated events using a robust simulation of the
ICARUS detector. Particles are propagated through the detector with a Geant4 simulation
configured for liquid argon [91|. Geant4 simulates the deposition of energy in the detector

by charged particles, which is recorded as ionization charge applying the ArgoNeuT mea-

2. Internal documentation on this tool exists inside the ICARUS collaboration. Work is ongoing to make
this public.
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Figure 3.12: Distributions of truth kinematic variables for v, CC-Coh-7 interactions. The
variables are: neutrino energy, muon kinetic energy, pion kinetic energy, energy transfer to
the hadronic state (Q? = —(py — pp)?), energy transfter to nucleus (equation 3.1), and the
invariant mass reconstructed with the di-muon hypothesis (M, = |pu + %pﬂ). Pu; Dy,
and px are the neutrino, muon, and pion 4-momenta, respectively. Each plot compares
the nominal GENIE prediction and the result of the tune to MINERvVA data. The percent
uncertainty in the MINERVA fit is also shown in the gray histograms using the right vertical
axis. The plot displays both the total uncertainty and the uncertainty in the first princi-
pal component (P.C.) of the covariance matrix. This component represents the dominant
systematic fluctuation encoded in the covariance.
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surement of electron-ion recombination [107|. Ionization charge is drifted to the wire plane
readout by the Wire-Cell simulation [108], which applies ionization field responses computed
by GARFIELD [109]. This simulation includes the effect of diffusion, and accounts for long-
range induction effects on wire signal shapes (charge induces a signal as far away as 3cm,
or 10 wires). These simulated signal shapes are tuned to match the observed shapes in data

(see chapter 5).

3.2.1 Simulated Datasets

Monte Carlo simulation datasets are generated for NuMI neutrino and Higgs portal scalar

events. There are two datasets of neutrino interactions:

e The inclusive sample consists of NuMI neutrino interactions with CORSIKA cosmics.

Its statistics are 3 — 4x the data POT.

e The Conh-Like sample consists of NuMI neutrino interactions enhanced in the type of
neutrino interactions that generate backgrounds in the signal region of the analysis.
The sample was generated by filtering events that had at least one neutrino interaction

with the following characteristics:

— At least two generated particles of p, 7+, £+ 3

— No proton generated with a kinetic energy greater than 50 MeV

The sample was generated with ~ 150x expected data statistics.

The inclusive and Coh-like samples are combined into a single sample after removing events
from the inclusive sample that overlap with the Coh-like definition.
Higgs portal scalar interactions are generated at a number of mass points (Mg) and

mixing angles (fg) The events can be re-weighted from the nominal mixing (fg) to another

3. The ¥ baryons predominantly decay to charged pions.
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mixing angle (Qfg) by applying a weight

2
9{5’ % exp(—Lenter/d) — exp(—Lexit/d)
0% exp(—Lenter/d X 0%/0%57) — exp(—Lexit /d x 0%/057)

(3.2)

where fenter is the distance along the scalar ray to the front of the detector, fuyt is the
distance along the scalar ray to the back of the detector, and d is the mean decay length of

the scalar.
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CHAPTER 4
COSMIC MUONS AS A CALIBRATION SOURCE

The calibration of the ICARUS TPC (as will be detailed in chapters 5 and 6) relies on the
copious number of cosmic ray muons available at the surface. Muon energy loss deposits
ionization charge in the detector which can be used to diagnose any non-uniformities in the
TPC, as well as to measure the channel gain. In the kinematic regime relevant at ICARUS,
the probability distribution governing particle energy loss observed by a readout wire channel
is the Landau-Vavilov distribution [110]. In the limit that the charged particle is relativistic
and the slice of the particle track that the channel is sensitive to is small (as is often the
case in a LArTPC), this distribution is well-approximated by the Landau distribution [111].
For both distributions, the mean energy loss per length (given by the Bethe-Bloch theory
[112]) is independent of the length of the charged particle trajectory observed by the channel.
However, the shape of the distribution depends strongly on this length.

The Landau and Landau-Vavilov distributions are governed by th