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ABSTRACT

XENONTIT is a ton-scale liquid xenon time projection chamber primarily designed to search
for dark matter. Due to its unprecedented low-background level, large detector mass, and
low energy threshold, XENONIT is sensitive to a multitude of phenomena not described by
the Standard Model (SM) of particle physics. In this work, XENONIT is used to search for
electronic recoils induced by (1) solar axions, (2) a neutrino magnetic dipole moment, and
(3) bosonic dark matter.

To search for these signals, a full understanding of the detector response and sources
of background is required. The event reconstruction and energy threshold are described
in particular detail, and all known sources of background are characterized according to
their energy spectra and temporal dependencies in order to develop a full background model
predicting the energy spectrum of XENONIT electronic recoil data.

When the XENONI1T data is compared to this background prediction, an excess at
low energies is observed that disfavors the background hypothesis at = 30. A ~ 6 X 10720
mol/mol concentration of tritium may explain the excess; however, such a small concentration
is not possible to confirm independently. Without conclusive evidence of a new source of
background, the excess is interpreted in the context of potential beyond-the-SM physics. A
solar axion model with axion-electron coupling gqe ~ 3 x 10712, favored at 3.40, describes
the observed excess the best, followed by an enhanced neutrino magnetic moment i, ~
2x 107 4p (3.20), and a 2.3 keV bosonic dark matter particle (3.00, global). If the excess
persists, XENONNT, the successor to XENONI1T, will be able to determine its origins likely

within a few months of science data.
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CHAPTER 1
SEARCHING FOR NEW PHYSICS WITH XENON1T

There is overwhelming evidence for the existence of dark matter [59], a substance whose
gravitational effects on cosmological and astrophysical scales are observed regularly, but
has never been detected directly in a laboratory setting. With all evidence pointing to
dark matter outnumbering “normal” matter—every atom, molecule, organism, planet, star,
galaxy, etc.—by a factor of ~ 5, the nature of dark matter is one of the biggest open questions
in physics today. What is it, and how does it interact with normal matter? Answers to these
simple questions would have deep and far-reaching impacts on humanity’s understanding of
our Universe on a fundamental level.

It is generally accepted that dark matter is likely composed of one or more species ele-
mentary particles not described by the Standard Model of Particle Physics, abbreviated the
Standard Model or the SM. We have evidence that essentially every galaxy, including our
own Milky Way, sits within a dark matter halo, meaning that our Solar System (and thus
the Earth) is likely propagating constantly through a field of dark matter while it orbits the
center of the galaxy. If dark matter is indeed composed of a new particle and if that particle
does (rarely) interact with normal matter, as many theoretical candidates predict, then in
principle a very sensitive particle detector should be able to detect this dark matter directly.
Over the last several decades many experiments have been carried out to do just that, but
no convincing dark matter signal has been observed to date.

Over the last ~ 15 years, the XENON collaboration has designed and operated a family
of two-phase xenon detectors that were primarily designed to search for a particularly well-
motivated dark matter candidate, the Weakly Interacting Massive Particle (WIMP). The
XENONIT experiment, the most recent effort of the XENON collaboration, has recently
published the most stringent constraints on WIMP interactions [30, 32], but observed no

signal of the elusive dark matter.



XENONIT and similar experiments, in their efforts to detect WIMP dark matter, have
now achieved sensitivities to several other types of new physics, including but not limited to
other dark matter candidates and new interactions of known particles. In this thesis, we use
XENONIT data to search for (1) solar axions, (2) an enhanced neutrino magnetic dipole
moment, and (3) bosonic dark matter. Similarly to WIMP dark matter, a detection of any
of these three signals would revolutionize our understanding of the Universe in a deep and
fundamental way. A secondary goal of this thesis, in addition to the search results themselves,
is to highlight the sensitivity of XENONIT to physics outside the WIMP paradigm and in

doing so motivate a broader physics program in future dark matter experiments.

1.1 The XENONI1T Detector

XENONIT is a dual-phase (liquid/gas) xenon time projection chamber (LXe TPC) that
operated underground at Laboratory Nazionali del Gran Sasso (LNGS) in central Italy from
2016-2018. With a total mass of 3.2 metric tons (t), it is the largest dual-phase TPC
deployed to date.

A schematic of the XENONIT detector is shown in Fig. 1.1. The cylindrical TPC,
instrumented with photomultiplier tubes (PMT) arrays lining both the top and bottom of
the detector, is used to search for light produced by particle interactions within the 2-t active
volume of liquid xenon. A thin layer of gaseous xenon separates the top PMT array and
the liquid active volume, and the walls of the TPC are made of highly reflective PTFE to
maximize light collection in the PMTs. An additional ton of liquid xenon surrounds the
TPC to serve as detector shielding from outside radiation.

When radiation—Dbe it well-known particles such as photons (y-rays and/or X-rays),
electrons (f3s), neutrons (n), and neutrinos (v), or a new type of particle such as dark
matter—interacts in the XENONI1T detector, energy and momentum are transferred to the

xenon, resulting in an electronic recoil, if the interaction was with the atomic electrons, or
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Figure 1.1: Schematic showing the XENONIT detector and detection principle. Credit:
Lutz Althiiser.

in a nuclear recoil, if the interaction was with the xenon nucleus. Both types of interactions
produce a combination of scintillation light (photons) and ionization charge (electrons) that
can be detected with a LXe TPC.

Xenon scintillates with a wavelength of 178 nm, which in purified liquid xenon has an
absorption of ~ 50 m [28]. This means that liquid xenon is essentially transparent to its own
scintillation light, and thus photons produced by interactions in the center of the liquid active
volume can reach the PMTs that line the top and bottom of the detector. A scintillation
signal produced in the liquid phase and detected by the PMTs is referred to as an S1.

Electron-ion pairs produced in a recoil would rapidly recombine in absence of an electric

field; thus, to prevent this, XENONIT has a uniform electric field applied across the active



volume that drifts the ionization electrons away from the interaction point and towards
liquid-gas interface at the top of the detector!. At this interface ionization electrons are
extracted into the gaseous phase and further accelerated, producing another light signal via
electroluminescence [22]. This second light signal, proportional to the number of extracted
electrons and captured by the same PMTs, allows for a measurement of the ionization charge
produced in an interaction. We refer to this signal as an S2.

The detection of the S1 and S2 signals allow us to reconstruct several features of an
interaction within the liquid xenon. The total amount of charge collected by the PMTs
is related to the total energy deposited in the interaction. Since the uniform electric field
drifts the ionization charge at a constant average velocity, the time difference between the
S1 and S2 determine the depth or z position of the event. The z and y positions can be
reconstructed from S2 signals observed in the top PMT array, thus allowing for full 3D
position reconstruction. Further, the ratio of the S1 and S2 signals allow us to differentiate
between different types of recoils, namely the electronic- and nuclear-recoils mentioned above.
Since different particles tend to induce different types of recoils, this allows for a form of a
particle identification (see Sec. 1.1.4).

Combining the detection principles described above with an unprecedented low back-
ground level and large target mass, XENONI1T can be used to search for a number of ultra
rare particle interactions, such as those from dark matter. A large detector mass scales
up the probability of dark matter interacting in the detector, and a lower background rate
means a smaller signal would be observable over background.

For detailed reviews of LXe TPC technology, we refer to [22, 69]. Some of the main

points are briefly highlighted below.

1. The positively charged ions are accordingly drifted to the bottom of the detector.



1.1.1 The S1 signal

The S1 signal arises from prompt scintillation of the liquid xenon medium. On a micro-
physics level, this scintillation comes from the relaxation of excited xenon dimers, called
excimers. These excimers are produced via scatters of radiation in the xenon medium as
well as recombination, in which xenon ions produced in the scatter event are able to snatch
up free electrons before they escape. Excimers in either singlet or triplet states are possible,
where the singlet /triplet fraction depends on the densitiy of ionization. This ionization den-
sity is in turn related to details of the event that occurred: the energy deposited, the nature
of the primary particle, and whether it interacted with the atomic electrons or the nucleus.
Regardless of a singlet/triplet state, these excimers decay to the ground state via release of
a characteristic VUV photon of 178 nm.

For some detectors (liquid argon, for example) the decay times of the singlet and triplet
states are quite different, allowing for particle discrimination based on the time profile of a
scintillation signal; however, in LXe this difference between the singlet (3 ns) and triplet (24
ns) is quite small, especially when compared to the typical collection time of S1 photons of
0O(100) ns and the digitizer sample width of 10 ns. Thus pulse shape discrimination is not
currently pursued in XENONIT.

Scintillation photons can travel long distances in pure liquid xenon but are easily ab-
sorbed by impurities, especially water [22]. In order to maintain the required purity level
for detection of these photons, the xenon gas is constantly purified through hot zirconium
getters, suppressing the water concentration to < 1 ppb in XENONI1T. The high level of
purity allows for a high light yield and maintain an analysis threshold as low as 1 keV for
electron-mediated interactions.

Photons that reach the photocathodes of the PMTs can then produce photoelectrons
(with quantum efficiency ~ 30-40% [50]), which are then amplified by the dynode chain

inside the PMTs [104]. The total charge collected by the PMTs is proportional to the



number of detected photons in the S1, with resolution that depends on the PMT response.
This charge is expressed in units of photoelectrons (PE), each PMT having been normalized

according to its mean charge of a single photoelectron (SPE), determined via calibration.

1.1.2  The 582 signal

The S2 signal originates from ionization electrons produced in an interaction that are drifted
and extracted into the gas phase. Some of the original ionization is lost to recombination
(i.e. converted to the scintillation signal), with the total amount depending on the density of
the ionization track and the applied electric field. The electrons that survive recombination
are then drifted to the top of the detector with a constant average velocity, where they are
extracted into the gas via a strong electric field applied at the liquid-gas interface. However,
some charge can be lost during the drift due to electronegative impurities in the xenon,
especially Og. For a concentration of ionization electrons ce, the probability of an electron
being lost to an impurity within a drift distance dz scales with the concentration of impurities

cr as well as ce and z themselves. That is,
dce X —ce -y dz. (1.1)
Introducing a proportionality constant & and solving the above differential equation, we have

ce(z) = 72 (1.2)

where cg is the initial concentration of ionization charge. In order for this charge to be

detected, it has to be drifted and extracted into the gas layer the top of the TPC; hence, for
the same number of electrons produced, S2s near the bottom of the detector will be smaller
than those at the top.

Since the electron cloud drifts with a constant velocity, the position dependent effect

6



described above can easily be converted to a temporal effect, whereby the amount of charge
lost depends on how long the electron cloud has been drifting. After the electron cloud has
been drifted to the top of the TPC, resulting in a detected S2, the total drift time ¢; can be
identified as the time difference between the S1 and S2 signals. The amount of charge that

reaches the liquid-gas interface can therefore be written
e (tg) = cl e/, (1.3)

where on account of the variable change we define a new constant 7. This parameter,
called the electron lifetime, is a measured value that encapsulates the xenon purity. A large
electron lifetime, ideally in excess of the maximum drift time of the detector, ensures minimal
suppression of S2 signals due to charge loss. As shown in Sec. 2.1.1, (1.3) can be inverted to
correct S2 signals for this suppression effect.

Most, but not all, of the charge that reaches the liquid-gas interface is then extracted into
the gas phase, with the fraction given by the extraction efficiency. Due to local differences
in the extraction field this efficiency varies slightly with x and y, but the average value
measured to be 96% in XENONIT [36]. After extraction, the electrons are accelerated to
the anode, resulting in proportional scintillation through a similar excimer mechanism as in
the S1 case (though in the gas phase) and detected by the same PMTs. In XENONIT, a
single electron results in an average S2 signal of ~ 28 PE, a quantity referred to as the single
electron gain [36].

S2s have a time profile of O(us), in contrast to Sls with O(ns). Further, this time
structure has a strong spatial dependence in the detector, with deeper S2s having larger
widths due to longitudinal diffusion during the electron drift [1]. These strong differences
in pulse shape allow for straightforward discrimination between S1 and S2 signals, which is

done using algorithms in the reconstruction software [114].



1.1.3 Position reconstruction

The S1 and S2 signals can be used to reconstruct the position of an event in three dimensions.
The z or the depth is determined from the drift velocity and the time difference between an
S1-S2 pair. The x and y coordinates (or 7 and 6 in cylindrical coordinates) are determined
from the amount of light seen in specific PMTs in the top array (see Fig. 1.1). This is
done using two algorithms in XENONIT: (1) a neural net algorithm trained using the Fast
Artificial Neural Network Library (FANN) and (2) a likelihood maximization of the S2
pattern in the top array, referred to as Top Pattern Fit (TPF). The FANN is the main
algorithm used, with the TPF algorithm primarily a cross-check. Both were trained with
Monte Carlo (MC) simulated data using Geant4 to propagate photons throughout the full

detector geometry.

1.1.4 Particle discrimination: electronic vs. nuclear recoils

A major advantage of LXe TPCs is the ability to discriminate different types of interactions
in the detector, especially electronic recoils (ERs) and nuclear recoils (NRs). ERs, in which
the primary ionizing particle interacts with the atomic electrons, are induced by ys, X-rays,
and f3s, whereas NRs, in which the interaction is with the nucleus, are produced from, e.g.,
neutrons. Neutrinos can induce both ERs and NRs, but are not expected to contribute much
in XENONIT due to their small cross sections.

Discrimination of ER and NR events is also performed with the S1 and S2 signals. NR
events produce a denser track of charge in their wake, which leads to a larger fraction of
recombination than in the ER case. This means that, for a signal with equal number of
quanta produced, an NR would display a larger (smaller) number of photons (electrons)
than an ER. Thus, ER and NR can be discriminated in the space of S2 vs. S1, as shown in
Fig. 1.2.

For the sake of clarity it is worth stressing that the information above refers to the primary
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Figure 1.2: Comparison of ER and NR calibration data in the space of S2 vs S1 to illustrate
discrimination capability. The axes are corrected (hence the ¢ prefix) for spatial effects in
the TPC, and only the bottom PMT array is used for the S2 signal (hence the ‘b’ subscript).
tonizing particle, not necessarily to the particle that triggered the event in the first place.
For example, a y Compton scattering on a xenon atom induces the emission of an atomic
electron. This electron then ionizes and excites the surrounding xenon atoms, resulting in
the detection of S1 and S2 signals.

Additionally, it is noteworthy that NR signals are “quenched” due to additional energy
loss to heat, which is not detected in LXe TPCs. This implies that the energy scales of ER
and NR signals are different, as the light /charge yield for a given energy is smaller for NRs
than for ERs. For more discussion on the differences between ER and NR, see [35, 150].

WIMP dark matter is expected to interact only with a xenon nucleus, thus inducing NRs,
while the dominant backgrounds, s and ys yield ERs. Thus, this NR/ER discrimination

allows for a strong suppression of background in the NR detection channel and is a major



factor in XENONIT achieving world-leading sensitivity to WIMP dark matter [30]. How-
ever, as shown in Fig. 1.2, this discrimination is not 100% effective; there is some overlap in
the populations of ER and NR events. For this reason, in order to continue to reach better
sensitivity to WIMPs, the ER background in XENONIT has also been suppressed to un-
precedented levels. This ultra-low ER background makes XENONIT sensitive to interesting
physics in the ER channel, as well as the historically prioritized NR channel. These ER

signals are the focus of this thesis, as we describe in more detail below.

1.1.5 Background reduction

XENONIT is designed to search for low-energy, keV-scale signals. There are innumerable
backgrounds at these energies from mundane background radiation of common isotopes as
well backgrounds from cosmic rays, making it difficult to search for ultra rare interactions in
the same energy range. Thus one of the largest challenges (and thus successes) of XENON1T
is the suppression of these backgrounds by many orders of magnitude, using a number of
innovative methods.

First, operating underground at LNGS, the detector is shielded from cosmic rays by 1400
m of rock above it. The TPC itself is shielded again by a 10m tall water tank, instrumented
with 8” PMTs, which acts as both passive shielding as well as an active muon veto. Every
component in the detector was carefully screened, with low-radioactivity materials used
wherever possible. Liquid xenon effectively shields itself, where most radiation originating
outside the detector interacts within a few cm from the edge due to the medium’s high Z and
high density. Combining this with 3D position reconstruction allows for us to define a fiducial
volume in the analysis, where we only consider the inner region of the detector to further
reduce background. Cryogenic distillation was used to suppress background sources such as
krypton and radon [26]. Lastly, xenon is itself radiopure, with very few long-lived radioactive

isotopes that would present backgrounds at low-energy within the fiducial volume.
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As we discuss in Sec 3.1, the dominant background comes from 214Pb, a daughter of
the abundant 222Rn, which originates from detector materials but is able to dissolve within
the liquid xenon volume. Through the background reduction techniques described here, the
low-energy background in XENONIT is < 100 events/(t-y-keV), an unprecedentedly low

background rate.

1.2 Physics reach of XENON1T

As summarized in the previous section, combining its low energy threshold, large tar-
get mass, and low background rate—together with its particle identification and position
reconstruction—XENONIT is an ultra-sensitive particle detector able to search for many
rare-event processes. Using XENONIT we have set the most stringent WIMP dark matter
constraints to date over a large mass range of 3-200 GeV [30, 32]. Recently we also re-
ported the first observation of 2v ECEC' (double electron capture) of 124X e: with a half-life
T /2™ 2 x 1022 y, this is the rarest decay ever measured.

In this work, we use XENONIT to search for new physics using electronic recoil data.
The signals we consider are (1) solar axions, (2) an enhanced neutrino magnetic moment,
and (3) bosonic dark matter. In the following sections we describe these signals in more

detail.

1.2.1 Solar azxions

Axions and the strong CP problem The SM describes with amazing precision the
interactions of the fundamental particles of nature. One troubling aspect, however, is that
in quantum chromodynamics (QCD) CP symmetry seems to be conserved experimentally
even though it is not required theoretically. The CP-violating term in the QCD Lagrangian
is [119]

_ 2~

Locp D H?Q?GG, (1.4)
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where g5 is the strong coupling, and G (G) is the gluon field (its dual). This term leads to

a neutron electronic dipole moment (EDM) of
dp =~ 5 X 107166 ¢ cm.
Experimentally, the neutron EDM is constrained to [101]

dp < 0.18 x 1072 ecm,

implying a constraint on § < 10719, The fact this parameter seems to “randomly” take on
a value of ~ 0 is referred to as the strong-CP problem.

As a solution to the strong CP problem, Peccei and Quinn postulated an additional
global, chiral U(1) symmetry (typically denoted U(1)pg) that when spontaneously broken
gives rise to a pseudoscalar Nambu-Goldstone boson, the axion [133, 158, 159]. With the
corresponding PQ current conserved apart from color and electromagnetic anomalies, the

generalized Lagrangian added to the SM is given by [79]

ags2 ~ a €2

8ua
- + -
fa 3272 fa 3272

2fa

1

5 fet s, (1.5)

%Fﬁ+
where a is the axion field, f, is the the symmetry-breaking energy scale of the PQ symmetry
(also referred to as the axion decay constant), e is the charge of the electron, E is the
electromagnetic anomaly factor, N is the color anomaly factor, f represents a fermion field
(only one shown for brevity), and c(} is a model-dependent axion-fermion coupling constant.
The aGG term is what resolves the strong CP problem; after combing Eqgs. 1.5 and 1.4,
the axion field takes on a vacuum expectation value (VEV) that cancels out the 0GG term,

replacing it with a dynamic variable (the axion field itself). The axion acquires a mass my
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given by [79]

1/2
. (( My m%f%)/ L6100 Gy 16

my +mg)?  f2 fa

where m,, /d is the mass of the up/down quark, my; = 135 MeV is the mass of the pion, and

fr =93 MeV is the pion decay constant. This mass-decay constant relationship is valid for
any axion model that solves the strong CP problem, referred to as QCD azions.

Different QCD axion models predict different values of £, N, and c(}, leading to different

couplings between axions and matter. In general, the axion-photon coupling gq~ is given

by [79, 67, 149, 115]

a <E 24md+mu>

Jay = 27 fq N_gmu—kmd

@ (£ _q0).
2nfa \ N

where a¢ = 1/137 is the fine structure constant. The axion-electron coupling gqe is given

(1.7)

~

by [79]
0Me 302N Me A

N El fa 24md+mul A
=co—F+—F—|=lnh——-=—2——
Jae = Ce fa 4r2f, \N" me 3 my+mg  me)’

(1.8)

where the first term is the model-dependent tree-level coupling and the second is radiatively
induced, with m, the mass of the electron and A the QCD cutoff scale. The axion-nucleon

couplings gqp and ggn are given by [78, 149, 115]

Jap = %‘7(—0.47 +0.88¢) — 0.39¢0) (1.9)
Jan = %(—0‘02 +0.88¢% — 0.39c)), (1.10)

where mj ~ my, are the masses of the proton/neutron and the higher-order terms from the
other quark generations are ignored. Note that all axion-matter couplings contain a 1/f,
term and thus relate directly to the axion mass. Lighter axions are more weakly coupled

and have longer decay constants.
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The original axion model [158, 159], which predicted f, ~ the electroweak scale, has
long been ruled out; however, “invisible” or ultra-light axions still viable today decouple the
PQ symmetry breaking scale from the electroweak scale. There are two general benchmark

models [79]:

e The Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) type, where the SM fermions are charged
under the new U(1) p@ symmetry, and thus there are tree-level couplings between ax-

ions and fermions [86, 165].

e The Kim-Shifman-Vainshtein-Zakharov (KSVZ) type, where there are no tree-level
couplings to leptons and instead a new heavy quark charged under the PQ symme-

try [118, 148)].

We first consider the DFSZ-type axion, which includes two Higgs doublets charged under
the PQ symmetry. These Higgs lead to an additional parameter in the DFSZ-type model

beyond the axion mass, Sppgyz, given by

X, \ 12
taﬂ(ﬁDFSZ)=<X—d) : (1.11)

where X, 4 are the PQ charges of the up/down quarks. Note that conventions vary in the
literature, with X, <> X; sometimes swapped in Eq. 1.11 [79, 152]. These Higgs can couple
to SM fermions in two different ways, leading to two sub-models of DFSZ type axions, DFSZ-
[ and DFSZ-I1. We just quote the results here, referring to [79, 149] for details. Recalling the
model dependence of Eq. 1.5, the DFSZ-I model predicts £ =8, N = 3, ¢; = %Sin2 BDFSZ,
Cd; = Cej = % cos? Bprsz, where the index 7 represents the three generations of the respective
fermion. In the DFSZ-IT model, the electromagnetic anomaly and axion-electron constants
are replaced with £/ = 2 and c¢; = —% sin? BpFsz, respectively. These values can be plugged
into Eqgs. 1.7, 1.8, 1.9, and 1.10 to give the respective couplings between DFSZ-type axions.

It is also noteworthy that in any grand unified theory (GUT) combining the electroweak and
14



strong interactions at high energies, E'//N = 8/3 are the only allowed anomaly factors; thus,
DFSZ-1 is consistent with a GUT [79, 119].

In a KSVZ-type model, also called a hadronic axion model, none of the SM fermions
are charged under the PQ symmetry. The axion-photon coupling remains due to the chiral
anomaly, and thus loop diagrams allow for a suppressed but nonzero axion-electron coupling.
The couplings to the SM quarks vanish, but a coupling to nucleons is still present due to
mixing of the axion with the pion [119]. In the original, simplest KSVZ model E = 0,
but in general E//N can take on many values [80]. To summarize, in KSVZ-type models,
Cu; = ¢g; = Ce; = 0, and E /N is essentially a free parameter, albeit with some constraints
not particularly relevant in this context. We will take a benchmark value of £ = 0 for the
majority of KSVZ-related plots in this work.

Since the axion is predicted to be massive, stable, and weakly interacting, it is also a very
well-motivated dark matter candidate. Axions produced in the early universe through both
thermal and non-thermal processes, such as the misalignment mechanism, could contribute
to the dark matter density we observe (gravitationally) today [119]. Axionic dark matter
would be cold, i.e. non-relativistic, similar to the WIMP model and consistent with precision
cosmology measurements [119, 13]. In order to be dark matter, cosmological and astrophys-
ical bounds constrain the axion the mass to be small (typically < keV) [138, 2, 85, 64, 140].
With axions possibly solving two of the major questions in particle physics today, there is a

large effort to search for these light, elusive, and intriguing particles.

Solar axions in XENONIT On account of the astophysical/cosmological mass con-
straint of <keV, dark matter axions produced in the early Universe cannot be observed
in XENONI1T. However, due to the couplings to matter described in the previous section,
axions can be produced in other processes, like in our own Sun. These solar axions would
emerge with—and in turn deposit—energies in the keV range [141, 129, 153|, the precise

energies to which XENONIT was designed to be most sensitive. An observation of solar
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axions would be groundbreaking evidence of beyond-the-SM physics, but would not by itself
be sufficient to draw conclusions about axionic dark matter.

With couplings to photons, electrons, and nucleons, there are multiple stellar interactions
that can produce axions. We consider three such production mechanisms contributing to
the total solar axion flux: (1) Atomic recombination and deexcitation, Bremsstrahlung, and
Compton (ABC) interactions [141, 83], (2) a mono-energetic 14.4 keV M1 nuclear transition
of 97Fe [129], and (3) the Primakoff conversion of photons to axions in the Sun [139, 81].

The ABC flux scales with the axion-electron coupling gqe as
@aABC o gge (1.12)

and was taken from [141]. The 5TFe flux scales with an effective axion-nucleon coupling

gt = 11900 + ¢2. and is given by [15, 19]
STR ko)’ 23 off\2 2.1
o, = (kr_) X 4.56 x 107 (g5, )° em™ “s™ -, (1.13)
Y
where
1
ggn = §(gap + gan) (1.14)
1
g(?;n = i(gap - gan> (1.15)

and kg /k~ is momentum ratio of the axion and photon, and is unity in the limit of a massless

axion. The Primakoff flux scales with the axion-photon coupling gay and is given by [122]

i 2 2.481
dPg"™ ([ gay Eq o~ FEa/(1.205 keV)
dEa Gev_l keV

x 6 x 1039 cm_QS_lkeV_l,

(1.16)
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Figure 1.3: Summary of the three-component solar axion flux. The arbitrary couplings
chosen are gge = 3 x 10712 Gay = 2 X 10710 Gev—1, and ¢¢ff = 1076,
where F, is the energy of the axion.

The expected flux from solar axions with g,e = 3 X 10712 Jay = 2 X 10710 Gev—1, and
ggﬁ =107 is shown in Fig. 1.3. These coupling values are arbitrarily chosen so that the
fluxes be of the same order, and do not correspond to any particular QCD axion model.
The chosen couplings are also roughly consistent with the current (direct) upper limits,
highlighting that if axions exist they could be copiously produced in the Sun. While there
could be a huge solar axion flux passing through the Earth at all times, one needs a scattering
cross section to determine how often an axion would interact.

All three flux components could be detected in XENONIT via the axioelectric effect —

the axion analog to the photoelectric effect — which has a cross section that scales with the
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Figure 1.4: Axioelectric cross section for my < 100 eV and gge = 3 X 1012,

axion-electron coupling gqe and given by [82, 84, 137, 15]

— ape@ 3E; (2P (1.17)
B 16mam? 3

where ope is the photoelectric cross section in xenon and 3 and E, are the velocity and
energy of the axion, respectively. This cross section is shown in Fig. 1.4. For m, < 100 eV,
the axioelectric cross section is independent of axion mass; thus, the interaction rate for
axions below this threshold depends only on the axion-matter couplings and not directly on
the mass (though the couplings themselves are related to mgq in a model-dependent way, as
discussed above). For the rest of this work we will assume m, < 100 ¢V for solar axions.

Since solar axions would interact with the atomic electrons, their signature is an electronic
recoil. The total event rate in a xenon detector is given by the convolution of the flux

and cross section, and is shown in Fig. 1.5. We are thus able to constrain the values of
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Figure 1.5: Summary of the three-component solar axion rate in a LXe detector. The

arbitrary couplings chosen are gge = 3 X 10712, Jay = 2 X 10719 Gev—1, and ggg =106,
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|gae| (ABC), (°"Fe), and |gaegay| (Primakoff)? using XENONIT. Lest we implicitly

gaeggg

assume any particular axion model, we consider these three observables independently in the
analysis. That is, since in principle it is possible for all three components to be present at
the same time, our solar axion model (described in more detail in Chapter 3) includes three
unconstrained parameters for the different components: ABC, Primakoff, and °“Fe. The
results of the three-component analysis will give constraints on the axion couplings, which
could then be used to constrain the axion mass under different QCD model assumptions.
This model-independent approach also implies that the results hold generally for solar axion-
like particles, which do not have strict relationships between the couplings, as described in
Sec. 1.2.3.

As an aside we note that after the initial release of this work it was shown that the
we should also include the inverse Primakoff effect, in which an incoming axion scatters
off the atomic electric field and converts to a ~ keV photon, which would subsequently be
photoabsorbed and produce an ER of the same energy [97, 77]. This cross section scales with
ga~y and increases the expected axion interaction in XENONIT. We ignore this channel for

this work, but note that it is an important effect to account for in future related analyses.

1.2.2 Neutrino magnetic moment

In the SM, neutrinos are massless and therefore lack a magnetic dipole moment. However,
the observation of neutrino oscillation tells us that neutrinos have mass and the SM must be
(at least) minimally extended, implying a magnetic moment of p,, ~ 10—20 wp (95, 57], where
1 is the Bohr magneton. Larger values of y,, have been considered theoretically and exper-
imentally [56, 57, 6]. Interestingly, in addition to providing evidence of beyond-SM physics,
the observation of a i, 2> 10715, B would suggest that neutrinos are Majorana fermions [57].

Currently the most stringent direct detection limit is sz, < 2.8 x 107! 15 from Borexino [6],

2. We drop the absolute value notation for the remainder of this work.
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Figure 1.6: Solar neutrino flux at the Earth, dominated by the low-energy pp reaction.

and indirect constraints based on the cooling of globular cluster and white dwarfs are an
order of magnitude stronger at ~ 10712y [43, 152, 89).

An enhanced magnetic moment would increase the neutrino scattering cross-sections at
low energies (on both electrons and nuclei), and thus could be observable by low-threshold
detectors such as XENONI1T. Here we only consider the enhancement to elastic scattering

on electrons (producing ER signals), given by [156]

d 11
= y2a (— - —) , (1.18)

dEy

where Ep is the electronic recoil energy and E), is the energy of the neutrino. Note that
Eq. (1.18) assumes free electrons; small corrections need to be made for the electron binding
energies at O(keV) energies.

We search for an anomalous magnetic moment using solar neutrinos, whereby this signal
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would enhance the SM solar neutrino scattering rate at low energies. In calculating the
expected signal rate we must first discuss the rate from SM processes. The differential
solar neutrino flux is shown in Fig. 1.6, where the spectra were taken from [49] and the
normalizations from [111]. This flux must then be convolved with the differential cross
section for neutrino-electron elastic scattering, accounting for neutrino oscillations. The

relevant cross sections (assuming free electrons) are [152]

dogn(vee) B G%me
dE,  2rE,
dosn(vpre) G%m6

4 2 2 2 2 2
dE, - 27E, [48w(2Eu + Ep — Er(2Ey + me)) + 25y, (Eyme — 2E}) + E”] ’

450 2B2 + B — (2B, + me)) — 255 (Erme — 2B3) + EY)

(1.19)

where FE) is the recoil energy, E, is the neutrino energy, s, is the sine of the Weinberg
angle, and G is the Fermi constant. Since we are interested in keV-scale energy transfers,
however, the electron wave functions are expected play a role. We approximate this effect
by applying a step-function according to the accessible electrons for a given energy transfer,
where the steps occur at the electron binding energies.

In order for a neutrino to transfer an energy F, ~ 1 keV to an electron, it must have a

minimum energy of

min __
B =

<Er + (B2 + 2E,me)Y 2) ~ 16 keV,

NO| —

implying that near the XENON1T threshold, the pp neutrinos dominate. Assuming the Large
Mixing Angle Mikheyev-Smirnov-Wolfenstein (LMA-MSW) model for neutrino oscillations,
the ve survival probability at the Earth for these low-energy neutrinos is dominated by
matter effects in the Sun and given by p ~ 0.57. Combining the flux in Fig. 1.6, cross
sections in Eq. 1.19, the step function approximation, and this survival probability, the
expected neutrino-electron scattering rate in XENONIT is shown in gray in Fig.1.7. With
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Figure 1.7: Solar neutrino rate in liquid xenon detectors assuming only SM interactions
(gray) and in the case of a large neutrino magnetic moment p, (navy). In both cases, this
spectra are dominated by the pp neutrinos.
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a total rate of ~ 50 events/t/y below 20 keV, the SM background is quite subdominant in
XENONIT, as discussed in more detail in Chapter 3.

To calculate the expected enhancement to the SM solar neutrino rate from an anomalous
magnetic moment, we repeat the same procedure as in the SM case but replacing the cross
section with Eq. 1.18. This enhancement is also shown in Fig. 1.7 for p, = 2.8 x 10711 B,
the current upper limit from Borexino, where one can see the steep increase in the spectrum
of the spectrum at low energies. While the SM solar neutrino rate is too low to be measured
with XENONIT (though we do treat it as a background as discussed in Chapter 3), an

enhancement in the rate due to a large magnetic moment could be observable in XENONI1T.

1.2.3 Bosonic dark matter

The third class of signals we consider is bosonic dark matter, specifically pseudoscalar bosons
and vector bosons.

Axion-like particles (ALPs), like QCD axions, are pseudoscalar bosons, but with decay
constant and particle mass (Eq. 1.6) decoupled from each other and instead taken as two
independent parameters. This decoupling allows for ALPs to take on higher masses than
QCD axions; however, it also implies that ALPs do not solve the strong CP problem.

ALPs are viable dark matter candidates [44], and could be absorbed in XENONIT
via the axioelectric effect (Eq. (1.17)) like their QCD counterparts. Assuming ALPs are
non-relativistic and make up all of the local dark matter (density p ~ 0.3GeV/cm? [76]),
the expected signal is a mono-energetic peak at the rest mass of the particle, mq, with an

event rate given by [137, 45]

1.5 x 1019 ma Ope\ . _1.,-1
Re = i (keV/02> (T) ke d (1.20)

where A is the average atomic mass of the detector medium (A ~ 131u for xenon). The
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rate coefficient from our calculation is consistent with [62] for the dark matter density used
in this work.

In addition to the pseudoscalar ALPs, XENONIT is also sensitive to vector bosonic dark
matter, of which dark photons are a common example. Dark photons can couple weakly
with SM photons through kinetic mixing [96] and be absorbed with cross section oy given
by [18]

oy = %Fg, (1.21)

where ope, @, and 3 are the same as in Eq. (1.17), and s parameterizes the strength of
kinetic mixing between the photon and dark photon. Similarly to Eq. (1.20), by following

the calculation in [137], the rate for non-relativistic dark photons in a detector reduces to

4.7 x 107 5 (keV/c?\ [ope 1.1
~ 22 kg™ld™ 1.22
1 A " ( my ) < b ) & d ’ ( )

where my is the rest mass of the vector boson.

To summarize, both pseudoscalar and vector bosonic dark matter would leave the same
signature in the detector, just with different interpretations due to the different cross sections.
We thus combine these two signals as a single “peak search”, where will look for excess events
consistent with line sources of a single energy, and draw conclusions for both types of bosonic

dark matter.
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CHAPTER 2
EVENT RECONSTRUCTION AND SELECTION

This chapter is devoted to the reconstruction and selection of events used for this analysis.
Section 2.1 details how we reconstruct the deposited energy of electron recoil events in
XENONIT and summarizes the energy resolution of the detector. Section 2.2 focuses on
the the energy threshold for this analysis, making use of a combination of data-driven and
pure simulation methods to extract a total detection efficiency as a function of reconstructed
energy. Section 2.3 describes the selection of events used for this analysis and the signal
acceptance of the applied cuts. The main results of this chapter provide understanding of
how the XENONIT detector reconstructs events on a fundamental level and are important

inputs for the modeling and interpretation of the data that come in later chapters.

2.1 Energy Reconstruction and Resolution

2.1.1 FEnergy Reconstruction

As discussed in Chapter 1, both the S1 and S2 signals are proportional to the energy of an
event. For nuclear recoils, energy loss due to heat goes undetected, leading to a “quenching
factor” that needs to be accounted for in such events. Electronic recoils, on the other hand,
lose a negligible amount of energy to heat, meaning that the total energy is ultimately
distributed to the two channels that we can detect: scintillation (S1) and ionization (S2).
This allows for a robust energy reconstruction that holds over a large energy range.
Since the energy of an ER can go into two channels, we can write the total energy
deposited E as
E = W(npp, + ne), (2.1)

where n,, /e Te the numbers of photons/electrons released after recombination and W=13.7 eV /quanta
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is the “W-value” denoting the average energy required to create one “quantum” (photon or
electron) [75]. With ST o n,, and S2 o ne, we can reconstruct the total energy if we
know the light and charge yields. As these yields are themselves energy-dependent [150],
this method relies on precise calibrations at many energies and likely a deep theoretical un-
derstanding of the microphysics involved. While this is a difficult task, we can circumvent it
in ER events due to the fact we detect both channels of energy loss, implying that the light
and charge yields are linearly (anti) correlated. Since the total energy is proportional to the
sum of nyp, and ne, if one increases then the other must decrease in linear fashion.

The S1 and 52 signals depend on many other factors beyond the n,; and ne produced
at the interaction site, however. An emitted photon must hit the photocathode of a PMT
in order to be detected; the probability of this happening, given by depends on the solid
angle subtended by the PMTs and the number of reflections required to hit a PMT, leading
to a spatial dependence from detector geometry. Further, since the recombination fraction
depends on the local electric field V(z,y, z), non-uniformities of the applied field V[ can
also lead to position-dependent n,), for the same energy deposited. We denote the average
photon yield as PY. A photon that does reach a photocathode produces a photoelectron
with probability given by the quantum efficiency egg of that PMT. There is additional
efficiency loss due to the charge collection efficiency, e g, as well as the PMT-specific DAQ
thresholds to read out a signal, €t,jo. The effects from €g g and €, can also have some spatial
dependence, albeit less so than the detector geometry, due to PMT variability. Therefore,

for an energy deposited E, the mean S1 signal is given by

Sl(E>$ay7Z7 VO) = PY(E7 V(VO,Z‘,Z/,Z)) ’ GQE<x>ya Z) ’ 60E(£>y7 Z) : 6trig<x>ya Z) (22)

To correct for the spatial dependence of S1 signals, a S3™MKr calibration source was

injected into the gaseous xenon and dissolved uniformly in the liquid volume. This source
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Figure 2.1: Correction applied to S1 signals depending on their position in the detector,
averaged over the ¢ dimension for simplicity.
exhibits a two-step decay of known energy (32.1 + 9.4 keV) and a half-life of ~ 150 ns,
making it straightforward to discriminate calibration events from background events. Since
the energy of each 83MKy event is the same, we can calibrate the position-dependence of
the mean S1 signal using this source. A correction factor is applied to all S1s to match
the mean at the center of the detector, with values shown in Fig. 2.1. We refer to the
corrected S1 as ¢S1; as this accounts for spatial dependence, this is the variable used in
energy reconstruction.

The S2 signal must also be corrected for spatial effects. As discussed in Chapter 1,
electronegative impurities in the liquid xenon can capture electrons during the drift, meaning
that for a fixed ne the observed S2 has a strong z dependence. Recalling that the electron

lifetime 7 quantifies this loss (see (1.3)), a corrected S2 signal is given by
520 = 52 ¢!/, (2.3)

where t is the drift time (time between S1 and S2) and we use ¢S20 because there will be
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Figure 2.2: Electron lifetime as a function of time in XENONIT, taken from [36].

more corrections that follow. Since the electron lifetime is highly dependent on xenon purity;,
7 has a strong time dependence that needs to be accounted for. The time dependence of 7
can be found in Fig. 2.2, where it was calibrated using ™Kr data along with other sources.
The offset between the different sources is not understood at this time, but it is scales with
xenon purity [36]. Since we are focused on low-energy signals, we use the electron lifetime
calculated with 33™Kr data. After the electron lifetime correction, the S2 signal is further
corrected for z-y dependencies arising due to (1) sagging of the anode mesh in the center of
the detector, leading to relatively smaller S2s there and (2) electric field and PMT effects,
similar to the S1 correction. This correction is also calibrated using 83™Kr data. Since the
S2 signal is extremely localized in the top array, PMT effects can play a large role in the
total S2 area; therefore, to reduce this source systematic uncertainty only the corrected S2

signal in the bottom PMT array is used for energy reconstruction. That is:
cS2p = 0522 - Cp(z,y) (2.4)

where 6522 represents the corrected S2 size in the bottom array after electron lifetime cor-
rection, and Cy(z,y) is the z-y S2 correction for the bottom array. We use ¢S1 and ¢S2, for

all energy reconstruction in XENONI1T.
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Since ¢S1 and ¢S2 are proportional to the number of quanta produced, we introduce two
proportionality constants g; = cS_l/nph and g9 = ¢S2/ne. These detector-specific “gain
constants” give us the average detected signal (¢S1 and ¢S2p) for a given number of quanta
(photons and electrons) produced. Once we know g; and go, which we can extract using
calibration data, we can easily reconstruct the energy of any event. To make this explicit,
we can rewrite Eq. 2.1 as

(2.5)

where @y = ¢S2y/E is the charge yield and Ly = c¢S1/E is the light yield. Note that
Eq. (2.5) is a linear equation with two unknowns. Thus, by measuring the yields for several
calibration sources of known energies, we can then perform a linear fit in the space of Q-
vs-Ly to extract the values of g1 and g9. This is shown below, where we consider separately
two different science runs. The first, called Science Run 1 (SR1) is the primary dataset of
XENONIT and includes the longest and most stable period of science data. The second,
called Science Run 2 (SR2), is primarily an R&D dataset with changing detector conditions
due to improvements to purification system; however, it also includes a stretch of science
data that is used in this analysis. Perhaps more importantly, during SR2 an additional,
low-energy calibration source in 3TAr was deployed. We discuss this important calibration

point in more detail in the SR2 section below.

Energy calibration in SR1 As discussed in Sec. 2.3 below, for this analysis we consider
an energy range of (1, 210) keV. Accordingly, we focus on low-energy calibration points when
extracting g; and go so that we can safely ignore saturation effects at high energies. In SR1

we use five calibration points:

1. 83MKy an injected calibration source that dissolves uniformly in the liquid volume and
decays via a two-step scheme, as described above. Since the two S2s from these decays
are often unresolved, for this study consider 33™Kr events where the 32- and 9-keV
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decays are merged into a single S1.

. 1Blmyxe an activated isotope of xenon that decays via internal conversion and deposits
a total energy of 163.9 keV. Being a xenon isotope, this source is uniformly distributed
in the TPC. It is abundantly produced through neutron capture during neutron cali-

bration campaigns, after which it decays with a half-life of ~ 10 days.

. 129myxe - an activated isotope of xenon, similarly to 131™MXe, that is produced during

neutron calibrations. It deposits total energy of 236.1 keV

V2B g daughter of 222Rn, which emanates from detector materials and dissolves
uniformly in the detector. 214Bi can decay via emission of an B to an excited state of

214py whose (resolved) y deposits a total energy of 609.3 keV.

. 60Co, a background originating from detector materials such as the PMTs, which can
B-decay to an excited state of %ONi, which in turn decays via as 1333-keV y. The

source is not distributed uniformly in the TPC.

Fig. 2.4 shows the calibration data in S2-vs-S1 space, where the five calibration points can

be seen above a diffuse background. The elliptical shapes of the mono-energetic sources in

this space is indicative of the anti-correlated behavior of the light/charge yields. To extract

the yields we maximize (for each calibration point) a binned log-likelihood for a rotated 2D

Gaussian, given by

( _ ((by = 1) cos @ — (bg — pig) sin §)*

L(:U’lalu270-170-279) - Z NObS(blabQ> 20_2
1

b1,b2
(b1 — p1)sing + (by — pa) cos ) (9.6
20%

- ln(‘7102)) 7

where 1; and o; are the means and standard deviations of the ¢S; distribution with i € {1,2},
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Figure 2.3: An S2-S1 plot from SR1 in XENONI1T, where mono-energetic sources are vis-
ible as the elliptical peaks. The labeled peaks are the ones used to calibrate the energy
reconstruction in this analysis.
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Figure 2.4: Charge yield vs light yield for the five monoenergetic ER sources considered
in SR1. Statistical uncertainties are smaller than the data points. As expected, the yields
correlate linearly, and g; and gg can be extracted using a simple fit.

¢ is the rotation angle to account for the correlation between light and charge yields, by o are
the bin-centers of the 2D histogram shown in Fig. 2.3, and Ng4(b1, b2) is the corresponding
bin content for each bin. We choose small enough bin sizes so that we can ignore changes in
the probability density function within each bin, and we ignore a term for the background
since it is sub-dominant. After maximizing this likelihood, the best-fit 7 o along with the
known corresponding energies give us the light /charge yields for each source, with statistical
uncertainties propagated from the fit.

In Fig. 2.4, we show the resulting light/charge yields for the five sources used in SR,
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Figure 2.5: Self-consistency check of the SR1 energy calibration, focusing on the low-energy
region. The 33MKr, 131mXe and 129MXe monoenergetic peaks are all reconstructed where
expected.

along with a linear fit using Eq. 2.5. From this fit, we conclude that for SR1

g1 = 0.142 + 0.001 PE/photon

go = 11.15 % 0.13 PE/electron.

The uncertainty is that given by the statistical uncertainty propagated from the various
fits. These g; and g9 can then be used to reconstruct the energy of any event. As a self-
consistency check, we show the spectrum of the SR1 calibration data used for this study in
Fig. 2.5, where the three low-energy peaks are reconstructed as expected. We focus on the
low-energy region because that is the most relevant for this analysis.

As an aside, it is noteworthy that the EXO-200 experiment has recently published a
different value for W of 11.5 + 0.5 eV [20]. While changing the W value would slightly
modify our understanding of the light and charge yields, we note that this change would
have no effect on the energy reconstruction discussed here. In fact, as long as W is constant

with energy, any change its value would just be absorbed into the fitted values of g; and gs.
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For example, when fitting the data in Fig. 2.4 with W = 11.5 eV, we have g1 = 0.119£0.001
PE/photon and g2 = 9.36 £ 0.106 PE/electron, but the linear model describes the data
just as well. It is clear by this that, while the values of the g; and g9 constants change for

different W values, the energy reconstruction itself would not be affected.

Energy calibration in SR2 The SR1 data shown above is used for the main result of
this analysis, but we also consider a dataset called SR2. During SR2 we performed an
additional calibration campaign using 37 Ar. This gaseous source was injected into the xenon
purification system, where it then dissolved uniformly within the liquid xenon volume. 37 Ar
decays via electron capture to the ground state of 37qy, emitting X-rays in the process to
fill the vacancy. Depending on vacant shell, this results in 2.82 keV (K-shell), 0.27 keV
(L-shell), or 0.0175 keV (M-shell) X-rays, with decreasing branching ratios [54]. Focusing
on the K-shell, this calibration allows us to check that the energy scale holds at 2.8 keV and
validates the use of the combined energy scale down to our energy threshold of 1 keV.

Since 37Ar decays deposit energies near our energy threshold—which is dominated by a
requirement that at least 3 PMTs detect a signal within a 50 ns time window—the detec-
tion efficiency needs to be accounted for when extracting the light yield. We discuss the
detection efficiency in detail later in this chapter, but for now we take the resulting S1 effi-
ciency (Fig. 2.20, right) and modify our likelihood accordingly by adding an additional term
In(eqet(b1)) to Eq. 2.6, where €4e¢(b1) is the detection efficiency at the corresponding S1 bin
center. The 37Ar data and the result of this maximum likelihood fit is shown in Fig. 2.6,
where the asymmetric behavior in S1 is due to this detection efficiency.

Due to different detector conditions in SR2 compared to SR1, we don’t expect g; and go
to be the same. Thus we extract g; and go for SR2 following the same approach but with
37 Ar included as described above. The resulting light /charge yield plot is shown in Fig. 2.7,

from which we can conclude that our energy reconstruction holds down to 2.8 keV. This fit
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Figure 2.6: 37 Ar calibration data in S1-S2 space, along with the contours from the maximum-
likelihood fit (including detection efficiency) used to extract the light and charge yields.
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Figure 2.7: Charge yield vs light yield for the six monoenergetic ER sources considered in
SR2. The yields (anti-) correlate linearly, and g; and gg can be extracted using a simple
fit. The inclusion of 37Ar is an important check that our energy reconstruction holds to low
energies.

gives SR2 values of

g1 = 0.1439 + 0.0004 PE/photon

g2 = 11.23 + 0.05 PE/electron.

These g; and g9 values are quite similar to the SR1 values.

It is important to stress again that we did not perform an 37Ar calibration campaign
during SR1, which is the main dataset we consider for this analysis. Thus, for this time
region, the extrapolation of our energy reconstruction to low energies does not have a cali-

bration point there. While it may seem concerning, this extrapolation is validated using SR2
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data, where the energy reconstruction does hold to low energies. To check the systematic of
including 37Ar in SR2 but not SR1, we can also extract g; and g9 values for SR2 ignoring

the 37Ar point. This gives

g1°Y% = 0.1438 + 0.0004 PE/photon

g2°Y% =11.24 + 0.07 PE/electron,

which is very much consistent with the values including 37 Ar above. We thus conclude that

the extrapolation of the energy reconstruction down to low energies in SR1 is robust.

2.1.2  Energy Resolution

We use an empirically-motivated function to model the energy resolution in this analysis.
The monoenergetic sources are fitted as Gaussians and the resulting standard deviations
saved. The resolution, i.e., the standard deviation, ¢ as a function of energy is then fitted
with

o(E)=a-VE+b-E, (2.7)

where E is the energy and a and b are constants. The fit yields a = (0.310 £ 0.004) vkeV
and b = 0.0037 £ 0.0003, and is shown Fig. 2.8. We only consider the peaks < 300 keV,
since this is the range relevant for the analysis described in the following chapters.

This energy resolution is used to smear the theoretical signal/background models to
account for detector effects; i.e., the resolution function converts spectra from deposited

energy to reconstructed energy. This smearing is performed via

Ro(E,) = /E RU(Ey) fg(Brlu = Ev,o = o(Ey) dE,, 2.8)

where an 7 subscript denotes ‘reconstructed’, a t subscript denotes ‘true’, Ry is the true

38



T LI} I T T
= Empirical model
0.30 ==== New Empirical Model ]
® data

0'0900 10! 102

Energy [keV]

Figure 2.8: Energy resolution in XENONIT.
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spectrum at a given (true) energy, R, is the reconstructed spectrum at a given (recon-
structed) energy, fo is the Gaussian probability density function (pdf), and o(FE) is our
energy resolution function from (2.7). For simplicity we assume Gaussian smearing for the
entire region.

We note that the fit in Fig. 2.8 (red) mismodels the low-energy region slightly, where the
observed 37 Ar resolution is better than the model by a few percent. Based on this, we also
considered using the XENON microphysics model outlined in [36]; however, this model only
holds to ~ 10 keV and also did not accurately predict the resolution of the 3TAr data. We
therefore use the empirical model described above for this analysis.

To study the effect of this choice for the resolution, we consider here an additional
empirical fit model, shown in dashed in Fig. 2.8. We take two benchmark signal models from
Chapter 1, an ABC solar axion and a 2-keV ALP, and smear their true spectra with the
two resolution functions using (2.8). The results are shown in Fig. 2.9. For the solar axion
spectrum, the difference between the two resolution models is negligible; the small differences
observed in Fig. 2.9 are suppressed even further after accounting for the detection efficiency
(discussed later in this chapter). Other continuous energy spectra like the neutrino magnetic
moment will similarly be unaffected. For the ALP model in Fig. 2.9, the different resolution
functions yield a ~ 10% difference in peak heights. This difference, while not negligible, is
not so large as to be a concern for the analysis. We thus use the empirical model from (2.7)
for the main results, as this is the same resolution function used for other analyses with
XENONIT [33, 38]. To summarize, our choice of resolution function is expected to slightly
affect the results of the low-mass bosonic dark matter search. We will revisit this systematic

in the context of these results in Chapter 4.
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Figure 2.9: Comparison of different resolution functions on an ABC solar axion model (left)
and a 2 keV ALP model (right). The differences for the solar axion model are negligible
after considering the detection efficiency. For the ALP model, the different resolution models
would have a small but not negligible effect on the overall rate constraint.

2.2 Detection Efficiency

For ER events, the focus of this analysis, the energy threshold is dominated by the S71
detection efficiency, the probability of detecting and correctly classifying an S1 signal. The
analogous efficiency for S2s is ~ 100% for S2 2> 200 PE; with ER events above 1 keV all
having S2 > 500 PE, we can safely assume no efficiency loss due to S2 detection [36].

The energy threshold depends on the following factors:
e The photon detection efficiency, absorbed in the g1 value extracted in Sec. 2.1.1.

e The response of the PMTs, i.e., the probability that a signal in a PMT rises above
its detection threshold. We refer to this as the single-photoelectron (SPE) acceptance,

which differs for each PMT and in principle is a function of time.

e The efficiency of the XENONI1T reconstruction software at identifying S1 signals, based

primarily on the arrival time of detected photons. We refer to this as the reconstruction

efficiency.

As mentioned, the photon detection efficiency is included in the calibration of g1, and so we

focus on the SPE acceptance and S1 reconstruction efficiency contributions in this section.
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For a given number of photons detected (i.e., that create photoelectrons) n,yq, the total

detection efficiency is given by

e(npnd) = P(S1npnq)

_ nzh P(S1|ny) P(np|npnq) (2.9)

= erce(np) P(nplnpna).
np

where
e P(S1) refers to the probability of observing an S1 signal in the reconstructed data.

e 1y is the number hits, photon signals that induce a voltage drop with amplitude ex-
ceeding a PMT’s threshold. This threshold is PMT-dependent and is set at the level

of the digitizer.

o croc(ny) = P(S1|ny) is the S1 reconstruction efficiency, the probability of observing
an S1 given that ny, hits were detected. This term does not include any knowledge
of the PMT response, but only of the reconstruction algorithms. P(ny|n,pq) gives
the probability of observing ny, hits for a given number of n,q detected. This term

includes the effect of the PMT response.

In the sections that follow, we calculate erec(n,) and P(np|n,pq). We employ two different
techniques to estimate the S1 reconstruction efficiency in Sec. 2.2.2, while P(ny|nypq) can

be determined from the SPE acceptance, described in the next section.

2.2.1 Single Photoelectron Acceptance

The trigger system of XENONIT has two levels in normal TPC mode. First, each PMT

has its own self-trigger threshold, a channel-specific value, relative to baseline, that is set
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in the digitizer and determines when signals from that channel should be read out by the
data acquisition (DAQ). PMT signals that do not reach the self-trigger threshold are not
stored in the data, and therefore excluded from the event reconstruction. Such a threshold
is needed so that the detector is not constantly triggered by noise, but as we detail below it
does lead to some efficiency loss.

PMT signals that exceed their self-trigger thresholds are stored in memory in a Mongo
database, in which the second level, the software trigger, determines if enough PMTs detected
signals in a particular time region for it to be stored as an event [1, 34]. The first level is more
important for studying the S1 detection efficiency, as the specific self-trigger threshold (along
with PMT-specific properties like gain, geometry, and general response) for each PMT affects
the SPE acceptance. The software trigger requires a comparatively large signal (usually an
S2) above 200 PE, and so is not relevant here.

The XENONI1T PMTs were calibrated using LEDs, which emitted visible photons that
were guided inside the detector via optical fibers. Rather than relying on the self-trigger
described above, for LED calibration the DAQ was externally triggered, in sync with the
emission of the LED photons. In this way, with the expected photon arrival time given by
the external trigger, the true distribution of single photoelectrons (SPEs) can be determined.
The fraction of SPE signals that have amplitudes larger than the self-trigger threshold is the
SPE acceptance. We thus are interested in the amplitude distribution of SPE signals.

The steps to calibrate the SPE acceptance are outlined in Fig. 2.10. The procedure
is based off a model-independent approach to determine the SPE gain [146]. We use two
different datasets to extract this value: (1) an externally triggered LED dataset, with total
light emitted tuned to be small enough so that we are in the SPE regime, and (2) a “blank”
dataset, which is triggered in the exact same way but with no light emitted into the detector.
Due to the external trigger the time window of the LED signal is known, and so we can build

the amplitude spectrum for that time region. For the LED dataset this spectrum is the
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convolution of LED-induced SPE, LED-induced two-or-more photoelectrons (27 PE), noise,
and dark counts (not LED-induced photoelectrons). The amplitude spectrum for the noise
dataset includes contributions from noise and dark counts only. As an example, the spectra
for both an LED and blank dataset for PMT channel 0 are shown in Fig. 2.10 in red and
gray, respectively. The contribution 27 PE is sub-dominant (by design), but it leads to the
high-ADC count tail of the SPE distribution. We only consider positive amplitudes (relative
to baseline), so there are no counts for amplitudes < 0.

Since the LED run includes SPE and 21T PE contributions while the blank run does not,
the normalization of the noise pedestal is different between the two. To correct for this, we
make an assumption that no real SPE signals have amplitude less than a given threshold
value ¢, and then scale the blank spectrum to have the same integral as the LED run below
this threshold value. We vary t to study this systematic, but in Fig. 2.10 we use t = 6 ADC

counts. To be explicit, we apply a correction ¢ to the blank data, given by

of) = St ALEp (i) 910
) > i—0 Ablank (7) (210)

where ¢ is the iterator over the amplitude bins, A;gp is the LED amplitude spectrum, and
Aplank is the blank amplitude spectrum. The blank spectrum after correcting with ¢ is shown
in black in Fig. 2.10 (top), and is what will be used to extract the SPE spectrum.

The correction factor c is related to the occupancy, the average number of photoelectrons
detected per trigger. Since we assume that no SPE signals have an amplitude < ¢, we are
effectively measuring with this correction the probability of detecting 0 photoelectrons in a
given trigger. This is a Poisson process [104], with probabilty mass function

B Nee=A
k!

P(k) (2.11)

where A is the occupancy and k is the number of photoelectrons detected. With these
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Figure 2.10: Example outlining the procedure to extract the SPE acceptance. See text for

details.
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Figure 2.11: Left: SPE survival functions of all active PMTs. Right: SPE acceptance values
for all active PMTs in a single calibration run of XENONIT.
assumptions, we observe that ¢ = P(k = 0), from which we have A = —Inc. Once we know

A, we can also estimate the contribution of 2*PE (i.e., P(k > 2)) using Eq. 2.11:
Pk>2)=1-Plk<2)=1—e M1+ (2.12)

Since we are interested in the SPE acceptance, we would ideally have the 27 PE component
be negligible; however, such occupancies would also make it difficult to have enough SPE
statistics, and so we have to find a balance. For the example shown in Fig. 2.10, A = 0.22,
implying that with P(k > 2) = 0.02 the 27 PE component is sufficiently small to be ignored.
The average occupancy across all PMT channels is A ~ 0.17 giving an average 27 PE of ~
1%. We thus conclude that the occupancies are small enough that the contribution from
2TPE can be neglected.

After correcting the blank spectrum for the occupancy and ignoring the 27 PE contribu-
tion, we can extract the SPE amplitude distribution by doing a statistical subtraction of the
(corrected) blank spectrum from the LED one. This is shown in Fig. 2.10 (middle), where
the spectrum is observed to be roughly Gaussian but deviates at low amplitudes. This is
due to under-amplified photoelectrons, signals that are detected but not amplified by the

full dynode chain of the PMT and so display a smaller amplitude. A systematic effect is
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seen near the threshold ¢ = 6 due to the correction we make on the blank dataset. Since this
artifact is integrated to determine the acceptance, this is the largest source of uncertainty
in this study. From this SPE amplitude spectrum, we calculate the survival distribution,
shown in Fig. 2.10 (bottom), which gives the fraction of the SPE distribution greater than
or equal to a given amplitude. This survival distribution gives us the SPE acceptance as a
function of self-trigger threshold; for this run and channel the threshold was set to 15 ADC
counts, implying an SPE acceptance of ~ 94%, which is also shown in Fig. 2.10 (bottom).
We repeat this procedure for all PMT channels, the results of which are summarized for
a single calibration run in Fig. 2.11. The average SPE acceptance across all channels for
this dataset was 89.6%. The outliers in this plot are PMTs that have low gain and poor
SPE acceptance, with PMTs of < 50% acceptance ignored in all XENONIT analyses. We
then tracked this average acceptance as a function of time, which is shown in Fig. 2.12,
along with the mean and 1- and 2-¢ bands. The time dependence shows that the acceptance
was mostly stable; however, there are a handful of outliers not completely understood. The
errorbars include statistical and systematic uncertainties, the latter of which is dominated
by the choice of ¢, which we vary between 5 and 8. We note that it is possible (and perhaps
likely) that the errorbars are underestimated, as it is difficult to quantify every systematic
effect in this analysis, especially since it assumes the noise conditions are identical in two
different datasets. We conclude that our SPE acceptance is stable within the 90-95% range
for the time region considered here, which as we will see is precise enough for this analysis.
As mentioned before, the SPE acceptance is related to the detection efficiency via the
term P(ny|nppq). The SPE acceptance gives the probability that a single detected photon
would induce a hit that was detected and stored. Therefore, P(ny|n,pq) can be modeled
as a binomial distribution with p given by the SPE acceptance. In reality, each channel
has its own SPE acceptance and so the detection efficiency would have a non-trivial spatial

dependence; however, this effect is surely small, so we take an average SPE acceptance p for
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Figure 2.12: The average SPE acceptance across all active PMTs in XENONI1T, as a function
of time.

all PMTs. Given this, the probability of detecting nj, is given by the binomial distribution:

n _
P(np|npng, p) = < f;zd)p”h(l — p)"thT"phd (2.13)

From this section we know that p =~ 0.9, and so it is straightforward to calculate this

component to the overall efficiency for a given number of detected photons.

2.2.2  Reconstruction Efficiency

We discuss here the efficiency of the XENONI1T data reconstruction algorithms. TPC signals
that exceed the self-trigger threshold of PMTs are processed using software called PAX, for
Processor for Analyzing XENON [114]. This software clusters individual PMT hits into
peaks, which are then classified as S1 or S2 signals. We study here the efficiency of PAX

at reconstructing and classifying true S1 signals, which is the dominant component to the
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overall S1 efficiency.

In XENONIT we developed two methods to estimate the S1 efficiency.

1. The first is a pure simulation-based method, where we simulate photons and electrons
in the TPC, distribute their signals across individual PMTs, simulate the PMT charge
response to create waveforms, and then pass those waveforms to PAX for reconstruc-

tion. We refer to this as the FAX method.

2. The second is a purely data-driven method and is what we focus on in this work. In
the data-driven method, also called the bootstrapping method, we randomly sample
individual hits from large S1 waveforms (where the reconstruction efficiency is assumed
to be unity), to create fake, low-energy signals that are then passed to PAX for recon-

struction.

The data-driven method works as follows. Hits from large S1s (O(50-100) PE) in 220Rn
calibration data were random sampled to create fake, low-energy events. The idea is that,
by sampling from a true S1, the true pdf of the waveform shape is sampled in a data-driven
way. We refer to the large, real Sls as the parent events and the bootstrapped, fake S1s as
the child events. These children were then passed through PAX to see whether it properly
reconstructs them. This analysis uses PAX v6.10.1, where the peak classification algorithm

is based on three variables:

1. tight coincidence, the number of channels that observed a hit within 50 ns of the

maximum amplitude of the peak.

2. rise time, defined to be the time difference between the points where the signal reaches

10% and 50% of the total area.

3. width, defined to be the time difference between the points where the signal reaches

5% and 95% of the total area.
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Figure 2.13: Comparing the time profile of simulated waveforms from the data-driven (navy)
and FAX (red) methods to real data from 37Ar calibration (green). Gray lines show the
thresholds required by PAX to be classified as an S1. Note that the 3TAr points have been
reconstructed with PAX already, so there is efficiency already applied. Considering this,
we think the match between real data and the simulation/bootstrapping methods is good
enough to trust their results for the reconstruction efficiency.
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In order for a peak to be classified as an S1, the PAX reconstruction software requires that
tight coincidence > 3 (or 21), rise time < 70 ns, and width < 300 ns.

To validate the data-driven method of estimating the efficiency, we studied whether the
child events actually look like real data. We did this by comparing the tight coincidence, rise
time and width variables of fake data (from FAX and data driven method) to real low energy
data acquired during 37 Ar calibration?. For the simulated events, we consider reconstructed
but pre-classified peaks; i.e., the parameters are calculated for the peaks but no S1 or S2
classification has been performed. For the real data we consider the fully reconstructed
S1 data, where efficiency loss will make the distributions differ. Due to this fundamental
difference between the real and simulated/bootstrapped data, we are primarily interested
in qualitative statements about the validity of the fake waveforms, and then quantitative
estimates of the efficiency will come afterwards.

Comparisons of the data-driven and FAX methods to real 37Ar data are shown in
Fig. 2.13. To make sure we are not biasing the analysis based on underlying energy spectra,
we plot the time profiles (rise time and width) for each type of data for a given tight coinci-
dence value. Since we are interested in efficiency loss near the energy threshold, we only show
comparisons for tight coincidences 2, 3, 4, and 5, but consider higher values in the efficiency
analysis. We observe a good match between the simulated data (both data-driven and fax
methods) and the real data, apart from some differences in the tails as expected due to the
reconstruction efficiency being already applied to the real data. It appears that both the
data-driven and FAX methods succeed in modeling the time profiles of real S1 waveforms.
From this check we conclude that the two methods are valid and that we can use them both
to extract the reconstruction efficiency.

After their validation, the child S1 events are passed to the PAX reconstruction software

1. Our analysis that follows in the later chapters will use a 3-fold coincidence requirement, but we still
calculate to the 2-fold one here

2. For more details on 37Ar, see Sec. 2.1.1.
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Figure 2.14: The fractional outcomes for the reconstruction efficiency, as determined using
the data-driven method. This assumes a 3-fold tight coincidence requirement.
to see how often it correctly reconstructs them. There are four possible outcomes that we

consider:
1. The S1 is found and classified correctly.

2. A peak was found, but it was left unclassified. This happens for peaks that satisfy
neither the requirements for an S1 nor an S2, which almost always is due to the tight

coincidence threshold.
3. A peak was found, but it was classified as an S2 instead of an S1
4. No peak was found, not even a lone hit. This is expected to happen very rarely.

The results are shown in Fig. 2.14, where the outcome fractions are given as a function
of number of true hits. This plot uses a 3-fold tight coincidence requirement, but we also
performed the analysis for a 2-fold one. For 3-fold coincidence requirement, there is no
efficiency for nj, < 3, with all of the S1s being unclassified. The S1 efficiency never reaches

100% due to ~ 5-10% of events being mis-classified as S2 signals for nj, > 6. Similar results
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Figure 2.15: The total reconstruction efficiency as a function of number of PMT hits ny,
as extracted using the data-driven method. Efficiency curves for both 2- and 3-fold tight
coincidence are included. This figure considers only the efficiency of the data processor PAX
at finding and classifying S1s in the raw data, not the detection efficiency loss due to the
non-unity SPE acceptance.
hold for the 2-fold efficiency, but with higher ‘found’ efficiency and lower ‘unclassified’ at low
numbers of hits due to the lower coincidence threshold. Since we are primarily interested in
erec(ny,), the efficiency of correctly finding the Sls, we summarize the results for both 2- and
3-fold coincidence in Fig. 2.15.

Fig. 2.15 shows the efficiency in the space of hits detected, not photons detected as in
Eq. 2.9. To determine P(S1|n,,,q), we must account for the SPE acceptance. From Sec. 2.2.1,
particularly Eq. 2.13, we can calculate €4 for different values of SPE acceptance p. From

Fig. 2.12, we have (1-0 band)
p=0.914+0.013 (2.14)

In Fig. 2.16 we show the final S1 detection efficiency after convolving Fig. 2.15 with the SPE
acceptance ala Eq. 2.9. We consider two sources of uncertainty (in quadrature), the propa-

gated statistical uncertainty and the 1-0 systematic uncertainty from the SPE acceptance.
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Figure 2.16: The total S1 efficiency as a function of photons detected, extracted using the
data-driven method. Efficiency curves are included for both 2- and 3-fold tight coincidence
thresholds.
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2-fold (left) and 3-fold (right) coincidence.

o4



Average SPE spectrum
I I I I I I
61 —— AlI SPE
detected SPE

1 1 1
-1.0 -0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0
charge [PE]

0 |

Figure 2.18: Average SPE charge distribution (convolved with noise), in units of photoelec-
trons [PE]. Since we know the SPE acceptance is ~ 90%, we assume that the 10th percentile
of the distribution is not detected, leaving the largest 90% (gray) as the detected SPE signals.

We now compare the data-driven efficiency in Fig. 2.16 to that derived from FAX. There
are many details of the FAX simulation that we are glossing over, but the extraction of the
efficiency is straightforward: we know the number of photons detected, and we determine how
often we reconstructed and classified an S1 on the other side of the simulation + processor.
Comparisons for both 2-fold and 3-fold coincidence thresholds are shown in Fig. 2.17, where
overall good agreement is observed. The data-driven method suggests slightly worse efficiency
than that given by the FAX method. This could be due to effect not modeled in FAX, or
it could be a systematic effect not accounted for in the data-driven analysis. For the final
efficiency we thus use the mean of the two analyses, with the differences being included as a

systematic uncertainty.
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2.2.8 Efficiency as function of charge

Above we consider the total S1 efficiency in the space of photons detected. In reality, we want
the efficiency in the space used for our analysis: the reconstructed energy, which is related
to the integrated charge collected on each PMT. In this section, we convert the efficiency in
Fig. 2.17 first to the space of charge, and finally to the space of the energy.

To convert from nypg to the space of charge ¢, we can expand the efficiency as

ec(c) = Y e(npna) fe(clnpha), (2.15)
Nphd

where f. is the probability density function of the observed charge for a given number of
detected photons. To get f. we first need the SPE charge distribution, which we extract using
a very similar method (and the same calibration data) as in Fig. 2.10, where we extract the
charge spectrum rather than the amplitude one. We smear over the variation of each PMT
by normalizing the charge distribution to have a mean of 1 PE, and then taking an average
over all active channels to get an average SPE charge distribution, shown in Fig. 2.18. Given
our measured SPE acceptance, we assume that the largest ~ 90% of the distribution is what
we actually detect.

We also need to account for an effect known as double photoelectron (DPE) emission,
wherein a single UV photon from xenon scintillation actually produces two photoelectrons
instead of one. This effect occurs much less frequently with visible light, so the LED data
cannot be used to calibrate it. For the model of PMTs used in XENONIT, it has been
measured that the DPE probability ranges from ~ 0.18-0.24 [90].

To convert from photons to charge space, we use a toy Monte Carlo (MC) technique. For a
given number of photons, we simulate the effect of SPE acceptance with a Bernoulli/binomial
distribution, after which the ‘detected’ signals are assigned charge values by sampling from

the gray region in Fig. 2.18 (which changes slightly depending on SPE acceptance), sometimes
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sampling two values according to the given DPE probability. This simulation gives the
distribution of charge vs number of hits, which we can then compare to real data. Assuming
an SPE acceptance of ~ 0.9 we find the best agreement to 37Ar calibration data for a
DPE probability of 0.19, a value consistent with dedicated measurements. Comparisons
of the toy MC and real data distributions are shown in Fig. 2.19, including a toy MC for
DPE=0.19 and DPE=0. The DPE=0.19 toy distribution does not match perfectly the shape
of the real distribution, but the means of the distributions agree at the level of ~ 1% for all
np, < 20 (and it agrees much better than, e.g., DPE=0, as shown). The different shapes of
the distributions can likely be attributed to the fact we smear out PMT-specific behavior
by taking an average SPE acceptance and an SPE charge distribution; this would lead to
a worse charge resolution, consistent with the differences seen in Fig. 2.19. Including the
information for each PMT in the simulation would be a nice expansion of this study, but
this is not done here.

From the simulations described above, with examples shown in Fig. 2.19, we can calculate
the f. term in Eq. 2.15. As systematic checks, we vary the SPE acceptance within 1-o, and
compare to the FAX method for estimated the efficiency. The final charge efficiency for both

2- and 3-fold coincidence is shown in Fig. 2.20.

2.2.4 Efficiency as function of reconstructed enerqgy

As the final step, we convert the efficiency to the space of reconstructed energy. Similarly

to the charge case, we can expand

eplc) = / ce(c) f(Elc)de, (2.16)

where FE is the reconstructed energy and fr the pdf for £ given a known value of ¢. To

get fg, we use the XENON microphysics model, colloquially known as “bbf” (for Bayesian
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Figure 2.19: S1 charge distribution in slices of ny, comparing real data to a toy simulation
described in the text. This study suggests a DPE fraction of 0.19.
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Figure 2.20: Total S1 efficiency in the space of detected charge, for both 2- and 3-fold tight
coincidence. Uncertainties are dominated by systematic effects of comparing the data-driven
and FAX methods and varying the SPE acceptance.

Band Fitting). This model was used to fit the full response of XENONI1T, the posterior of
which can be used to model signals of any kind in the detector. Details about bbf can be
found in [35].

The bbf model allows for simulation of each step of the detection process, taking as input
deposited energy and event position and returning distributions of S1 and S2, in the process
accounting for microphysics processes as well as position-dependent detector effects described
in Sec. 2.1.1. Tt is thus a useful tool for converting the efficiency in S1 space (Fig. 2.20) to
the space of reconstructed energgy. To do this, we simulated electronic recoils uniformly
distributed in the TPC and with energies between 1 and 10 keV. While the bbf simulation
itself does include efficiency loss, this was turned off in the simulation for the purposes of this
study. Since this simulation includes the position information, it also allows for calculating
for each simulated event the ¢S1 and ¢S2;, values, and, using the g; and g from Sec. 2.1.1,
hence the reconstructed energy E,.. At the end of this simulation, we thus can determine the

distribution Ej as a function of (uncorrected) S1. This distribution is shown in Fig. 2.21
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Figure 2.21: Distribution of reconstructed energy E, as a function of S1, as determined using
the XENON microphysics model called bbf. Convolution of this distribution with the S1
efficiency in Fig. 2.20 allows for conversion of the efficiency to the space of reconstructed
energy

The bbf simulation also allows for varying, e.g., microphysics parameters, giving slightly
different versions of Fig. 2.21. As a study of systematics, we varied several parameters of the
bbf posterior within their 1-o values, where we found that the photon yield was the most
dominant contribution. We include this as an additional systematic uncertainty in the total
conversion.

After convolving Fig. 2.20 with Fig. 2.21, the efficiency in the space of E, can be de-
termined. The resulting efficiency curves in the space of reconstructed energy are shown
in Fig 2.22, for both 2- and 3-fold tight coincidence values. These are the main efficiency
curves that will be included in the search for new physics in the electronic recoil channel with
XENONIT. Uncertainties include: statistical uncertainty from the data-driven method, sys-
tematic uncertainty from the difference between the data-driven method and FAX, system-
atic uncertainty from the SPE acceptance, and systematic uncertainty from the microphysics

parameters used in the bbf simulation.
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Figure 2.23: Comparison between 229Rn calibration data and a model based on the total S1
efficiency calculated in this chapter. The good agreement, especially above 1 keV, validates
the efficiency calculation performed here.

The final model for the energy threshold in this analysis is summarized by Fig 2.22. To
validate this model, we consider 229Rn calibration data, whose spectrum at low energies
is dominated by the B-decay of 212Pb. We use a theoretical model for the spectrum of
212ph that includes atomic effects [39], smear the true spectrum according to (2.8), and
then apply the efficiency to get the predicted spectrum in the space of reconstructed energy.
This prediction is compared to the real data (with selection cuts applied, see Sec. 2.3), as
shown in Fig. 2.23. For both 2- and 3-fold coincidence we observe good agreement between
the model and the data, with x?/d.o.f. = 0.93 (p = 0.59) for the 2-fold comparison and
x2/d.o.f. = 1.40 (p = 0.06) for the 3-fold. If we set a 1-keV energy threshold—as we do
in the main analysis described in succeeding chapters—the agreement is even better, with
x2/d.of. = 1.05 (p = 0.39) and x?/d.o.f. = 1.15 (p = 0.26) for 2- and 3-fold, respectively.
The improvement in the fit is due to a small disagreement between the data and the model
at very low energies where the efficiency is quite poor. These x2 values do not include the
uncertainty on the efficiency itself; only the statistical uncertainty on the data points is
considered. A similar study using 220Rn calibration data is described in Sec. 4.2.

To conclude, we have calculated the total S1 efficiency using a data-driven method based

on (1) calibration of the SPE acceptance and (2) simulated waveforms via bootstrapping large
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S1 signals. This S1 efficiency was then converted to the space of reconstructed energy using
the XENON microphysics model known as bbf, the result of which shows good agreement
with the observed spectrum from 229Rn calibration data. This efficiency is an important

input in the background- and signal-modeling described in later chapters.

2.3 Event Selection

In this section we briefly summarize the event selection for this analysis, which is quite

similar to [30].

Run selection As foreshadowed previously, we focus on a dataset called SR1 that spanned
from February 2017 to February 2018. We also include a dataset called SR2, which in
full lasted from February 2018 to December 2018, but, as we discuss in more detail in
Sec. 4.8, very little of this exposure is useful for this analysis. Due to time-dependent
backgrounds on account of online krypton distillation, we do not consider SR0O, which was
used for the first XENONIT results [24]. Additionally, events within 24 hours from the end
of calibration campaigns that used injected radioactive sources were removed due to residual

source activity.

Fiducial volume This analysis is performed with a cylindrical fiducial volume, with the
bottom ~ 7 cm, top ~9 cm, and the outer ~13 cm of the TPC removed from consideration.
The corresponding total xenon mass is 1042 kg. This fiducial volume is smaller than, e.g.
[30], but is used to reduce the surface and material backgrounds to a ~ negligible level,
which simplifies the analysis significantly. These backgrounds, discussed in more detail in
Sec. 3.1, have a strong spatial dependence with events localized to the outer edges of the

detector.
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Energy ROI Events with energies between (1, 210) keV are selected for this search. The
1-keV bound was determined by requiring the total efficiency be larger than 10%, shown in
Fig. 2.22(right), and the 210-keV bound was chosen due a large y—ray background from
detector materials, which is difficult to model due to large uncertainties on its spectral shape,

above this energy.

Single scatter cuts Since events from the signals described in Chapter 1 are exceedingly
rare, events with multiple interaction sites are removed. There are three cuts used for this

purpose:

1. For events with multiple S1s, the second-largest S1 is checked for compatibility with
the S2, based on the two signals sizes, the width of the S2, and the time difference

between them. If the second S1 is compatible with the S2, the event is removed.

2. For events with multiple S2s, if the second-largest S2 is too large compared to the main

S2, the event is removed.

3. A cut designed specifically for the 83™Kr background (see Sec. 3.1), where rarely one
of the two S1 signals was mis-classified as an S2. These events are removed, so that

only events with the unresolved, 41.5-keV signal from this source was included.

S1 threshold We use a 3-fold coincidence requirement for detection of S1s, meaning we will
be using the corresponding 3-fold efficiency curve calculated in the previous section. While
a 2-fold coincidence implies a better efficiency, it also introduces a larger background from
accidental coincidence (AC) events, where uncorrelated Sl-like hits (usually dark counts)
randomly occur near the same time and are paired together. See Sec. 3.1 for more details

on the AC background.

S2 threshold To suppress the AC and surface backgrounds to a further negligible level [35],

an S2 threshold of 500 PE is applied. This does not remove any ER events, but does remove
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these instrumental backgrounds. A 500 PE S2 threshold is also large enough to ensure 100%

detection efficiency on the S2 signal, simplifying the efficiency study from 2.2.
Data quality cuts A variety of other selection cuts are applied to ensure data quality and
a correct S1 and S2 pairing, as detailed in [36]. Briefly:

1. A cut that removes events where the DAQ) was in a busy state.

2. A cut that removes events that follow too closely in time to large S2 signals, where the

tails of the S2 signal can bias the event reconstruction.

3. A cut that removes events in rare periods of unstable PMT behavior, such as when

PMTs themselves are emitting light.

4. XENONIT uses two different position reconstruction algorithms, a FANN and top-
pattern likelihood fit (see Chapter 1). If the difference in event position is large for

these two, the event is removed.

5. Due to diffusion, the width of an S2 depends on its depth in the detector. A model
for this was developed, where the width of an S2 could be predicted using the S2 size
and the drift time [1]. Events in which the observed S2 width does not agree with the

model are removed.
6. Events with unphysical PMT hit patterns for either the S1 or the S2 are removed.

7. Events where an unphysical amount of light is seen in the top PMT array for an S1 or

an S2 are removed.

8. Events where one PMT is contributing to a large fraction of the total charge are

removed.
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Figure 2.24: Summary of the acceptance of all selection cuts applied to SR1 data. The
acceptance is quite flat with energy, with a small dip at low energies of < 1%.

Final cut acceptance The efficiencies and uncertainties of the selection cuts are estimated
analytically when possible; otherwise they are estimated using 22YRn calibration data [36].
The cumulative selection efficiency after applying all cuts was fitted using empirical function,
from which an average cumulative selection efficiency over the (1, 210) keV region of (91.2 +
0.3)% is determined. A summary of the empirical fit and uncertainties is shown in Fig. 2.24.

For more details, see [163].

Summary of event selection The final effective SR1 live time is 226.9 days and thus
the total exposure for this analysis is 0.65 tonne-years. In the next chapter, we build a
background model to predict the energy spectrum for this exposure within the (1, 210) keV
ROI, and develop the statistical framework used to search for signs of new physics with this

SR1 dataset.
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CHAPTER 3
BACKGROUND + SIGNAL MODELING AND STATISTICAL
METHODS

In the previous chapter we discussed how the energy of an ER event is reconstructed, along
with the detection efficiency and event selection. Here we discuss the sources of background
present in the SR1 dataset, having survived the event selection cuts described the previous
chapter. We use the inputs from Chapter 2 regarding the efficiency and resolution to con-
struct models for the energy spectra of all backgrounds and possible signals presented in
Chapter 1. Armed with these background and signal models we can then search for signs
of new physics using a statistical analysis, the details of which are discussed at the end of
this chapter. We report the results of the statistical inference on the real XENONIT data

in Chapter 4.

3.1 Background Model

Within the (1, 210) keV ROI and the 1042kg fiducial volume we identify ten sources of
background, summarized in Tab. 3.1. Six components exhibit continuous energy spectra
and are modeled based on theoretical predictions and/or GEANT4 Monte Carlo simulations,
and the rest are mono-energetic peaks that are modeled as Gaussian functions of known
energies and resolution. Instrumental backgrounds like accidental coincidence and surface
backgrounds are negligible due to our event selection. For all backgrounds, the true energy
spectra are smeared according to the detector resolution and the expected efficiency loss
accounted for. The rates of the background components are constrained, when possible, by
independent measurements and extracted by the fit.

The true energy spectra of all background and signal models are converted to the space

of reconstructed energy using Eq. (2.8), smearing with a Gaussian resolution function with
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No. Component Origin Spectral Type  Time Dependence in SR1
1 2l4py, internal contaminant continuous constant
2 85Kr internal contaminant continuous slight increase
3 136 e intrinsic continuous constant
4 83myy internal contaminant peak decay
5) 133Xe neutron activation continuous activation and decay
6 131my neutron activation peak activation and decay
7 124 intrinsic 3 peaks constant
8 12571 neutron activation 3 peaks activation and decay
9 Materials  external contaminant continuous constant
10 Solar v astrophysics continuous subtle modulation (ignored)

Table 3.1: Summary of background components.

width given by the empirical function in Fig. 2.8. We note that this Gaussian smearing is
an approximation; at low energies the response of the detector is not Gaussian, and thus we
are introducing a systematic uncertainty using this method. However, the dominant source
reconstruction bias at low energies is due to the efficiency, which we do account for [39].

After smearing, the efficiency from Fig. 2.22 (3-fold) is applied to the spectrum to account
for the energy threshold, and the cut acceptance from Fig. 2.24 is applied. In this way, the
true spectra of background and signal models are converted to the expected observed spectra
in the space of reconstructed energy. These models can then be directly compared to the
energy spectrum of the data, which is determined using the methods described in Sec. 2.1.1.
No further corrections need to be applied to the data spectrum.

As we discuss in more detail below, five of the background components exhibit time
dependence throughout the SR1 dataset, which we account for by partitioning the 227-day
exposure into two sub-datasets. Thus we will include both spectral and temporal models for
each component in the discussion that follows.

Below we discuss each of the 10 background components in detail.
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Figure 3.1: 222Rn decay chain, which is the source of the dominant 214py, background in
XENONI1T

214py  The 3-decay of 214pY, the dominant continuous background at low energies, is
present due to 222Rn emanation into the LXe volume by materials. While mitigation tech-
niques through material screening and distillation have come a long way, small amounts of
radon outgasses from detector components into the xenon and, as a noble gas, is not removed
by the xenon purification system. This radon then dissolves in the liquid xenon medium,
where it can decay through the chain shown Fig. 3.1. First, 222Rn undergoes «-decay to
218pg with Ty j9=3.8 days. With a half-life of O(minutes) 218pg itself a-decays to 214Pb, the
background in question, which undergoes p-decay to 214Bi with a half-life of ~ 30 minutes.
About 90% of these B-decays go to an excited state of 214Bi, which immediately (O(ns))
deexcites by emitting a y with E > 295 keV in addition to the original (3. These multi-step
decays may be reconstructed as (1) unresolved, single event with E > 295 and thus outside
our (1, 210) keV ROI, or (2) resolved, multi-scatter event which would be removed by the
single-scatter selection cuts described in Sec. 2.3. The other ~ 10% of 24Pb B-decays go
directly to the 214Bi ground state and so include no such y; these are the decays relevant

for this analysis. Refer to [162] for details about the specific decays discussed above.
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We can place a lower limit on the 214Pb activity by constraining the activity of its
daughters. Continuing down the decay chain, 2l4p; decays (B, T} /2 R 20 minutes) to
214pg which then rapidly (O(us)) undergoes a-decay to the effectively-stable 219Pb. Since
XENONIT can resolve decays separated by ~ ps , these so-called 214BiPo events are easy
to pick out by looking for the coincident B + «. It follows that, using the a-decays of 218Po
(parent of 214Pb) and the 214BiPo decays (daughter of 214Pb), we can place upper and lower
limits on the activity of 214Pb. The results of these studies are summarized in [35], where
we constrain the 214Pb activity to be in (5.1£0.5, 12.6 £ 0.8) uBq/kg, assuming a uniform
distribution in the liquid xenon.

For the shape of the true 214Pb spectrum, we use a calculation from X. Mougeot [39].
It is known that [3-spectra can be affected, especially at low energies, by atomic screening
and exchange effects as well as nuclear structure [61, 107]. The (3 decay of 214py s a
first forbidden non-unique transition; however, spectra from IAEA LiveChart (Nuclear Data
Services database) [154] are based on calculations assuming an allowed transitions, and
further do not include exchange effects or screening effects that can affect the low-energy
region of the spectrum [130]. The 2'4Pb model from GEANT4 [5] does at least include
the screening effect, but its implementation displays a non-physical discontinuity at low
energies [110, 130]. Accordingly, a dedicated calculation was made for this work to account
for possible low-energy discrepancies from these effects. Such calculations were made for the
2l4py 8Ky and 212Pb spectra, the last of which is important for calibration data. This
theoretical spectrum was then converted to the space of reconstructed energy, as discussed
above, giving the final 24Pb background model shown in Fig. 3.2 (left).

The time dependence of Z214Ph was determined by monitoring the rate of the correlated
«-decays, similar to the constraints on the overall rate. This was done for both SR1 and
SR2 using the 218Po «s, with the results shown in Fig. 3.2 (right). The rate is very stable

during SR1, but displays a strong temporal behavior during SR2 due to improvements in
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Figure 3.2: Background model for 24Pb in energy (left) and time (right) for both SR1 and
SR2. Both models were constructed using «-decays in the 222Rn chain.

the xenon purification system and a radon distillation campaign, both of which reduced the
radon concentration in the detector. Tests of the purification system also led to small, step-
wise increases in the radon concentration. An empirical model was then developed, based
on known purification improvements/testing, and fitted through the data points [37]. This
model is also shown in Fig. 3.2 (right), the results of which is used for the time-evolution

model of 214Pb.

8Kr An additional background comes from intrinsic 8°Kr, which is subdominant due to
its removal via cryogenic distillation [26, 131]. Similarly to 24P} this is a B emitter,
with the true energy spectrum including atomic exchange and screening effects calculated
for this work in [39]. The final model in reconstructed energy is shown in Fig. 3.3 (left),
with the decay rate was inferred from dedicated measurements of the isotopic abundance of
85Kr /M Kr (2 x 1071 mol/mol) and the "*Kr concentration evolution in LXe [124]. These
measurements give a weighted average of 0.66 4+ 0.11 ppt during SR1, which was converted
to an event rate using a scale factor of 11.64 events/(t-y-keV)/ppt derived using early-
XENONIT data (before distillation), when the low-energy background rate was dominated
by 8Kr. The uncertainty on this measurement is dominated by the systematic uncertainty

on the RGMS measurements of the *2*Kr concentration and is shown as the shaded band in
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Figure 3.3: Background model for ®Kr in energy (left) and time (right) for SR1. Both
models were constructed using dedicated RGMS measurements of the krypton concentration
in the detector. The band in the left figure represent the 1-o uncertainty, dominated by
systematic uncertainty on the RGMS measurements [124].
Fig. 3.3 (left).

The same measurements also allow for the time-dependence of the 8°Kr decay rate to be
taken into account, as shown in Fig. 3.3 (right). An increase of < 1 ppt/year is observed. This
could be due to outgassing from detector materials, which is expected after the conclusion

of krytpton distillation, or from a small air leak. At this time there are no measurements of

the "Kr concentration during SR2, so we just extrapolate from the end of SR1.

Materials A background component also arises from y emissions from radioimpurities in
detector materials that induce Compton-scattered electrons; however, with typical mean free
paths of O(mm) these ys rarely traverse the O(10) cm needed to reach the strict fiducial
volume, scatter, and leave undetected again. This component is thus quite suppressed. The
rate is constrained by radioassay measurements [25] and predicted by simulations [23] to
be 2.7+ 0.3events/(t-y-keV). Based on the results of Geant4 simulations, the materials

background is modeled by a fixed, flat component that does not change with time.

83mKr  During SR1, background events from 33™Kr were observed due to a trace amount of

its parent nucleus 33Rb in the xenon recirculation system. 33™Kr was purposefully injected
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Figure 3.4: Background model for 83™Kr in SR1. Left: energy spectrum, a Gaussian centered
at 41.5 keV and resolution given by the empirical model in Eq. 2.7. Right: temporal evolution
model based on an exponential-plus-background fit to the rate in 33-50 keV energy range as
a function of time. The temporal model is used for the constraint on the overall event rate
shown in the left-hand plot.
many times throughout the life of XENONIT for calibration purposes, where in normal
conditions this calibration source decays away with half-life of 1.8 hours. However, if the
parent 83RDb were injected, which we presume happened (accidentally) due to a momentary
malfunction of the source valve, the time scale would increase due to the 86.2-day half-life
of 8Rb, which is what we observe.

83mMK ) decays via a two-step internal conversion (IC) process, resulting in the emission
of two monoergetic electrons that produces ERs. The first decay produces a 32.1-keV IC
electron, followed shortly thereafter (Ty/p ~ 154ns) by a second, 9.4-keV electron [126].
Being a two-step decay, many of these events are removed by the multi-site selections men-
tioned in Sec. 2.3; however, due to the short half-life of the second step, these decays are also
often unresolved in time and hence contribute as a mono-energetic peak at 41.5keV. Using
83MKy calibration data, we confirmed that the 32.1- and 9.4-keV decays are removed by the
event selection. Thus, the expected background contribution from this source is a single

monoergetic peak at 41.5 keV, with its model shown in in Fig. 3.4 (left). Upon observing a

large 41.5-keV peak in our background spectrum—which did not decay away within ~ hours
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Figure 3.5: Background model for 136Xe in SR1, which is constant in time.

with the source valve closed—we confirmed that the temporal behavior was consistent with a
83Rb contamination. In Fig. 3.4 (right), we show the evolution of the event rate in the energy
range of 33-50 keV. This was then fitted with an exponential-plus-constant function, giving
a T /5 = 94.6£8.6 days and constant background rate of b = 70.9£25.1 events/(t - y - keV),
consistent with the 83Rb half-life and our expected background from 24Pb. Also extracted
from the fit is an initial 83™Kr rate of 15400 events/(t-y) at 0400 UTC, February 4, 2017.
The fit gives a x> /ndf = 1.1, suggesting the fit function describes well the data.

The spectrum in Fig. 3.4 (left) and temporal evolution (right) summarize the 33™Kr
model for the SR1 analysis, where uncertainties on the final overall rate were extracted
using toy-MC methods and used as a Gaussian constraint. For the SR1 run selection, this

uncertainty is 9.0%.

136Xe 136Xe is a long-lived (T1/2 ~ 102! y) 2v@ R emitter intrinsic to xenon, and thus
irreducible (apart from isotopic depletion, which was not performed for XENONIT). The
two (s emitted by this decay scatter ~ immediately, leading to a single S1+S2 event given

by the sum of the two (3 energies. The energy spectrum in the ROI can be found in Fig. 3.5.
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Figure 3.6: Background model for 1™Xe in SR1. Left: energy spectrum, a Gaussian
centered at 163.9 keV and resolution given by the empirical model in Eq. 2.7. Right: temporal
evolution model based on an exponential-plus-background fit to the rate within 4 standard
deviations of the expected peak mean. The temporal model is used for the constraint on the
overall event rate shown in the left-hand plot.
It was constrained in the fit according to the predicted rate and associated uncertainties on
(1) a 13%Xe isotopic abundance of (8.49 + 0.04stat & 0.13sys)% as measured by a residual gas
analyzer [92], (2) the reported half-life [14], and (3) the spectral shape [120, 121]. We note
that the spectrum in [120, 121] uses the so-called higher-state dominated (HSD) model, as
opposed to the single-state dominated (SSD), where the lowest energy level dominates the
decay. Small spectral differences at low energy are expected between the two models, as
seen in 82Se [48], but at the time no calculation has been published for the SSD model for
136X el. Since 136Xe is sub-dominant at low energies anyways, we account for this additional
uncertainty by increasing the rate uncertainty to a total of 10%. If we only included the
contributions from (1) and (2), the total uncertainty would be 3.2%.

Being an intrinsic background, 136Xe has no time dependence. It is thus modeled as

constant-in-time.

1. Though we were kindly given a calculated spectrum from Jenni Kotila, Yale University. We revisit this
at the end of Chapter 4.
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Figure 3.7: Background model for 13Xe in SR1. Left: energy spectrum. Right: temporal
evolution model based on an exponential-plus-background fit. The temporal model is used
for the constraint on the overall event rate shown in the left-hand plot.
13lmxe  We include three background components that were produced after neutron cal-
ibration, the first of which being 131™Xe (IC). This source induces a monoenergetic ER
background at 163.9 keV [116], is activated by neutron capture on the xenon, and decays
with a half-life of 11.8 days. A time-dependence study was done similarly to the 83™Kr case
above, fitting the rate evolution with an exponential-plus-background model, with the added
complexity of multiple discontinuous injections at known dates of neutron calibration.

This fit gives a measured 31™Xe half-life of Ty =118+£0.1 days, consistent with the
literature value, and a X2 /ndf = 72.6/100. The resulting model in both energy and time
space is shown in Fig. 3.6, where the uncertainty is extracted using toy-MC methods, similar

to the 33MKr case above.

133X e 133Xe, another activated background, decays via a 3 to an excited state of 133¢g,
which in turn de-excites via an 81 keV prompt y [117] within O(ns). These two decays are
unresolved, resulting in a continuous ER spectrum starting at ~ 75keV, after accounting
for the energy resolution. The time dependence was fitted and modeled very similarly to
13lmye  with the resulting model summarized in Fig. 3.7. In time regions near neutron

calibration, this component dominates the high-energy range of this analysis.
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Figure 3.8: Background model for 2°T in SR1. Left: energy spectrum, including three
monoenergetic peaks at 67.3, 40.4, and 36.5 keV with fixed branching ratios. Right: temporal
evolution model found by interpolating the background model, described in detail in [33].
The temporal model is used for the constraint on the overall event rate shown in the left-hand
plot.

1251 The third activated isotope 12°I, a daughter of 12°Xe, decays via EC with a 100%
branching ratio to an excited state of 125Te, which de-excites via a 35.5 keV y. On account
of the captured electron from a K-shell, L-shell, or M-shell with decreasing probability,
the 12°Te v is accompanied by an X-ray of 31.8, 4.9, or 1.0 keV, respectively. These two
emissions are detected together, resulting in mono-energetic peaks at 67.3, 40.4, and 36.5
keV, respectively [53]. All three peaks of 1251 BC are included in the background model with
the fixed branching ratios from [53]. The 25T contribution was constrained using a model

based on the time evolution of ?9Xe throughout SR1, as detailed in [33]. The 1?°Xe energy

spectrum is outside the ROI for this analysis and thus not relevant here.

124Xe The first observation of two-neutrino double electron capture (2vECEC, or DEC)
of 124Xe was recently reported using the same SR1 dataset (but different event selection)
as used in this analysis [33]. We consider this process as a background here. In 2vECEC
decay two inner-shell electrons are simultaneously captured when two protons in the nucleus
convert to neutrons, producing two neutrinos in the process that go undetected. In the

case of 124Xe, the resulting nucleus is the stable 1246, The electron shell vacancies induce
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Figure 3.9: Background model for 20ECEC of 124Xe in SR1 including three monoenergetic
peaks at 64.3, 36.7, and 9.8 keV with fixed branching ratios. The overall normalization of the
three peaks was unconstrained in the fit, but the predicted values are given by the half-life
calculation in [161]. Being an intrinsic background to xenon, this component is constant in
time.

a cascade of X-rays that are detected together, resulting in a single ER with total energy
deposited of (close to) the sum of the two electron binding energies?.

In [33] we considered the dominant branching ratio of 2vECEC, the capture of two K-
shell electrons inducing a peak at 64.3keV. It is also possible to capture a K-shell and
L-shell electron (36.7keV) or two L-shell electrons (9.8 keV) with decreasing probability, as
calculated in [88]. For this analysis, the event selection and consideration of time dependence
allow us to include all three peaks in the background model. The predicted rates of the peaks
are taken from an updated half-life [161] with fixed branching ratios from [88]; the overall

rate was not constrained in the fit since the half-life was derived from the same dataset.

Solar Neutrinos Elastic scattering of solar neutrinos off electrons is expected to con-

tribute subdominantly over the entire ROI. The expected energy spectrum was obtained

2. The “double” nature of this decay increases the energy slightly. For the KK-capture of ?*Xe the
energy is 64.3 keV, while the sum of the two ?*Te K-shells would be 31.8+31.8=63.6 keV [132]
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Figure 3.10: Background model for elastic scattering of solar neutrinos on electrons. The
step-function approximation used to account for electron binding energies can be seen at
~ 30 keV and ~ 5 keV. This component is expected to modulate in time according to the
changing distance between the Sun and the Earth.
using the standard neutrino flux in the Large Mixing Angle Mikheyev-Smirnov-Wolfenstein
(LMA-MSW) model and cross section given by the SM [49, 111], with a step-function ap-
proximation applied to account for the effect of bound electrons at low energy. Based on
rate calculations of neutrino-electron scattering in xenon as given in [68], a 3% uncertainty
was assigned and used to constrain the solar neutrino rate in the fit. The model is shown in
Fig. 3.10.

Due to changing distance between the Earth and the Sun, the neutrino flux in the detector

is expected to modulate by a subtle ~ 7% peak-to-peak. However, since this background

component contributes very little this modulation is ignored.

Other backgrounds Due to the sub-dominant nature in our event selection, we ignore
all NR backgrounds, accidental coincidence (AC) backgrounds, and so-called “surface” back-
grounds due to event mis-reconstruction near the edges of the detector. More details on these

backgrounds can be found in [35]. As described later, we will also consider two additional
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Figure 3.11: Summary of the predicted background spectra in the partitioned SR1 dataset.
Due to neutron activation, the background rate for much of the energy region is higher in
SR1g, whereas SR1y, is relatively much cleaner. These two datasets will be fit simultaneously,
with constant-in-time background shared between the two.

potential backgrounds: 37Ar and 3H (tritium). We do not have independent confirmation

nor strong evidence of the presence of these backgrounds, but we considered them after

comparing the SR1 data to the background model and so treat them separately.

Partitioning of the SR1 dataset As mentioned briefly above, we partition SR1 into
two sub-datasets. This is done on account of the activated background components, which
display a strong time dependence during SR1. We define SR1, to include SR1 events within
50 days of a neutron calibration campaign, and SR1; to contain the rest. Accordingly,
SR1, is expected to display a much larger background rate from the activated component
components, while SR1p, the longer of the two partitions, is expected to be much cleaner. For
each background component, we use its time dependence model (and uncertainty) to predict
its overall rate in the partition in question. Concerning backgrounds that are constant in
time, their rates are fixed to be the same in both partitions, as described below in Sec. 3.3.
For illustration, the predicted background spectra in the two partitions are summarized in

Fig. 3.11, where the uncertainties on each component have been omitted for simplicity.
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Summary of background model We denote the full, partitioned background model
described above as By. This model includes a rate parameter for each component, except
for the fixed materials background, that scales the rate normalization, constrained when
applicable by Gaussian penalty terms. The 214py and 124Xe components were unconstrained.
Additionally, shape parameters (colloquially referred to as peak shapers) for the dominant
monoenergetic backgrounds (33MKr, 131MXe, KK-capture of 24Xe) were included that let
the respective peak mean float within 1% of the expected value, a number chosen due to
uncertainty on g; and go. The sub-dominant peaks did not have peak shapers to increase
computation speed. Lastly, an additional shape parameter known as the efficiency shaper
was used to scale the efficiency curve up and down within the curve in Fig. 2.22, with a
Gaussian prior. An efficiency shaper of + 1 would correspond to the + 1-0 bounds in
Fig. 2.22. This model thus includes 9 rate parameters and 4 shape parameters and was used
to fit the SR1 data in (1, 210) keV by maximizing the likelihood constructed in Sec. 3.3. In

the next section, we consider the signal modeling.

3.2 Signal Modeling

In Chapter 1 we introduced the new-physics signals that we consider in this analysis: solar
axions, an enhanced neutrino magnetic moment, and bosonic dark matter. Here we briefly
describe how those signals would appear in XENONIT after including detector resolution

and efficiency, just as for the background models in the previous section.

Solar Axions As discussed in Chapter 1, solar axions are produced through multiple
interactions in the interior of the Sun, resulting in multiple components to the solar axion
flux, three of which are considered here. The ABC flux scales with the square of the axion-
electron coupling gge, the Primakoff flux with the square of the axion-photon coupling gq~,

and the Fe component with the square of an effective axion-nucleon coupling gg%. After
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convolving these flux components with the axioelectric cross-section (Eq. 1.17), the event
rates of all three components pick up an additional factor of gae2, as summarized in Fig. 3.12.

The axion couplings to matter are in general model-dependent. For QCD axion models,
these couplings are related to one another by the connection between the axion mass and
the axion decay constant, as described in Sec. 1.2.1. For example, the three couplings gge,
gary and ggg are completely determined by a single parameter (the axion mass mg) in a
hadronic axion model, or by two parameters (m, and an additional term fppgz) in a DFSZ
model. However, axion-like particles (ALPs) in general do not have these model-dependent
relationships; for these models the couplings to matter are taken as free parameters. Thus,
in order to keep our analysis as model-independent as possible, we treat the normalizations
of the three solar axion flux components as three, independent components of a single signal
model.

The final signal model for solar axions, after convolving the energy spectra from Sec. 1.2.1
with our efficiency and resolution, is shown in Fig. 3.12. Again we stress that the three
components are treated independently in the analysis, and are able to scale up/down freely
with respect to each other in the fit. This three-component model is what we will search for

on top of our background model By in our solar axion search.

Neutrino Magnetic Moment and Bosonic Dark Matter The solar axion signal model
is unique in this analysis due to the presence of three parameters. For the other two signal
models, neutrino magnetic moment and bosonic dark matter, we simply convolve the true
energy spectra from Secs. 1.2.2-1.2.3, where the neutrino magnetic moment spectrum is
given in Fig. 1.7 and bosonic dark matter is a mono-energetic peak at the rest-mass of the
particle.

For the neutrino magnetic moment, we are looking for an enhancement of the neutrino-
electron scatter rate, especially at low energies, over the SM expectation from solar neutrinos.

As we are already modeling the SM spectrum in our background model, our signal model
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Figure 3.12: Signal model for solar axions after accounting for detector efficiency and
resolution. In this plot, the arbitrarily chosen coupling values are gge = 3 x 10712,
gay =2 x 10710 Gev—1, gl = 1076,
for the neutrino magnetic moment only includes the electromagnetic enhancement. This is
summarized in Fig. 3.13.

We omit a figure for the bosonic dark matter signal model due to its trivial nature as
a monoenergetic peak with mean given by the mass of the particle and width given by
detector resolution. It is noteworthy to mention that for this signal the spectrum depends
on a nuisance parameter not included in By (the particle mass), and so for this signal we
need to account for the look-elsewhere effect in the statistical treatment. This is described

in more detail in the next section.

3.3 Statistical Framework

The background and signal models from the previous two sections are the major inputs to the
statistical inference, for which we use an unbinned profile likelihood analysis. The likelihood

is constructed as
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Figure 3.13: Signal model for neutrino magnetic moment. As this signal would be an
enhancement to the already-modeled solar neutrino background from the SM (purple),
our signal model only includes the enhancement term (pink). This plot uses a value of

iy = 2.8 x 107 15 the current world-leading upper limit from Borexino [6].
L(ps; tp, ) = Poiss(N|ptot)
N Mo, 7
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m n
Htot = Zﬂbj + s,
J
where

® [is is the parameter for the signal rate,
e pp is a 9-dimensional vector representing the rates of all background components,

e 0 is a 4-dimensional vector representing the shape parameters; i.e., the efficiency and
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uncertainty on the peak locations of Gaussian backgrounds,

e index ¢ runs over all N observed events, with E; corresponding to the reconstructed

energy of the ith event,

e index j € {1,2,3,...,10} runs over the background components, with fbj the recon-

structed energy PDF for the jth background as given in Sec. 3.1,
e f, is the reconstructed energy PDF for the signal,

e (Cy,, are Gaussian constraints on the applicable m € {1,2,3,...,8} backgrounds; i.e.

all background except 214pyy and 124Xe, and

e (Cy are constraints on the n € {1,2,3,4} shape parameters, Gaussian for the case of
On

the efficiency and uniform between 4 1% for the peak shapers.

The main parameter we are interested in is ug, the strength of the signal rate. The others
are nuisance parameters that are fit in the process of constraining pg.

As discussed above, due to time-dependent backgrounds the SR1 data set is divided into
two partitions: SR1, consisting of events within 50 days following the end of neutron calibra-
tions and SR1}, containing the rest, with effective live times of 55.8 and 171.2 days, respec-
tively. Including this time information allows for better constraints on the time-independent
backgrounds and improves sensitivity to bosonic dark matter, especially, as the time-dependent
background from ¥3Xe impacts a large fraction of its search region. The full likelihood is

then given by

L=Lox Lo, (3.2)

where L, and L}, are evaluated using Eq. (3.1) in each partition. Nuisance parameters that
do not change with time, along with all of the signal parameters, are shared between the

two partitions. The constant nuisance parameters are:
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e the efficiency parameter, which is dominated by detection efficiency and does not

change with time.

e The 214Ph component, which was determined to have a constant rate in time using
detailed studies of the a-decays of the 222Rn and 218Po as well as the coincidence

signature of 2MBi and 21Po.

e The solar neutrino rate, which would vary by ~3% between the two partitions on
account of Earth’s orbit around the Sun. This is ignored due to the subdominant

contribution from this source.

e The decay rates of the intrinsic xenon isotopes 136X e and 124Xe, as well as the Compton

continuum from materials.

The remaining parameters all display time dependencies that are modeled in the two parti-
tions.
The primary test statistic used for the inference is the profiled log-likelihood ratio, defined

as

‘C(M& i’l’ba é)

—, (3.3)
‘C(MSaﬂbaG)

q(ps) = —2In

where the denominator £(jis, fip, 0) is (3.1) evaluated at the overall set of signal and nuisance
parameters that maximizes £, while the numerator £(ys, fty, é) is the evaluation of (3.1)
at the values of the nuisance parameters that maximize £ for some input value of ps. The
likelihood ratio ¢(us) thus quantifies the level of (dis)agreement between the null hypothesis
Hy: us = ps and the alternate hypothesis Hy: pus = jis (the best-fit u).

In a search for new physical processes, we are primarily interested in the null hypothesis
Hy: pus = 0 and thus denote this special likelihood ratio as gy = ¢(0). Excluding this
hypothesis at a high significance is taken as evidence of new phenomena. Note that the qq

test statistic is itself a random variable; for a given experiment/observation it takes on a

value q8bs. For a realized measurement, the significance of rejecting the null hypothesis Hy) :
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s = 0, referred to as the discovery significance, is given by the p-value of the realized ngs,

i.e. the probability of having ¢y > ngs for an observed likelihood ratio ngs. Determining
this probability requires knowledge of the underlying distribution of ¢y. Under asymptotic
assumptions [16] and one signal parameter, the distribution can often be approximated as
a x2 of one degree of freedom; however, in our framework we constrain g to be > 0, so

the asymptotic distribution is modified to be the sum of a half-y? distribution and half-§

function [73]. The asymptotic p-value for us = 0 is given by [73]

p=1-2(/q), (3.4)

where @ is the cumulative density function (CDF) of the standard normal distribution.
It is customary in the physics community to quote p-values according to the number of
standard deviations of the standard normal distribution that correspond to a given p. That

is, the significance Z (for Z-score) is given by
Z=3o"1(1-p), (3.5)

where ®~1 is the inverse CDF of the standard normal. Combining (3.4) and (3.5), the

significance of rejecting the null hypothesis is given by

7 =/ (3.6)

In particle physics, a significance of Z = 5 (often written 50) and absence of a compelling
alternate explanation is typically required to claim discovery of a new phenomenon. In
addition to determining the discovery significance, the test statistic ¢ is also used for placing
constraints on the value of 1g. Concerning both the significance and the constraints on signal

parameters, we treat each of the three signal models slightly differently.
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As reviewed in [16], there are a set of conditions required for the asymptotic assumptions
to be adequate®. In the context of this analysis, where the parameters of interest are the

signal rates ug, these are:

1. Sufficient number of events. In this analysis this is satisfied, apart from the case of

very large downward fluctuations in the background.

2. Interior of allowed parameter space. The values of the signal parameters pg and all
nuisance parameters must not fall on the boundary of their allowed parameter space.
Since the signal parameter is constrained to be > 0, downward fluctuations of back-

ground (in which pg best-fit ~ 0) may lead to non-asymptoticity of the test statistic.

3. Identifiable. The energy spectra for different values of g must be distinct from each
other. This holds for the neutrino magnetic moment signal model, but not necessarily
for the solar axion and bosonic dark matter models. The three-component solar axion
model allows for similar total spectra with different parameters due to the low-energy
degeneracy of the ABC and Primakoff components, while the dependence on bosonic
dark matter mass introduces the look-elsewhere effect, where the same pg gives very

different spectra for different mass values.

4. Nested. The null hypothesis is a limiting case of the alternate. This is satisfied, with

the respective tests being Hy: us =0 vs Hy: s > 0.

5. Correct. The true model is contained within one of the hypotheses tested. This is

satisfied, as the signal is either present or it is not.

The neutrino magnetic moment signal model satisfies all conditions listed above, but the
solar axion and bosonic dark matter cases do not. We accordingly handle the statistical

inference for each signal model differently.

3. Originating from the famous theorem from Wilks [160].
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Figure 3.14: Distribution of maximum ¢q values for the bosonic dark matter search, calcu-
lated using toyMC methods. This is used to account for the look elsewhere effect.

The neutrino magnetic moment signal model, with a single parameter that scales the
rate of a well-defined spectrum up and down, is the simplest case. We assume asymptotic
behavior of the test statistic, with significance given by (3.6). For the constraints on the
magnetic moment p,, a modified Feldman-Cousins method described in [128] was adopted
in order to derive 90% C.L. bounds with the right coverage. If the significance exceeds 3o
we will report a two-sided confidence interval on the magnetic moment pu,; otherwise, we
will report a one-sided upper limit. This 30 threshold was chosen before knowledge of the
results in order to prevent reporting bias (a.k.a ‘flip-flopping’ [91]).

For the bosonic dark matter search, we account for the fact that we do not have a
pre-defined value for the mass of the particle in question, which breaks condition 3 of the
aymptotic assumptions described above. Since we search for many masses (every mass
between 1 and 210 keV in 1-keV steps), we need to account for the fact that it is much more
likely that we find a significant excess somewhere than if we only searched in one location.
This is referred to as the “look-elsewhere effect” [100], which for this analysis was accounted

for using toy-MC methods. In the event of a peak-like excess, we would be most interested in
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the mass value that gave the largest significance and thus the largest value of qg. To simulate
this, many fake datasets were simulated under the background-only hypothesis, with each
one being used to search for bosonic dark matter somewhere in the data, just as in the main
analysis. For each simulation, after looping over masses and determining the gq for each one,
the mazimum value was tracked, with the distribution of max(gg) from all the simulated
datasets used as the reference distribution for determining discovery significance. The result
is shown in Fig. 3.14. While a local significance can still be calculated using Eq. (3.6), the
more relevant global significance is found by comparing a realized q8bs to the distribution in
Fig. 3.14, giving a p-value that can be converted to a significance via Eq. (3.5).

Similarly to the neutrino magnetic moment search, for the bosonic dark matter analysis
we use the approach in [128] to switch from one-sided to two-sided intervals depending on
the significance of the signal. For this case, however, we use a different reporting threshold
than 30 to account for the look elsewhere effect described in the previous paragraph. We
chose a value gy = 16 for the reporting threshold in bosonic dark matter, which from Fig. 3.14
is slightly under 30 global significance?.

The statistical analysis of the solar axion is more complicated than the magnetic moment
and bosonic dark matter cases. This model has three signal rate parameters: pABc, {Prims
and ppes7, which in turn scale with the axion couplings via gae, gaegary, and gaeggg, respec-
tively. Due to the degeneracy at low energies between the ABC and Primakoff components
(see Fig. 3.12), conditions 2 and 3 above may both be broken, implying that we cannot
use asymptotic assumptions. Furthermore, with the three signal rate parameters related to
three axion couplings we would like to constrain, a generalized three-dimensional statistical
analysis is warranted.

For a general solar axion model, the test statistic ¢ = ¢(UABC, HPrims HFe57) 1S @ three-

4. Early in the analysis a threshold of gy = 16 was chosen as the reporting threshold because it corre-
sponded to precisely 30 global significance. Updates to the analysis changed the global significance distribu-
tion, but due to computational limitation the reporting threshold was not changed. It is anyway an arbitrary
choice.
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Figure 3.15: Null distribution of discovery significance qq test statistic for the 3-component
solar axion model (navy). The asymptotic distribution is shown in red to show poor agree-
ment, and the dashed line show the conversion of the p-values to the conventional “sigmas”
of the standard normal distribution.

dimensional function. As we cannot rely on asymptotic assumptions for the discovery signif-
icance, we thus employed toy MC techniques in a somewhat similar fashion to the bosonic
dark matter case. Many background-only datasets were simulated, where for each one a
likelihood ratio test between a B+ axion model and a By-only one was performed in order
to build a distribution of gg = ¢(0,0,0) values. This distribution, shown in Fig. 3.15, is used
to determine the discovery p-value for the solar axion search. For illustration, the asymptotic
distribution is also shown, with poor agreement validating the use of the toy MC approach
instead of assuming asymptotics.

Due to the solar axion model’s three-dimensional ¢, we wish to extend constraints on
the signal rates to a 3-dimensional confidence volume. However, the modified approach
for confidence intervals of [128] does not generalize to 3D. Therefore, for the solar axion
search we instead use a standard profile likelihood construction, with no analogous reporting
threshold of upper vs. central limits as there is for the magnetic moment and bosonic dark

matter signals. This construction requires knowledge of the true distribution of ¢ for every
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point in the three dimensional space of {ILABC KPrims HFe57 - Assuming this distribution is
known, the 90% confidence volume is, by definition, the set of all rate parameters such that
q(HABC» HPrims HFes7) < 490(HABC: HPrim: HFe57), Where ggo represents the 90th percentile
of the ¢ distribution at that point in rate parameter space. We refer to qgg as the critical
value, as for each point in the space of rate parameters, this value is the threshold by which
to include/exclude that point in the confidence volume.

Since we cannot use asymptotic assumptions for the true distribution of ¢ (and hence
q90), we again use toy MC techniques to determine it. For each point on a 3D grid of true
LABC, MPrims MFe57, toy datasets were simulated with axion signal injected according to the
rate parameters at that point. We denote the true rate parameters for a given point as fis. At
each point, the true distribution of ¢ was determined by evaluating for each toy dataset the
likelihood ratio q(ftABC, fPrims fiFe57)- The 90th percentile of this ¢ distribution was then
determined, giving the critical value gqq (again, just at that point). Repeating this procedure
over the grid of true rate parameters defines a 3D grid of qqg values, which is then interpolated
to define a 3D critical value function for a general set of AR, 4Prims HFe57- L his interpolated
function is shown in Fig. 3.16. By construction, the points for which q(uABC, fPrim, HFe57) <
q90(LABC's HPrims MFes7) defines a three-dimensional 90% C.L. volume in the space of the
three axion parameters. In Sec. 4.5 we report this volume evalulated with the SR1 data
along with its two-dimensional projections, found by profiling over the third respective signal
component.

In the next chapter, we apply this statistical framework to the real SR1 data.
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Figure 3.16: Critical value threshold values for the solar axion search, as a function of ABC,
Primakoff, and 5“Fe rate multipliers. For a given dataset, a 3D confidence volume is drawn
out by the intersection of our test statistic ¢ for that dataset with this 3D critical value
function.
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CHAPTER 4
RESULTS

In this chapter we present the results of our statistical inference applied to the XENONI1T
data selection discussed in the preceding chapters. We first describe the background-only
fit to the data, summarizing the level of agreement and whether the different components
are fitted as expected. A discrepancy between the background model and the data motivate
further scrutiny and consideration of new potential background sources, specifically tritium.
After this investigation, we then consider new physics potential explanations for the excess

and extract constraints on the three signal models.

4.1 Background-only fit

The SR1 energy spectra for SR1,, SR1;, and their sum can be found in Fig. 4.1, along with
the best-fit results under the background-only hypothesis. The summed best-fit values for the
background components are summarized in Tab. 4.1, where the expected and fitted number
of events are found by integrating over the 1-210 keV ROI the Bj expectation and fit result,
respectively, for each background component. All fit results for the different background
components are consistent with our expectations, suggesting that we understand well the
known sources of background.

From the By fit we can extract a measured value of the 214Pb concentration. Using the
fitted number of events, total exposure, and branching ratio of 0.11+£0.01, we extract a total
concentration of 11.1 + 0.2 uBq/kg during SR1. This is within the upper/lower bounds of
(5.1 £0.5, 12.6 £ 0.8) uBq/kg found in Sec. 3.1.

We can also use the By fit to estimate the total background rate. Integrating the best-fit
from 1-30 keV, we find a total low-energy background rate of 76 £ 24,4t events/(t - y - keV),

where the statistical uncertainty comes from integrating the spectra where each component’s
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Background Components

Component Expected Events Fitted Events
2l4py, (34504 340, 8530 + 540) 7480 + 160
85Ky 890 4 150 773 + 80

Materials 323 (fixed) 323 (fixed)
136X 2120 + 210 2150 + 20
Solar neutrino 220.7 £ 6.6 220.8 £ 4.7
133Xe 3900 + 410 4009 + 85
13Imxe 23760 =+ 640 24270 + 150
1251 (K) 79+ 33 674 12
1251 (L) 15.3+£6.5 13.1+£23
1251 (M) 34+1.5 2.94 +0.50
BIMEK 2500 + 250 2671 + 53

1246 (KK) 125 =+ 50 113 +24

124%e (KL) 38+ 15 34.047.3

124Xe (LL) 2.841.1 2.56 + 0.55

Table 4.1: Summary of components in the background model By with expected and fitted
number of events in the 0.65 tonne-year exposure of SR1. See text for details on the various
components.
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+1 — o rate multiplier was used. This does not account for correlations between the rate
multipliers, and thus slightly over-estimates the uncertainty. This is the lowest background
rate ever achieved in this energy region, which as we will see allows XENONIT to have

world-leading sensitivity to the electronic recoil signals presented here.

Goodness of fit and excess events Since this is a maximum likelihood analysis, the
goodness-of-fit is not as straightforward to evaluate as, e.g., a reduced-y? analysis. Some
texts suggest using a toy-MC approach of finding the distribution of likelihood values when
simulating datasets under the best-fit parameters [72]; however, for our unbinned analysis
this approach is not very sensitive to mismodeling on account of the likelihood values being
dominated by the huge number of events in the localized 131™MXe peak, essentially weighing
the likelihood to describe a single energy region. We thus use a slightly different approach,
still using toy-MC methods. Many toy SR1, and SR1; datasets were simulated and fit
simultaneously, where the best-fits for the two datasets were then combined into a single fit
for that dataset, similar to Fig. 4.1. This total best-fit was then compared to the spectrum of
the (similarly combined) toy dataset, with 1-keV binning, using a standard X2 test statistic.
The resulting distribution of y2 values from these simulations is used as the reference to
which to compare the fit of the SR1 data, with its own x? value determined in the same
way, to determine a goodness-of-fit p-value. In this way, while the fit was performed using
an unbinned profile log-likelihood method, the goodness-of-fit is evaluated using binned data
with a simple X2 test. To test goodness-of-fit in different energy regions, we build the X2
distribution for a low-energy range (1-30 keV), mid-energy range (30-100 keV), and high
energy range (100-210 keV), as well as the full ROL.

We show the goodness-of-fit p-values for the By model and different energy ranges in
Tab. 4.2. The mid-energy region from 30-100 keV, with a p-value of 0.32, is consistent
with what we would expect from our background model. Conversely, both the high-energy

(100210 keV) and low-energy (1-30 keV) regions have p-values that suggest the data are
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Figure 4.1: Background-only fit to the partitioned SR1 dataset. The two partitions in the
lower two panels are fit simultaneously, with the summed data and fit results in the top
panel. We observe a good fit to the data over most of the energy range.
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Figure 4.2: Zoom of the background-only fit to the summed SR1 dataset, where an excess
at low energies is observed.

Energy range  Bg p-value B + axion p-value

(1, 30) keV 0.037 0.172
(30, 100) keV 0.32 0.31
(100, 210) keV ~ 0.003 0.005

(1, 210) keV 0.001 0.007

Table 4.2: Summary of goodness-of-fit p-values for the Bpy-only fit and the By + axion fit.
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not explained well by the model.

The high-energy region, with a p-value of 0.003, gives a particularly poor fit. This
appears to be due to mismodeling of the dominant ¥1™Xe background, where on account
of the huge number of statistics even a minor systematic effect can lead to a large x2, due
to the very small statistical uncertainty. Indeed, looking at the residuals in Fig. 4.1 in the
region of the 31MXe peak at ~ 160 keV, there is a large discrepancy between the data and
the model, while the rest of this energy range appears to agree quite well. The effect is most
prominent during SR1, where the neutron activation was strongest. Since this mismodeling
is localized to the region of a large monoenergetic background at high-energy, where we have
little sensitivity to new physics anyway, we conclude that the poor p-value in the high-energy
region is not a concern for the rest of the analysis.

The low-energy region, with a p-value of 0.037, hints that the background model might
not describe well the data between 1-30 keV, albeit not nearly as extremely as the high
energy region. Based on the residuals in Fig. 4.1, the poor fit appears to be in the ~ 1-
10 keV region, where an excess of events is observed. It is notable that, being the ROI
for the WIMP search, this low-energy region is the most studied in all of XENONI1T. We
show a zoom of this region in Fig. 4.2, where the data spectrum is seen to depart from the
background model near ~ 7 keV and rise with decreasing energy, peak near 2-3 keV, and
then subside to within 1o of the background model near 1-2 keV. In contrast to the apparent
131my o mismodeling, this excess is in a region where no spectral features are anticipated; the
dominant 214Pb background is by-and-large a flat spectrum. Between 1-7 keV, there are 285
events observed in the data compared to an expected 232 events from the background-only
fit, implying an excess of = 50 events and a 3.3¢ Poissonian fluctuation.

As an additional goodness-of-fit test we include a low-energy signal, the ABC solar axion!,

1. This is just a proxy for “a low-energy component” to test how the goodness of fit changes and should
be not be taken as evidence for a solar axion signal; for that we require the likelihood ratio tests, coming
later in this chapter.
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in our model, now denoted as By + axion. With this model, the p-value in the low-energy
region improves to 0.172, a much better fit than the Bg-only model. This validates the
intuition that the poor fit in the low-energy region is in fact due to the low-energy excess,
and not, e.g., the single bin ~ 18 keV with strong deviation from the fit. It is worth noting
that changing the binning of the data reduces the 18-keV fluctuation significantly, while the
low-energy excess remains; however, as such ex post facto changes are not included in the
goodness-of-fit simulations, we do not consider them for the SR1 dataset?. The p-values
of the mid- and high-energy regions remain essentially the same as the Bg-only case, as
expected when including only a low-energy source.

From the goodness-of-fit studies we conclude that (1) there are two regions that exhibit
disagreement between the data and model, a low-energy region and high-energy region, which
are completely unrelated to each other; (2) the high-energy discrepancy appears to be due
to a mismodeling of the high-statistics 131™MXe peak, which is not particularly concerning for
the rest of the energy range; and (3) at low energy the data exhibit an excess at low energies
relative to the background expectations.

The relatively poor fit in the low-energy region, with a = 30 excess, is suggestive of a
possible source of events not included in our background model, be it a systematic effect we
missed, a new background, or perhaps new physics. In the following sections, we investigate

the properties of this excess and its possible origins in more detail.

4.2 Investigating the excess

Spatial Dependence Events within 1-7 keV appear to be uniformly distributed in the

2

fiducial volume. In Fig. 4.3, we show the event distribution in z vs v~ as well as x vs y, and

differentiate between 2-4 keV and the rest of this reference region. Since it is not possible to

2. We stress that these binning choices are only relevant for this goodness of fit study; for the likelihood
ratio tests there is no binning involved whatsoever.
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Figure 4.3: Spatial dependence of SR1 events with energies between 1 and 7 keV. Events
between 2 and 4 keV are highlighted in blue since this is most prominent region of the excess.
The excess appears to be distributed uniformly in the detector.

disentangle on the event level the ‘excess’ from the background, it is difficult to determine
the precise spatial distribution of the excess. We can, however, focus on the 2-4 keV region
where the excess is most prominent, in which we find 70 events in the top half of the detector
and 73 events in bottom half, which is consistent with a uniform hypothesis. These events
are similarly uniform in the x and y dimensions. Due to the strong excess-to-background
ratio here, if the excess did have a strong spatial dependence, it bias these results.

Near our energy threshold, we would expect a position dependence due to non-uniform
light collection efficiency in the TPC; events near the top of the detector produce smaller S1s
than at the bottom, leading to relatively fewer events detected at the top. This would lead
to a slightly non uniform distribution of events even in the case of a background perfectly
unifrormly distributed in our fiducial volume. We investigated this with 37Ar data by con-
sidering the S1 distribution of the 2.8-keV peak in different slices of z. Assuming a Gaussian
S1 response for a given slice of z, we extract the efficiency by fitting the S1 distribution
with a Gaussian convolved with our known efficiency in Fig. 2.20. Using the fit results of
the mean and standard deviation, we estimate the expected efficiency loss due to depth by
comparing the integral of the pure (i.e., no efficiency applied) Gaussian and the efficiency-
corrected one. We show a few of the resulting data+fits for this study in Fig. 4.4, where
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Figure 4.4: Example fits of Gaussian + efficiency fits to the 2.8 keV peak in 37 Ar calibration
data. The efficiency is fixed to the mean curve from Fig. 2.20. The fits agree with the data
quite well, except for at low energy where the data display fewer events than expected in
the low-energy tail. This behavior is not understood at this time, but hypothesized to be
related to a selection cut.
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Figure 4.5: Depth (z) distribution of low-energy background events, showing separately the
2-4 and 4-7 keV regions. The expected efficiency of a 2.8-keV line source from a study of
37 Ar calibration data is also included (red), to show roughly the spatial dependence expected
at low energies. We conclude from this that the low-energy region is consistent with uniform
in z.

overall good agreement is observed. The results of this study suggest a ~ 15% decrease in
efficieny between the top and bottom of the TPC, for a 2.8-keV line source. The effect is
expected to be stronger with decreasing energy.

We compare the expected efficiency loss to the observed z distribution in Fig. 4.5, treating
separately background events with 2-4 keV vs 4-7 keV. While the underlying background
distribution is surely not a 2.8-keV line source, this efficiency should be a good estimate
of the expected z-dependence in the energy region where the excess is most prominent.

We conclude from this plot that the z distribution is consistent with uniform, though the

uncertainty is quite large due to the low statistics.

Time dependence The time dependence of the low-energy region was also investigated
and determined to be inconclusive, as it is statisitically consistent with many hypotheses,

including constant in time. We describe the time dependence in more detail in Sec. 4.9, after
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discussing different hypotheses for the excess.

Systematic Effects Here we consider systematic effects in the analysis that could poten-

tially lead to an apparent excess at low energies. The effects we consider are
e mismodeling of the energy threshold,
e mismodeling of energy reconstruction,
e event selection cuts, and
e systematic background sources.

We discuss these four effects in detail in the following paragraphs, concluding with a study
using the exact same analysis framework to fit 229Rn calibration data and thus test all four
systematic effects.

We explored the energy threshold and detection efficiency in detail in Chapter 2, where
the efficiency was validated using both 229Rn and 37Ar calibration data, as well as with the
FAX simulation. The S1 efficiency is further validated by Fig. 4.4, where the S1 distributions
of 37Ar in thin = slices agree well with Gaussians convolved with the S1 efficiency evaluated
in Chapter 2. Based on these already-described studies, we conclude that the detection
efficiency is well understood.

The observed low-energy excess is peaked above ~ 2 keV, where the detection efficiency
of XENONIT is > 80% (see Fig. 2.22). While this is certainly near our threshold, it is high
enough to not be right at our threshold where mismodeling of the efficiency could lead to an
apparently large excess in the residuals. Further, from Fig. 4.2 it is clear that this excess is
not just an artifact of residuals anyway; the rate is significantly higher ~ 2 — 7 keV than 2>
10 keV; this cannot be explained by a threshold mismodeling unless the efficiency were to
decrease with energy above 2 keV. This is not compatible with the study of 22Rn data in

Sec. 2.2, nor with the more detailed study with the same data described below.
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Figure 4.6: Comparison of the 37 Ar spectrum from calibration data (navy) to how we model
it in this analysis (red), both normalized to unity. Some nongaussianity is observed in the
calibration spectrum, with the mean of the distribution offset from the peak. The mean
is the more relevant value which, within 1% of the expected value, validates the energy
reconstruction for this analysis.

We also studied the behavior of the cuts we apply to remove poorly reconstructed events,
etc. If the excess were an artifact from the event selection, it would almost certainly be
due to events that should have been removed but were not. However, for every parameter
space in which our cuts are defined, the low-energy region behaves as expected. There are no
suspicious clusters of events in any parameter space observed, nor are there large numbers of
events near the thresholds of a cut definition. As described below, applying the exact same
cuts to 220Rn calibration data leads to no such excess. We also looked at the waveform of
every single event below 7 keV; every one looked like a normal ER event. Considering there
are ~ 50 events more than expected, we believe we can rule out issues with event selection.

The energy reconstruction was investigated using 37 Ar data, our lowest energy calibration
source. Fig. 4.6 shows the comparison of the 3TAr calibration spectrum, using the g1/g2

values from SR2 (see Sec. 2.1.1), and how this analysis models a 2.8 keV monoenergetic

peak. Some nongaussianity is observed in the calibration spectrum, but the mean of the
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Figure 4.7: Distribution of low energy events (black dots) in the (¢S1, ¢S2;) parameter space,
along with the expected surface (purple) and AC (orange) backgrounds (1o band). 220Rn
calibration events are also shown (density map). All the distributions are within the one-
tonne fiducial volume. Gray lines show isoenergy contours for electronic recoils, where 1 and
7keV contours, the boundaries of the reference region, are highlighted in blue.
spectrum is 2.828 + 0.002 keV, which is within 1% of the literature value of 2.822 keV [51]
and thus validates the energy reconstruction at low energies. We note that this study also
highlights some mismodeling of the resolution at low energies, as the observed 37 Ar spectrum
is narrower than what we would expect based on the energy resolution model in Fig. 2.8. As
discussed in Sec. 2.1.2, such a small mismodeling of the resolution does not impact continuous
energy spectra and thus would not affect the 214Pb background expectation. It might have
a small impact on the interpretation of monoenergetic peaks in this energy region, which we
discuss in Sec. 4.7, but it would certainly not lead to a 50-event excess.

There are two main instrumental backgrounds in XENONIT: Accidental coincidences
(AC) and the so-called “surface” background. The AC background arises due to the ac-
cidental pairing of unrelated S1 and S2 signals in the detector that happened to occur at

the same time. Being real S1 and S2 signals—just uncorrelated ones—AC events can easily

emulate real interactions in the xenon. Since they are random, these events are expected to
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be reconstructed as spatially uniform, and often as low-energy events due to their small S2s.
However, the AC background was carefully studied for the WIMP analysis and constrained
to have a rate of < 1 event/(t-y) based on the rates of ‘lone’ signals in the detector, S1s (S2s)
that do not have a corresponding S2 (S1) [35]. The rate would be even further suppressed by
the 500 PE S2 threshold used in this analysis. Lastly, from the same study of lone S1s/S2s,
the distribution of AC in the space of S2-vs.-S1 is well-understood and not observed in the
SR1 data, as shown in Fig. 4.7.

The surface background originates mainly from radon daughters plated out on the PTFE
wall of the detector [35]. These events thus occur near the edge of the detector whereby,
during the electron drift, field effects can degrade the electron cloud en route to the liquid-gas
interface, leading to a poorly-reconstructed, smaller S2 signal. This background has a strong
spatial dependence [35] and can be removed by fiducialization. Indeed this is one of the main
reasons we use the 1.0 t volume for this analysis, corresponding to a radial distance from the
TPC surface of 2 11 cm, as opposed to the larger 1.3 t used in others [30]. Similarly to the
AC background, the strict S2 threshold further suppresses this background to a negligible
level, and the anticipated distribution in S1-S2 space is not observed in Fig. 4.7. We thus
rule out the surface background as a contributing factor to the excess.

As a final cross-check of all systematic effects, we use our entire analysis framework to fit
220Rn calibration data. The B decay of 212Pb, a daughter of 229Rn, was used to calibrate
the ER response of the detector, and thus allows us to validate our analysis with a high-
statistics data set. Similarly to 2MPb, the model for 212Pb was calculated to account for
atomic screening and exchange effects, as detailed in the Appendix of [39]. The same selection
cuts were applied to the 220Rn data as the SR1 data, including a 1 t fiducial volume. We then
use the same statistics framework (Sec. 3.3), including the efficiency nuisance parameter, to
fit the calibration data to the 212Pb background model. This fit is shown in Fig. 4.8, where

excellent agreement is observed (p-value = 0.50). Additionally, the S1 and S2 signals of the
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Figure 4.8: Fit to 229Rn calibration data with a theoretical B-decay model and the effi-
ciency nuisance parameter, using the same unbinned profile likelihood framework described
in Sec. 3.3. This fit suggests that the efficiency shown in Fig. 2.22 describes well the expected
spectrum from 214Pb, the dominant background at low energies.

low-energy events in background data were found to be consistent with this 22YRn data set,
as shown in Fig. 4.7. In conclusion, if a systematic effect were to blame for the observed

excess, it would have to be one that was not present for the 220Rn calibration data, which

is quite restrictive. There is no such effect that we can think of at this time.

Shape uncertainty in backgrounds Here we consider uncertainties in the calculated
background spectra, particularly for the dominant 2l4py, background. A steep rise in the
spectrum at low energies could potentially be caused by exchange effects; however, based
on the calculation from [39], this component is predicted to be accurate to within 1% and
therefore negligible with respect to the observed excess. The remaining two factors, namely
the endpoint energy and nuclear structure, tend to shift the entire (3 distribution, not cause
steep changes over a range of ~ 10 keV. Since we leave the 214p} component unconstrained,

this uncertainty is largely accounted for; regardless, the combined uncertainty is +6% in the
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1-10keV region [39]. In comparison, a +50% uncertainty at 2-3keV on the calculated 214Pb
spectrum, as constrained by the higher energy component, would be needed to make up the
excess.

The sub-dominant backgrounds contributing at low energy are 8°Kr, 136Xe, materials,
and solar neutrinos. The uncertainty on 8°Kr is similar to the 2P} cage above, but with a
total contribution ~ 1/10 of 214p}, | would require a roughly +500% uncertainty to explain
the excess. There is some uncertainty on the Xe distribution due to the difference between
HSD (used here) and the SSD spectrum, but, as we discuss in Sec. 4.10, this uncertainty goes
in the opposite direction of what would be required to explain the excess. The SSD calcula-
tion (albeit an unpublished result) predicts a lower rate than the HSD model. The materials
background from Compton scatters, even more suppressed than 39Kr, is not expected to
lead to such a large increase in a localized region; furthermore, this background would have
a strong spatial dependence that we do not observe. Lastly, the solar neutrino background
is well constrained, apart from the possibilities of new physics such as the neutrino magnetic

moment. We consider this later in this chapter.

4.3 Potential Backgrounds

We also considered backgrounds that we did not include in By but might in principle be

present in trace amounts.

4.3.1 Xenon x-rays

First, low-energy X-rays from 27Xe EC, as seen in [9] and [94], are ruled out for a number of
reasons. 27Xe is produced from cosmogenic activation at sea level; given the short half-life of
36.4 days and the fact that the xenon gas was underground for O(years) before the operation
of XENONIT, 127Xe would have decayed to a negligible level. Indeed, high-energy ys that

accompany these X-rays were not observed, and with their O(cm) mean free path in LXe
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Figure 4.9: Fit of the excess with an 37 Ar hypothesis. In order to explain the excess an 37 Ar
rate of 65 events/(t-y) is required, based on the best-fit. As described in the text, such a
rate from initial concentration prior to filling or from an air leak is excluded.

they could not have left the O(m)-sized TPC undetected. For these reasons, we conclude

that any 127X e cannot account for the excess.

4.8.2 3TAr

Another potential background we considered is 37 Ar, which decays via EC to the ground
state of 37Cl, yielding a 2.82keV peak with a 0.90 branching ratio [51]. Traces of 3TAr
were considered by the LUX collaboration to explain a possible excess rate at ~ 3keV in
their data [10]. While no definitive conclusion was ever published, the LUX collaboration
hypothesized that an ingress of 37Ar could originate from either (1) an initial amount in
the xenon gas, or (2) an air leak during operation of the detector [11]. We follow suit and
consider here these two possibilities for introduction of 3TAr into XENON1T.

In order to account for the excess, the required 37Ar rate is ~ 65 events/(t - y), based
on a fit to the data with a 2.8 keV peak as shown in Fig. 4.9. 37Ar has a half-life of T1/2

— 35.0days [51] and a typical abundance in " Ar of ~ 1072 mol/mol [145]. The initial
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measured " Ar concentration in the xenon inventory was < 5 ppm [109]. We therefore

estimate that the initial rate before the start of XENONIT was

RAIBT < 5 DAt Ar atoms N4 Xe atoms 10720 37Ar atoms In2
0 ~\ 106 Xe atoms A nat Ay atoms T, /2

<17 % 10° events/(t - y),

where N 4 is Avogadro’s number and A is the molar mass of xenon. The beginning of SR1 was
~ 400 days after the measurement of the xenon inventory, meaning that any 37 Ar remaining

in the xenon would have decayed to, at most

R?}rﬁ? ~ R€r376_(400 days) In2/T /

~ 0.6 events/(t - y)

While this is already a factor of ~ 100 too small to account for the excess, this initial argon
concentration would also have been removed by online 85Kr distillation. The removal of
argon via online distillation was specifically tested in the final months of XENONIT (after
all science data), during which 3TAr was injected as a calibration source and then removed
by distillation. The time constant of argon removal was measured to be ~ 2 days. With 90
days of online distillation occurring in the early days of XENONI1T, any initial 3TAr activity

was further suppressed by a factor of e90/2 1020

, conclusively ruling out the presence
of 37Ar from its initial concentration in the xenon inventory.

Since there is a natural abundance of 37 Ar in the air, a constant air leak into the xenon
handling system (if occurring after distillation) could be another source of 3TAr. If such a
leak were present, argon, a noble gas, argon would not be removed by the xenon purification

system. This is also the case for krypton, which, as discussed in Sec. 3.1, is an important

source of background and thus monitored carefully. From frequent measurements of the
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kypton concentration using rare gas mass spectrometry (RGMS) [124] and its natural abun-
dance in the air, we can constrain the size of a hypothetical air leak. Over the course of SR1,
the " Kr concentration increased by an average 10.4 x 10712 kg/d [131]. This increase is
consistent with the expectation from outgassing of detector materials, but to be conservative
we assume it is entirely due to an air leak. With a typical krypton concentration in air of ~

1.1 ppmv [21], such an increase would correspond to an air leak of

365 d L 106 Ly;
Loy = 10.4 x 10712 kg/d Kr alr
y 3.75 x 1073 kg / \ 1.1 Lk,

~ 0.9 L/y,

where 3.75 x 1073 kg/L is the density of krypton.

The air inside the experimental hall at LNGS, supplied from outside of the laboratory and
fully exchanged within 2.5 hours, has an 37 Ar concentration of < 3.2 mBq/m3 (90% C.L.),
determined from measurements taken in July 2020 following the methods in [144, 142]. We
conservatively use for our estimation a value of 5 mBq/ m? to account for possible seasonal
variations [102, 143]. Assuming this activity and an air leak of 0.9 L/y from above, the

number of 37Ar atoms that would be introduced is given by

—6
ek (5% 1070 Bq\ /35 d\ /86400 s
Nargy = < Lo o q % (0.9 Lair /)

~ 20.1 atoms/y,

where the 37 Ar half-life was used to convert between activity and number of atoms.
However, the different viscosities of krypton and argon would affect their respective leak

rates. An air leak of 0.9 L/y is within the laminar flow regime, in which the leak rate of a gas

scales inversely with its viscosity 7. With i, = 25.5x 1070 Pas and ny, = 22.8x 1076 Pas,

we accordingly should correct the number of atoms by a factor of 25.5/22.8 ~ 1.1.
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Lastly, we need to consider the relative volatility of argon in liquid /gaseous xenon, as only
decays in the liquid phase would contribute as a background. Again to be conservative, we
take the relative volatility of argon o ~ 50, though it is likely closer to 100 in XENON1T [41].
In XENONIT, there is 3.2t of xenon in the phase liquid and 21 kg in the gaseous phase,
respectively. Including also the factor of 1.1 from the different viscosities, we therefore
conclude with a final upper limit on the total rate 37 Ar decays in the liquid from an air leak
of

Rf?}f? ~ 1.1-(20.1 atoms/y)/(3.2 t + 50 x .021 t) = 5.2 decays/(t - y),

assuming the leak rate has reached equilibrium with the STAr decay.

To summarize, we measured with RGMS a very small increase in the concentration of
krypton of < 1 ppt/y over the course of SR1, which we conservatively assume is entirely due
to an air leak. Assuming this conservative air leak, a conservative relative volatility of argon
in liquid xenon, and equilibrium between the leak and the argon decay, we get an upper
limit on the argon rate of 5 events/(t-y). This is more than an order of magnitude less than
the 65 events/(t-y) required to make up the excess. This conservative constraint therefore

excludes 37Ar from a constant air leak as an explanation for the excess in SR1.

4.3.8  Tritium

We also considered an additional potential background that has never been observed before
in LXe TPCs: the B emission of tritium? (3H or T), which has a @-value of 18.6keV and a
half-life of 12.3 years [125], and hence could the increasing spectrum at low energies. Tritium

may be introduced from predominantly two sources: cosmogenic activation of xenon during

3. Tritium in the form of tritiated methane has been used for calibration of LXe TPCs [31, 8, 74], including
XENON100, but was not used as a calibration source in XENONI1T. It is also worth mentioning that neither
the xenon used in XENON100 nor the materials that came into contact with the tritiated methane were
used in XENONI1T.
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Figure 4.10: Fit results for the tritium hypothesis (red) compared to the By-only hypothesis
(gray).
above-ground? exposure [164] and emanation of tritiated water (HTO) and hydrogen (HT)
from detector materials due to its cosmogenic and anthropogenic abundance.

In order to determine the hypothetical concentration of tritium required to account for the
excess, we search for a 3H ‘signal’ on top of the background model By, as shown in Fig. 4.10.
The tritium rate suggested by the fit is 159 + 51 events/(t-y) (68% C.L.), corresponding to

a 3H/Xe concentration of

7] = 159 4= 51 events 123y 131.3 x 1076 t/mol
B t-y In2 Ny

— (6.2 £ 2.0) x 1072 mol/mol,

where the molar mass of xenon and the tritium half-life were used. This is < 3 tritium atoms
for each kg of liquid xenon.
A tritium background component from cosmogenic activation of target materials has

been observed in several dark matter experiments at rates compatible with predictions [17],

4. Activation underground is negligible due to the low muon flux.

114



although it has never before been detected in xenon. At sea level, the tritium activation
rate in xenon is expected to be 31.6 (kg - d)~! [164] . From exposure to cosmic rays during
above-ground storage of xenon, we estimate a conservative upper limit on the initial 3H /Xe

concentration, meaning the concentration when the xenon bottles were moved underground,

of

31.6 123y 365 d 0.1313 kg/mol
[T]o <
kgd In 2 y Ny

= 4.46 x 10~2Y mol /mol.

This is several orders of magnitude above the ‘measured’ value of ~ 10725, but several
removal processes need to be accounted for. Given the measured ~ ppmv water concentra-
tion in the xenon gas inventory [109] and equilibrium conditions [113], this cosmogenically-
activated tritium will predominantly take the form of HT'O and react chemically in a similar
way to water vapor®. Once the xenon inventory was brought underground, HTO from cos-
mogenic activation would be removed by (1) radioactive decay (2) adsorption onto the walls
of the large storage vessel (known as ReStoX [28]), and (3) purification via a high-efficiency
getter, where a hydrogen removal unit (HRU) is employed specifically to remove hydrogen
and its isotopes [29, 87].

The xenon gas was underground for ~ 2 years before the operation of XENONI1T, mean-
ing only a small amount of tritium would have decayed before data-taking. However, we
expect tritiated water to be removed by many orders of magnitude from steps (2) and (3)
above. For (2), the transfer of the xenon from room temperature, high-pressure bottles to
the ReStoX cryogenic storage system would have resulted in a large amount of HTO vapor
condensing on the walls of the cold storage vessel. We estimate that this reduction factor

is at least ~ 4000 [134]. When filling the XENONI1T TPC, the xenon is passed through a

5. With the caveat that there is some different radiochemistry expected to an extent.
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hot zirconium getter, which removes water from the xenon gas with an efficiency > 99.99%,
a further reduction of 4 orders of magnitude. Combining steps (2) and (3), we thus con-
clude that a tritium contribution from cosmogenic activation would have been reduced to a
maximum level of ~ 10727, far too small to account for the excess.

Tritium may also be introduced as HTO and HT via their respective atmospheric abun-
dances. Water and hydrogen, and therefore tritium, may be stored inside materials, such
as the TPC reflectors and the stainless steel of the cryostat. These sources of tritium are
expected to emanate from detector and subsystem materials, along with its non-tritiated
counterparts, at a rate in equilibrium with their removal via getter purification. Tritium

0~18 atoms of 2H for each atom of

can be found in water at a concentration of (5 — 10) x 1
hydrogen in HoO [135, 136, 112]. Here we assume the same abundance of 3H in atmospheric
Hy as for water®. Using the best-fit rate of tritium and the HTO atmospheric abundance,

we require a combined (HoO + Ho) impurity concentration C'iy of

O 6.2 x 1072° T atoms H atom (HoorH20) molecule
= Xe atom (5—10) x 10~18 T atoms 2 H atoms

~ (30—60) ppb (mol)

in the LXe target to make up the excess. This concentration could be composed of a
combination of HoO and Hs.

Since water impurities affect optical transparency, the high light yield in SR1 indicates
an O(1)-ppb HoO concentration [23, 22]. Therefore, the light yield measured in XENONI1T
excludes HTO as the sole contribution to the required C'fy above, though it could be con-
tributing in a sub-dominant way.

Unlike the HTO case, we cannot constrain the HT concentration. To calculate the amount

of HT in the detector, we would need a measurement on the Hy concentration in the liquid

6. Although geographical and temporal HT abundances in the atmosphere vary due to anthropogenic
activities, HT that reaches the Earth’s surface undergoes exchange to HTO within 5 hours [105, 127].
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xenon that we do not have. Nonetheless, we can qualitatively compare to concentration of
other impurities in the detector. Given an electron lifetime of ~ 650 us (at 81 V/cm) [30]
we can conclude that the O9-equivalent, electronegative impurities must have reached sub-
ppb levels in SR1 [42]. Therefore a factor ~ 100 higher Hy concentration than that of
electronegative impurities is required in order to have a tritium concentration consistent
with the observed excess. We find this unlikely, but we cannot rule it out at this time.

In conclusion, a tritium contamination from either cosmogneic activation or HTO are both
ruled out as explanations for the excess, but we cannot exclude a possible HT contamination
of the level required. Additionally, we note that various factors contribute further to the
uncertainty in estimating a tritium concentration within a LXe environment, such as its
unknown solubility and diffusion properties, as well as the possibility that it may form
molecules other than HT and HTO. Since the information and measurements necessary to
quantify the tritium concentration are not available, we can neither confirm nor exclude it
as a background component. Therefore, we treat trace amounts of tritium as an additional
hypothesis. It is thus useful to compare the By+3H to the By-only model, as already shown
in Fig. 4.10. Comparing the likelihood ratio of the two models, the By-only hypothesis is
rejected at 3.20.

In the next section, we consider the three new-physics channels discussed in Chapter 1.
Since the tritium hypothesis can neither be confirmed nor excluded, we will report the main
results using the By-only background model, and describe how things change when including

tritium as a background component.

4.4 Searches for new physics in XENONI1T ER data

Now we turn to the main scientific goal of this analysis, the search for new physics in the
form of solar axions, neutrino magnetic moment, and bosonic dark matter. The excess is

relevant for all three of these signal models, along with the tritium hypothesis. Since we
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cannot confirm tritium to be present at the level required to explain the excess, our main
results use the main background model By. For the axion and neutrino magnetic moment
analyses, we also report how the results change if tritium were included as an unconstrained
background component.

The outline of the next several sections is as follows. First, we consider the solar axion
signal model. As a low-energy signal, it can be used to explain the excess rather well.
Using the three dimensional statistics framework discussed in Sec. 3.3, we report a three-
dimensional confidence volume for the axion couplings to matter. We then discuss these
constraints in the context of other experiments and astrophysical analyses. While the solar
axion results are by design model-independent, we consider the results in the context of
benchmark QCD axion models DFSZ and KSVZ. Finally, based on the tritium discussion
above, we report how the results change if tritium were added to the background model.

Section 4.6 reports on the search for an enhanced neutrino magnetic moment. Also a low-
energy signal, this hypothesis also describes the observed excess well. We report a confidence
interval on the value of u,, and discuss implications relating to other constraints, including
a cross-check using another analysis with XENONIT in which only ionization signals are
considered. We also compare this signal model to the tritium hypothesis.

The bosonic dark matter results are reported in 4.7, where world-leading constraints are
made on the couplings for these particles. Low-mass bosonic dark matter also describes the

low-energy excess well, and what mass gives the best fit.

4.5 Search for solar axions

4.5.1 Main Results

We search for ABC, 5"Fe, and Primakoff axions simultaneously by including a 3-component

axion signal component when fitting the data. The best-fit of the By+axion model compared
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Figure 4.11: Fit results for the axion hypothesis (red) compared to the By-only hypothesis
(gray).

to the Bp-only model is shown in Fig. 4.11, where better agreement is observed for the axion
model. The likelihood ratio between the alternate (Bgy+ axion) and the null (By) hypothesis
is qp = 14.5. Comparing the observed ¢g to the null distribution constructed in Sec. 3.3, a
result as extreme or more so than the SR1 value is expected to happen by chance in only
0.03% of experiments. That is, the By-only hypothesis rejected at 3.40. The comparison of
the SR1 value to the null distribution is shown in Fig. 4.12 for clarity.

A three-dimensional confidence volume (90% C.L.) was calculated in the space of gae vs.
JaeJay VS. gaeggg using the method described in Sec. 3.3. In reality, the confidence volume
was first calculated in the space of the axion component rates; i.e., RABc VS. Rprimakoff VS-
Rpes7. Recall from Sec. 3.3 that the edges of the rate confidence volume are defined by the
intersection of our three-dimensional test statistic ¢(ABC, Primakoff ,57Fe) with the critical

volume calculated shown in Fig. 3.16. The result of this procedure is shown in Fig.and shown
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Figure 4.12: Comparison of the observed SR1 likelihood ratio gp and the null distribution
calculated in Sec. 3.3 with toyMC methods. This implies a rejection of the null hypothesis
at 3.40.

in Fig 4.13. This volume is inscribed in the cuboid given by

Gae < 3.7 x 10712
Gaegh < 4.6 x 10718

Gacgay < 7.6 x 10722 GeV 1.

The cuboid is perhaps easier to visualize and work with than the confidence volume it
encloses, but it is also more conservative (it displays over-coverage) and does not describe the
correlations between the parameters. Further visualization of the confidence volume can be
found in Fig. 4.14, which shows its two-dimensional projections. For the ABC—Primakoff and
ABC-%7Fe projections (Fig. 4.14 top and middle, respectively), gac can be easily factored out
of the y-axis to plot gay vs gae (top) and ggff VS gae (middle). This is not as straightforward
for the "Fe-Primakoff projection (Fig. 4.14 bottom); hence we leave this plot in the space
of gaygae vs ggflf . Also shown in Fig. 4.14 are constraints from other axion searches [52, 99,
94,9, 58, 47, 155] as well as predicted values from the benchmark QCD models DFSZ and
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Figure 4.13: Three-dimensional confidence volume for the solar axion analysis. Top: volume
defined in the space of the three axion component rates. Bottom: After converting to the
space of the axion couplings. Though not obvious from the plot due to the linear scale, as

Jae — 0, both ggﬁ and gqy — 00.
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KSVZ.

Fig. 4.14 (top) is extracted from the projection onto the ABC-Primakoff plane. Since
the ABC and Primakoff components are both low-energy signals, the 90% confidence region
is anti-correlated in this space and —due to the presence of the low-energy excess —suggests
either a non-zero ABC component or non-zero Primakoff component. Since our result gives
no absolute lower bound on gae, the limit on the product gaegay cannot be converted into
a limit on gay on its own; i.e., with gaegay=7.6 x 10~22 GeV_l, Jay = 00 as gae — 0, as
shown in Fig. 4.14 (top).

Fig. 4.14 (middle) is taken from the projection onto the ABC-9"Fe plane. Unlike the
ABC-Primakoff case, these two signals are not degenerate; however, they still display anti-
correlated behavior. The reason for this is that the test statistic ¢ is relatively large with
small gae, meaning small changes in the 5TFe rate about the best-fit make ¢ cross the 90%
threshold value and thus be excluded by our 90% confidence surface. There is no statistical
significance (< 10) for the presence of a 14.4keV peak from 5TFe axions.

Lastly, Fig. 4.14 (bottom) shows the projection onto the Primakoff-°"Fe plane, where no
correlation is observed. The Primakoff and °"Fe components are both allowed to be absent
as long as there is a non-zero ABC component. This means that, of the three axion signals
considered, the ABC component is the most consistent with the observed excess.

To summarize, interpreting the XENONIT data under a solar axion signal model, the
resulting 90% confidence volume suggest either a non-zero ABC component or a non-zero
Primakoff component. However, the coupling values needed to explain this excess are in
strong tension with stellar cooling constraints [98, 47, 155, 58, 79]. Part of the volume is
also in tension with constraints from CAST [52]; note, however, that the CAST constraints
as shown are valid only for axion masses below 10 meV/ 2, while those from XENON1T and
similar experiments hold for all axion masses up to ~ 100eV/ ¢2. The CAST experiment

loses sensitivity to high-mass axions since they search for X-rays produced from the inverse
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Primakoff effect in the presence of an external magnetic field. To explicitly show this depen-
dence on the mass, we also plot in Fig. 4.15 our solar axion limit in the space gaegay Vs ma,
the natural space for the CAST result. Since the XENONIT detection mechanism has no
dependence on my (after assuming mg < 100 eV), our limit is a flat line in this space. The

CAST limit, on the other hand, does depend on mass. The upper limit from XENONIT is

more stringent than that from CAST for masses above ~ 40 meV.

4.5.2 Interpretation under specific (QCD models

We consider the model-independent confidence volume the main result for the solar axion
analysis. Nonetheless, it is interesting to interpret our result assuming the QCD axion models
described in Sec. 1.2.1, the DFSZ (I and II) and hadronic/KSVZ models. Recall that the
DFSZ models have well-defined electromagnetic anomaly E (E = 8 for DFSZ-1, E = 2 for
DFSZ-II) but an additional free parameter Sppgy, while hadronic models have a range of
possible F values but no analogous  parameter. For each model, our goal is to find what

values of my, if any, are consistent with the XENONI1T confidence volume, along with the
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respective fppgz or E values.

DFSZ We first consider the DFSZ class of models, elegantly referred to as DFSZ-I and
DFSZ-II. These models are essentially identical apart from having different values of the
electromagnetic anomaly E, and so we describe the approach for DFSZ-I only and quote the
results for both.

Recall from Sec. 1.2.1 that, for a DFSZ model,

m
Jae = #COSQ BDFSZa (4~1)
a
a E 24+ 2
_ L_ 2 4.2
Gay 27rfa<N 31+z)’ (4.2)
gl = 11999, + g3, (4.3)

where ggn and ggn, which are just combinations of ggp and gqp, are related to Sppgz. To be

explicit,
—-1.19 1
ggg = T(gap + Jan) + §(gap — Jan)

1
= —5(0.199ap +2.19gan)

(4.4)
— " 10.19(—0.47 + 0.88C,, — 0.39C,) + 2.19(—0.02 + 0.88C,; — 0.39C,,
5T d
a
m 0.69 1.85
= _P (0.089 + — Sin2 BDFSZ — —— 0052 5DFSZ) )
2fa 3 3

where we have taken my, ~ mj; and used the DFSZ values for (%, and C;. We use these
relations and our model independent confidence volume to make statements on mq, gavy, gae,
Jap, and ggn within the context of a DFSZ model.

In Fig. 4.14 (top) we show the projection of the confidence volume in gg~-vs-gqe space.

This plot can be converted to the space of gqe-vs-mg space by recognizing that, for the
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DFSZ-I model (E = 8), there is a one-to-one correspondence between gqy and m, via
Eq. 4.2. After this transformation, Eq. 4.1 can then be used to find what values of m, and
Pprsyz are consistent with the (transformed) projection.

The procedure above gives a range of mq and fppgy consistent with the gge-vs-gay
projection, but we can go one step further by considering our constraint on gg%. For this we
can use Fig. 4.14 (middle), where we plot ggg VS gge- Since these two variables are (non-
trivially) related via Sppgyz, this plot can be numerically converted to the space of fppgyz vs
Jae- But these two variables themselves are in turn related to m, via Eq. 4.1, allowing us
to transform to gge-vs.-mg for this projection as well. Note that there is no need to repeat
a similar procedure for Fig. 4.14 (bottom) due to the fact that we have used the constraints
on all three couplings already.

This procedure uses the model-specific relationships amongst gqy, gae, and ggg to give
two consistent regions in the space of gqe vs mgy. The intersection of these two regions gives
the final result: a model-dependent “consistence region” that overlaps with the XENONI1T
confidence volume, which is shown in Fig. 4.16 (top). We refer to this as a consistence
region, rather than a confidence region, due to the fact that our statistical framework was
developed to report results in a model-independent fashion; hence, the confidence volume is
not guaranteed to have the proper coverage after including model-dependent assumptions ez
post facto. That is, these results do not have well-defined coverage in the statistical sense,
but are instead just the models/values that intersect our confidence volume.

The consistence regions for the DFSZ models give a mass range of mgq ~ 0.1 — 4.1 eV
for the DFSZ-I model and m, ~ 0.1 — 2.3 eV for DFSZ-II. This mass range can then be
used to plot the consistence region in the space of gqy-vs-mg, again due to the one-to-
one correspondence in Eq. 4.2. Further, using this mass range, the gqe-vs.-mg result, and
Eq. (4.4), we can plot the consistence region in the space of ggn-vs-gap. These regions are

all summarized in Fig. 4.16 and compared to other constraints.
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Figure. 4.16 contains a lot of information that we summarize here. The top figure (gqe
vs mg) shows that the XENONIT result could be consistent with a m, ~ O(0.1 — 1) eV
DFSZ-type axion with gge ~ 2—3x 1072, This is not ruled out by any direct measurements;
however, as also emphasized in the main result, such a large axion-electron coupling is in
strong tension with (indirect) astrophysical analyses of red giants and white dwarfs.

The middle figure (gqy vs mq) gives the range of gqy values expected for DFSZ-type
axions consistent with the XENONIT result. In this way we can see if an O(0.1 — 1) eV
DFSZ axion is ruled out due to its photon coupling. Similarly to the top figure, a DFSZ
interpretation of the XENONIT result is not in tension with any direct experiment; even
CAST, which loses starts to lose detection sensitivity around O(10) meV, does not rule out
any of the consistence region. The strongest indirect constraint in this region comes from a
study of Horizontal Branch (HB) stars [47]. This precludes part of the consistence region,
but not all of it; for m, < 480 (270) meV, the XENONI1T DFSZ region is not excluded by
any gqy constraint. Interestingly, the same HB analysis reported excess cooling, which, if
attributed to axions, would suggest a gqy = 0_45418:%% x 10710 GeV~1, consistent with the
XENONIT DFSZ interpetation.

Figure. 4.16 (bottom) shows the consistence region in the space of gun Vs gap, with he
mass information included on the color scale. If from a DFSZ axion, the XENONIT result
would suggest a gqp ~ 2 x 10791078 and gan < 108, with precise values depending on
the specific DFSZ model, mg,, and fpggy. There is no reported direct constraint in this
parameter space, so we compare to indirect results from SN1987a and neutron stars (NS).
Over the years many groups have reported constraints the axion couplings with SN1987a,
sometimes with differences of up to an order of magnitude in the final results. We include
two such results here [65, 66], both of which suggest small tension with the XENONIT
result. Uncertainties on supernova collapse are also a concern, so these constraints are not

considered sharp bounds [152, 93].
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The neutron star constraints are based based on rates of cooling, both in the Cassiopeia
A (Cas A) supernova remnant and the HESS J1732 NS. Similarly to the SN1987a case,
there have been many studies of Cas A in the context of axions, each with slightly different
results [152, 103, 123, 147]. Ref. [123] suggests a possible axion hint for gg, ~ 4 x 10710,
and [147] gives an upper limit on gqp S 7.7 X 1079, both of which would be consistent
with a DFSZ interpration of our result. The most stringent limit using Cas A comes from
[103], whose result suggest moderate tension with the XENONIT result. However, the
conclusion from [103] is subject to a large uncertainty on the stellar envelope parameter that
would change the results for DFSZ axions substantially7; in fact, if the stellar envelope is
maximally carbon-rich, the authors of [103] suggest that the Cas A rate of cooling could
actually be consistent with a DFSZ axion of f, ~ 1078 GeV (mg ~ 60 meV). Lastly, the
the HESS J1732 NS result [60], based on a different neutron star, gives a strict upper limit
of gan < 3 % 10719, which would be consistent with the XENON1T resultfor Jap ~ 10-8.
To summarize, some astrophysical analyses constraining the axion-nucleon couplings are
consistent with the XENONIT result, while others—even though they are often based on

the same astrophysical objects—suggest small to moderate tension.

KSVZ For hadronic/KSVZ models, recall that for a given value of E there is a one-
to-one correspondence between m, and all three axion couplings considered here; there is
no parameter analogous to fppgz. This simplifies the procedure. We again use the top
and middle projection of Fig. 4.14, but in this case we can directly convert both of these
projections into mass ranges for a given value of E. If these two mass ranges overlap at
all, we conclude that E and the resulting overlapping mass range is consistent with our
confidence volume. We then loop over all values of ¥ between 0 and 170, and see how many

consistent models there are. Only one value of E is consistent with the XENONIT result:

7. They claim the limit for KSVZ axions is robust against the uncertainty due to the small g,,, while
this is not the case for DFSZ axions.
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E = 6. The corresponding consistent mass range for this model is my ~ 46 — 56 eV and is
shown in Fig. 4.16.

We also include the KSVZ interpretation In Fig. 4.16 (top and middle). As discussed,
stellar cooling constraints on white dwarfs and red giants are in strong tension with the
XENONIT result. Under a KSVZ interpretation, the consistent range of gqy is also in
strong tension with the constraint from HB stars. The KSVZ result, omitted from the
bottom as it falls far outside the axis window, is in very strong tension with constraints from

both SN1987a and neutron stars.

To conclude our discussion on QCD interpretations, we find that a DFSZ axion with mass
between 100 meV and 4.1 eV would be consistent with the XENONI1T result. Such an axion
is not ruled out by any direct measurements, though is in tension with gge limits on white
dwarfs and red giants, and in loose tension with SN1987a and NS constraints on gqp and gan,
respectively. It is also worth noting that a DFSZ axion of O(100) meV is consistent with
some hints of possible axion signals in HB stars as well as neutron stars. The KSVZ model
does not agree very well with the XENONIT result, but there is a thin sliver of overlap for
E =6 and mg ~ 46 — 56 eV. Such an axion is in strong tension with nearly all astrophysical

constraints discussed.

4.5.8  Including tritium as a background

As described in Sec. 4.3.3, we cannot exclude tritium as an explanation for this excess. Thus,
we report on an additional statistical test, where an unconstrained tritium component was
added to the background model By and profiled over alongside the other nuisance parameters.
In this case, the null hypothesis is the background model plus tritium (Bg + 3H) and the
alternative includes the three axion signal components (Bg + 3H + axion), where tritium is

unconstrained in both cases.
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Figure 4.17: Distribution of the test statistic under null hypothesis By +3H (blue), where
tritium is unconstrained. Also shown for comparison is the null distribution of the B
hypothesis (gray) and the value of gy for SR1, giving a 2.00 significance of rejecting the
By +3 H hypothesis when compared to the By +3 H + axion one.

Adding an unconstrained tritium component complicates the statistical inference slightly.
Since we have no prediction/constraint for the concentration, the distribution of the test
statistic under the null hypothesis is not well defined a priori; i.e., only after looking at the
data do we have an estimate of a possible tritium background. We thus treat the inference
with a toy-MC approach, similarly to the standard axion inference, whereas this time we
simulate many By+°H datasets—where the mean injected tritium signal is given by the SR1
best-fit value— and for each one compare the likelihood ratio of By+>H and By-+3H+axion,
with tritium unconstrained in both cases. This is a subtle but important point: for each
simulation the null hypothesis is given by the unconstrained tritium fit, not the true injected
tritium signal. We do it this way to account for the fact that we use the data to decide what
the best tritium concentration is, not outside knowledge as is the case for other background
components.

By leaving tritium unconstrained the null hypothesis gains additional freedom, which

squeezes our null test statistic distribution to lower values. That is, by letting the 3H
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Figure 4.18: Fit results for the By 4> H 4 axion hypothesis (red) compared to the By +3H
hypothesis (gray).

component float free in the fit for the null hypothesis, it becomes more unlikely that the
alternate >H + axion hypothesis would give a much better fit to the data. This is shown in
Fig. 4.17, where one can see the By +° H distribution is squeezed relative to the to By-only
one.

When we compare these two hypotheses, the null By+>H vs. the alternate By+>H+-axion,
for the SR1 data, we find that the null hypothesis is disfavored at 2.00. The SR1 test statistic
is included in Fig. 4.17 for comparison with the null distribution, and the fits for this analysis
are shown in Fig. 4.18. The tritium component is negligible in the alternate best-fit, but its
presence allows for a better fit under—and thus a reduced significance of rejecting—the null

hypothesis.
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Figure 4.19: Fit results for the magnetic moment hypothesis (red) compared to the By-only
hypothesis (gray).

4.6 Search for an enhanced neutrino magnetic moment

4.6.1 Main Result

We now turn to the search for an enhanced neutrino magnetic moment, which similarly to
the axion signal would express itself as an excess at low energies. The best-fit under the
(Bo + ) model is shown in Fig. 4.19, along with the Bg-only fit as before. In this case,
the likelihood ratio test statistic qg is 10.0. Assuming the test statistic is asymptotically
distributed, this implies that the By-only hypothesis is rejected at 3.20.

Since the discovery significance exceeds 30, we report a two-sided 90% confidence interval,
given by

€ [1.4, 2.9 x 1071 g,

and shown in Fig. 4.20 along with the constraints from other searches. The upper boundary
of this interval is very close to the limit reported by Borexino [6], which is currently the
most stringent direct detection constraint on the neutrino magnetic moment. Similar to

the solar axion analysis, if we infer the excess as a neutrino magnetic moment signal, our
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result is in strong tension with indirect constraints from analyses of white dwarfs [70] and
globular clusters [89]. It is important to note that the neutrino flavor does impact the
interaction involving the magnetic moment, which in reality is a 3 x 3 matrix due to neutrino
mixing. Our result, based on a flavor-insensitive detection of solar neutrinos, is thus directly
comparable to Borexino’s, but not necessarily to Gemma’s (reactor electron anti-neutrinos)
or the astrophysical limits (electron neutrinos).

As a cross-check, we also searched for an enhanced neutrino magnetic moment using
an S2-only analysis, where the requirement of an S1 signal is dropped entirely. This type
of analysis allows for a lower energy threshold of ~ 200 eV; however, lacking a complete
background model, such an analysis has no discovery potential and can only be used to place
upper limits. The XENONIT collaboration recently published the results of its main S2-only
analysis [32], which included world-leading constraints on light dark matter, among others.
Since the expected neutrino magnetic moment spectrum grows exponentially with decreasing
energy, an S2-only analysis is a useful cross-check of the magnetic moment hypothesis®. We
employed the XENON1T S2-only analysis to place an upper limit on the neutrino magnetic
moment of i, < 3.1 x 1071 g (90% C.L.), which is also included in Fig. 4.20. Since this
limit is larger than the upper limit of our 2-sided interval above, the S2-only analysis is
consistent with a neutrino magnetic interpretation of the XENONI1T excess.

This is the most sensitive search to date for an enhanced neutrino magnetic moment
with a dark matter detector, and suggests that this beyond-the-SM signal be included in the

physics reach of other dark matter experiments.

8. We did perform the same analysis for the axion and tritium hypotheses, but the spectra of these two
are almost entirely above 1 keV, which makes the S2-only analysis much less sensitive and thus less relevant.
The upper limits of the S2-only analysis for these two are more than an order of magnitude above the results
presented in Secs. 4.3.3 and 4.5.
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Figure 4.20: Constraints (90% C.L.) on the neutrino magnetic moment from this work
compared to experiments Borexino [6] and Gemma [55], along with astrophysical limits from
the cooling of globular clusters [89] and white dwarfs [70]. The constraint from XENONI1T
using ionization signal only (S2-only) is also shown. Arrows denote allowed regions. The
upper boundary of the interval from this work is about the same as that from Borexino and
Gemma. If we interpret the low-energy excess as a neutrino magnetic moment signal, its
90% confidence interval is in strong tension with the astrophysical constraints.
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Figure 4.21: Fit results for the BO—|—3H+,uV hypothesis (red) compared to the By+3H hy-
pothesis (gray).

4.6.2  Including tritium as a background

As in Sec. 4.5, we report on an additional statistical test where an unconstrained tritium
component was included in both null and alternative hypotheses. In this test the best
fit includes a mix of magnetic moment and tritium spectra, as seen in Fig. 4.21. Due to
the similar spectra of the magnetic moment and tritium models, the significance of the
neutrino magnetic moment signal is reduced to 0.90. Thus, contrary to the solar axion case,
the magnetic moment hypothesis is not favored over the tritium hypothesis based on the

observed energy spectrum.

4.7 Bosonic Dark Matter Results

For the bosonic dark matter search, we iterate over masses in 1-keV steps between 1 and
210keV /c? to search for peak-like excesses. This iteration procedure introduces a trial factor
for this analysis, which needs to be accounted for when reporting the global significance [100].

We calculated the trial factor using toy Monte Carlo methods, in which we simulated many
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Figure 4.22: Constraints on couplings for bosonic pseudoscalar ALP (top) and vector (bot-
tom) dark matter, as a function of particle mass. The XENONIT limits (90% C.L.) are
shown in black with the expected 1 (2) o sensitivities in green (yellow). Limits from other
detectors or astrophysical constraints are also shown for both the pseudoscalar and vector
cases [157, 151, 32, 3, 46, 27, 27,9, 94, 18, 7, 4].
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background-only datasets, searched over our pre-selected masses, and saved the largest local
significance, the distribution of which is used for reporting the global significance.

When looping over the pre-defined masses in 1 keV steps, we find no global significance
over 3o for this search under the background model By. We thus set an upper limit on
the couplings gae and k as a function of particle mass. These upper limits (90% C.L.) are
shown in Fig. 4.22, along with the sensitivity band in green (lo) and yellow (20). The
losses of sensitivity at 41.5keV and 164 keV are due to the 33™Kr and 131™Xe backgrounds,
respectively, and the gains in sensitivity at around 5 and 35 keV are due to increases in the
photoelectric cross-section in xenon. The lack of smoothness is due to a combination of
the photoelectric cross-section, the logarithmic scaling, and the fact that the energy spectra
differ significantly across the range of masses. For most masses considered, XENONI1T sets
the most stringent direct-detection limits to date on pseudoscalar and vector bosonic dark

matter couplings.
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Figure 4.23: Left: The log-likelihood ratio for different bosonic dark matter masses with
respect to the best-fit mass at 2.3 keV/c?. At each mass, we show the result for the best-fit
coupling at that mass. The green band shows an asymptotic 68% C.L. confidence interval
on the bosonic dark matter mass. As noted in the text, the global significance for this model
is 3.0 0. Right: Best-fit of a 2.3keV peak and By to the data. A 0.4keV binning is used for
better visualization.

Due to the presence of the excess, we performed an additional fit using the bosonic dark
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Figure 4.24: Result of toy-MC study where 37 Ar events drawn from the observed distribution
in calibration data and injected into simulated background datasets, and then fit with an
unconstrained Gaussian model. The distribution of fitted peak means is centered around
the expected value of ~2.8 keV, and a 2.3 keV reconstructed peak is disfavored at 2.40.
matter signal model, with the particle mass allowed to vary freely between 1.7-3.3 keV. The
result gives a favored mass value of (2.3 + 0.2)keV/c? (68% C.L.) with a 3.0¢ global (4.00
local) significance over background. Since this mass point was not included in the pre-defined
masses to loop over, an upper limit was not extracted for this datapointg. A log-likelihood
ratio curve as a function of mass is shown in Fig. 4.23 (left), along with the asymptotic 1-o
uncertainty. The spectral fit of the 2.3keV peak is illustrated in Fig. 4.23 (right).

The best-fit value of a 2.3 keV monoenergetic peak is quite close to that expected from
a potential 37Ar background (indeed this motivated the argon hypothesis). While the 3TAr
hypothesis discussed in Sec. 4.2 is ruled out, it is still interesting to question our energy
reconstruction at low energies. Specifically, if we did have a contamination of 37 Ar at a level

required to explain the excess, how often might we mis-reconstruct the mean of the peak

to be 2.3 keV instead of the nominal 2.8 keV? The likelihood ratio curve in Fig. 4.23 (left)

9. The global significance study also did not consider this mass point, so the global significance is likely
in reality slightly less than 3o.
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suggests that this is expected to be quite rare, at the level of 2 20; however, this assumes
a pure Gaussian spectrum for 37Ar, which we know is not quite true as we approach lower
energies. In order to test if this assumption would lead to incorrectly reconstructed peaks,
we use 37 Ar calibration data.

To test whether we might reconstruct the mean of an STAr peak at 2.3 keV, we simulated
many background datasets with 37Ar injected, where the true distribution of 37Ar from
calibration data (Fig. 4.6) was used. For the amount of argon injected, we assumed a Poisson
distribution with mean rate of 65 events/(t-y), given by the best-fit value from fitting a 2.8
keV peak to the SR1 data. These toy datasets were then fitted with a By + peak hypothesis,
where the mean of the peak was unconstrained between 1.7 and 3.3 keV, just as above. In
this way, the simulated datasets are data-driven, while the interpretation of those datasets
is identical to that shown in Fig. 4.23. The resulting distribution of peak means is shown
in Fig. 4.24, where it can be seen that the distribution is centered near the true 37 Ar value
of 2.82 keV. A reconstructed peak mean of 2.3 keV is quite rare in this study, at the level
2.40. Note that this is a larger deviation than that given by the likelihood ratio curve in
Fig. 4.23, presumably due to the fact the 37Ar calibration spectrum has a better resolution
than that expected from our model. This data-driven study validates Fig. 4.23; if the excess

were indeed from a monoenergetic source, our analysis suggests 2.3 + 0.2 keV line.

4.8 Science Run 2

In an attempt to further study the result we observed in SR1, we also checked data from
Science Run 2 (SR2), an R&D science run that followed SR1. Many purification upgrades
were implemented during SR2, including the replacement of the xenon circulation pumps
with units that (1) are more powerful, leading to improved purification speed, and (2) have
lower 222Rn emanation, leading to a reduced 2l4py, background rate in the TPC [63, 37],

which is further decreased by online radon distillation. The resulting increased purification
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speed and reduced background make SR2 useful to study the tritium hypothesis. If the excess
were from tritium (or another non-noble contaminant), we would expect its rate to decrease
due to the improved purification; on the other hand, the rate of the signal hypotheses would
not change with purification speed.

While the SR2 purification upgrades allowed for an improved xenon purity and a reduced
background level, the unavoidable interruption of recirculation for the upgrades also led to
less stable detector conditions. Thus, in addition to a similar event selection process as
SR1 in Sec. 2.3, we removed several periods of SR2 for this analysis to ensure data quality.
Periods where the electron lifetime changed rapidly due to tests of the purification system
were removed to reduce uncertainty in the energy reconstruction. We also removed datasets
during which a 33™Kr source was left open for calibration. Data within 50 days of the
end of neutron calibrations were also removed to reduce neutron-activated backgrounds and
better constrain the background at low energies. After the other selections, this data would
have only added ~ 10days of live time; thus, for simplicity, it was removed rather than fit
separately like the SR1 dataset. With these selections, the effective SR2 live time for this
analysis is 24.4days, with an average ER background reduction of 20% in (1, 30) keV as
compared to SR1.

A profile likelihood analysis was then performed on SR2 with a similar background model
as SR1, denoted as Bgro. This background model was built using the time dependencies of
each component, as described in Sec. 3.1. The 214py, component was left unconstrained due
to the large changes in rate in this time period. Since we are primarily interested in using
this data set to test the tritium hypothesis, we focus on the tritium results.

Similarly to SR1, we search for a tritium signal on top of the background model Bgrs, and
find that the background-only hypothesis is slightly disfavored at 2.3 0. The SR2 spectrum,
along with the fits for the null (Bgrs) and alternative (Bgpo + SH) hypotheses, can be

found in Fig. 4.25 (top). A log-likelihood ratio curve for the tritium component is given
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in Fig. 4.25 (bottom), which shows that the fitted tritium rate is 320 + 160 events/(t-y),
higher than that from SR1 but consistent within uncertainties. The rate uncertainty in SR2
is much larger than that in SR1 due to limited statistics. The solar axion and magnetic
moment hypotheses give similar results, with significances ~ 20 and best-fit values larger
than, but consistent with, the respective SR1 fit results. Thus these SR2 studies are largely

inconclusive.

4.9 Time Dependence

It is useful to consider the time dependence of the XENONIT excess in the context of the
hypotheses discussed up to this point. Due to the changing detector conditions in SR2, we
conservatively focus only on the time dependence in SR1, which is much more stable.

Under the tritium hypothesis, we would expect the excess to decay with a half life of 12.3
years; we do not have the ability to observe this decay with a live time of < 1 year. The solar
axion and neutrino magnetic moment signals would display a ~ 7% modulation (peak to
peak) due to the changing Earth-Sun distance throughout the year, which again is a subtle
effect that is unlikely to be observed with the statistics we have. Bosonic dark matter would
also display an annual modulation, with a larger amplitude than the solar signals and with
a different phase.

At this time, we cannot exclude any hypothesis (except for the background-only one) on
the basis of time dependence. In Fig. 4.26 (top) we show the event rate between 1 and 7
keV compared to the expectation from integrating the Bp-only fit. A binning of 25 days
was used, and the bin center is given by the livetime-weighted mean in each bin. Due to
low numbers of counts, asymmetric Poisson errors are assumed for the data points, and a
p-value of p = 0.0002 was calculated using Fisher’s method, implying that the By model
is rejected at 3.50 on the basis of time dependence. The same procedure was done on a

side band region of 15-25 keV, where good agreement is observed between B and the data
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Figure 4.25: Top: Fit of SR2 data to the Bgpy +3 H (red) and Bgpo-only hypotheses, where
a small excess is again observed, albeit with few statistics. Bottom: likelihood ratio curve
of the tritium rate, showing that the SR2 best-fit is higher than SR1, but consistent within
uncertainties.
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Figure 4.26: Top: Time dependence of the event rate between 1 and 7 keV during SR1, along
with the expectation from the Bj best fit and a fit to the event rate of a simple constant.
Bottom: Event rate in a side band of 15-25 keV, where good agreement with By is observed.
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(p = 0.4), as shown in Fig.4.26 (bottom).

By eye it appears that the excess rate might be elevated in the early parts of SRI.
However, a fit with a By + const. model, where the const. is accounting for the excess
rate and assuming it is constant in time, the p-value improves to p = 0.3, meaning that
we cannot exclude a constant-in-time hypothesis for the excess. This fit is also included
in Fig. 4.26 (top) for comparison. All other hypotheses considered, namely solar axions,
neutrino magnetic moment, and tritium, are also consistent with the data, with similar p-
values. A more detailed time dependence study or—even better—a more sensitive detector
with longer exposure is needed in order to further investigate the temporal behavior of the

observed excess. We revisit this question briefly in Sec. 4.10.

4.10 Updated Analysis

Here we consider a number of updates to the analysis, which were considered after publication
of the main results. We briefly highlight the various updates and then discuss the results.
Since these results rely on work that has not been peer reviewed, they should be considered
supplementary to, but not replacements for, the main analysis described in the preceding

sections.

4.10.1  Summary of updates

Combination of SR1 and SR2 For this updated analysis we combine SR1 and SR2,
meaning that we fit simultaneously three datasets: SR14, SR1p, and SR2. We use the time
dependence of the different background components as described in Sec. 3.1. The 214Pp
model is unconstrained and shared between the two SR1 partitions, and its rate in SR2
is constrained to be within 5% of the SR1 value, based on the uncertainty from the time
evolution of the 218Pg alphas. As discussed below, we also include the time dependence of

the solar v background, which is not expected to change the results but is more consistent
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Figure 4.27: The recently calculated 214Pb model (red) from [108], compared to the model
used for the main result for this work (navy). The analysis region of interest is also shown.

with how the other backgrounds are treated. This leaves the materials component, 136Xe,

and 124Xe as the only constant backgrounds across all three datasets.

Update to the 214Ph Model There has been recent work on the energy spectrum of the
B-decay of 214Pb [108], where it was for the first time calculated as a forbidden transition
including the atomic screening and exchange effects. This calculation predicts a ~15-20%
lower event rate from 2MPb in the energy region of 1-15 keV, and is thus quite pertinent to
this analysis. For the updated analysis described in this section, we use this calculation of
the spectrum with a weak axial vector coupling of g,po = 0.85, the median value considered
by the authors in [108]. Fig. 4.27 shows a comparison of the new model with the one used
for the main result of this work. The overall rate is unconstrained for SR1, as in the main
analysis. The result of the SR1 fit is used as an input to the SR2 model, along with the
time dependence in Fig. 3.2 (right), to give a predicted SR2 rate. An uncertainty of 5% is

included for the SR2 rate, based on the time dependence of the 218Po alphas.
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Update to the 136Xe Model In the main analysis we included a 10% uncertainty on the
136X ¢ rate, due in part to the theoretical uncertainty on the spectrum from not knowing
which model of 2v@B-decay (HSD or SSD) is realized for this nucleus. After release of the
main results, we were given a calculation of the SSD model (Jenni Kotila, private commu-
nication), allowing for a more well-motivated background model for this component. The
differences between the two spectra, shown in Fig. 4.28, are minor, with the SSD model
displaying a slightly lower event rate at the lowest energies. For the updated analysis, we
consider the difference between the two models more directly by introducing an additional

shape parameter. The updated 13Xe model M is given by

M = (1 — f)Musp + fMssp,

where Mygp is the HSD model (used for the main analysis), Mggp is the SSD one, and f is
the new shape parameter, defined between 0 and 1, which is used to let the data choose which
model (or a mix of the two) it prefers. Treating the spectral uncertainty in this way, we then
use a tighter uncertainty on the 3¢ Xe rate of 3.2%, based on the measured abundance and

the half-life [14].

Time dependence of signal models In light of the discussion above on time dependence,
for the updated analysis we include time dependence in the signal models, which was omitted
for the main inference. For the solar axion and magnetic moment hypotheses, as well as the
solar v background, we consider the changing flux due to the Earth-Sun distance throughout
the year. The bosonic dark matter hypothesis includes the expected annual modulation
from the relative direction of Earth’s velocity to the Sun’s. Lastly, the tritium hypothesis
includes its decay with a T} /2= 12.3 years. For all of these models, no uncertainty on the
time dependence is included; a fixed correction is simply applied to the rate based on the

time of each event in the three datasets. For the solar axion and neutrino magnetic moment
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Figure 4.28: Comparison of the 136Xe model under the higher-state dominates (HSD) model
and the single-state dominates (SSD) model. The HSD model was used for the main result
and given in [120, 121]

these factors are given by 0.98, 1.01, and 1.00 for SR1,, SR1y,, and SR2, respectively, and

for tritium!? they are 0.98, 0.96, and 0.93.

4.10.2  Results of updated analysis

First we do a background-only fit with the new background model, denoted f)’o. The results
are shown in Fig. 4.29, where the SR1 and SR2 fits are both included, along with the sum
of the two. Note that the SR1 fit is still done for the two partitions SR1, and SR1;, but we
omit their individual plots for brevity. Compared to the main background model By, the
updated BO fit gives a lower rate at low energies due to the change of the 214Pb model.

To simplify the inference of this updated analysis, we consider an ABC-only solar axion
model, along with the neutrino magnetic moment and tritium hypotheses. This way we can
safely assume asymptotic behavior of the test statistic and not rely on toy-MC methods,

which require significant computation time.

10. Based on an arbitrarily chosen value of ¢y of February 1, 2017
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Figure 4.29: Summary of the updated analysis, which fits SR1 and SR2 simultaneously and
includes updates to the background/signal models. The left column shows the full analysis
ROI and the right column the zoom to low energy; and the rows show the SR1, SR2, and
SR1+SR2 fit results, respectively.
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After implementing all the updates described above, the observed excess displays a larger
significance, primarily due to (1) the combination of SR1 and SR2 and (2) the updated 214Pb
model. Under the solar axion signal hypothesis, the BO is rejected at 4.7¢0; compared to the
magnetic moment hypothesis éo is rejected at 4.50; and for the tritium hypothesis it is
4.40. If we removed SR2 from the analysis, the significances would be 4.1¢, 3.90, and 3.80,
respectively. Thus, while this updated analysis does give stronger evidence for the present
of an excess, it does not help distinguish between the different hypotheses outlined in the

previous sections.
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CHAPTER 5
CONCLUSIONS AND OUTLOOK

5.1 Summary

This thesis has described the results of a search for new physics in XENONIT in the elec-
tronic recoil channel. Chapter 1 presented the XENONIT detector and reviewed the theo-
retical motivation for solar axions, a neutrino magnetic moment, and bosonic dark matter.
Chapter 2 detailed the energy reconstruction and energy threshold of XENONI1T. Chapter
3 characterized the background components in terms of both their energy spectra and time
dependence, and described the statistical framework for the three different signal models.
Lastly, Chapter 4 reported the results of this search for new physics.

We observe an excess at low energies (1-7keV), where 285 events are observed compared
to an expected 232 events from the background-only fit to the data. There are three possible
explanations for this excess: a statistical fluctutation, a previously-unconsidered background

component, or a hint of new physics.

Statistical fluctuation With a statistical significance of 2 30, the SR1 result would be
expected under the background-only hypothesis in < 0.1% of experiments. While significant,
this does not completely rule out the possibility of statistical fluctuation. However, the
updated analysis presented in Sec. 4.10 gives an even larger significance (2 4.50) due to the
combination of a larger exposure and lower predicted background rate at low energies. This

discounts the statistical fluctuation hypothesis.

New background The (3 decay of tritium is considered a possible explanation for the
excess, as it has a similar spectrum to that observed and is expected to be present in the
detector at some level. We are unable to independently confirm the presence of tritium

at the O(1072°) mol/mol concentration required to account for the excess, and so treat it
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separately from our validated background model. If electronic recoils from tritium decay
were the source of the excess, this would be its first indication as an atmospheric source of

background in LXe TPCs.

New physics The tritium hypothesis clearly represents a possible SM explanation for the
excess, but —based on spectral shape alone—the solar axion model is the most favored by
the data at 3.40, albeit at only ~ 20 if one considers tritium as an additional background.

Were it a hint of a solar axion signal, our result would suggest either (1) a non-zero rate
of ABC axions or (2) a non-zero rate of both Primakoff and 5"Fe axions. If we interpret
the excess as an ABC axion signal (i.e., take gay and ggg to be zero), the required value of
gae is smaller than that ruled out by other direct searches but has a clear discrepancy with
constraints from indirect searches [71, 89]. These constraints are a factor of ~ 5-10 lower than
reported here, although subject to systematic uncertainties. It is noteworthy that some of
these astrophysical analyses, while their constraints are still stronger than direct searches, do
in fact suggest an additional source of cooling compatible with axions [71, 98]. If the indirect
hints and the XENONIT excess were indeed explained by axions, the tension in gae could
be relieved by underestimated systematic uncertainties in, e.g., stellar evolution theory [89]
or white dwarf luminosity functions [58], an additional detection mechanism [97, 77], or by a
larger solar axion flux than that considered here (see Sec. 1.2.1). In Sec. 4.5.2, we interpreted
the excess in the context of benchmark QCD axion models, where a DFSZ-type axion with
mgq ~ 0.1-4.2 €V could explain the excess; such an axion is not ruled out by any direct
detection constraints, but as discussed would be in tension with astrophysical constraints.
A KSVZ-type axion does not described the excess well.

Additionally, we describe a direct search for an enhanced neutrino magnetic moment.

This signal also has a similar spectrum to the excess observed, but at 3.2 ¢ displays a lower
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significance than that from solar axions. We report a confidence interval of

i €14, 2.9 x 1071 g (90% C.L.),

the upper boundary of which is very close to the world-leading direct limit reported by
Borexino [6]. This shows that dark matter experiments are also sensitive to beyond-SM
physics in the neutrino sector. Here we only search for an enhanced neutrino-electron cross-
section due to an anomalous magnetic moment, but a similar enhancement would also occur
in neutrino-nucleus scattering [106]. With the discrimination capabilities of LXe TPCs to
ER and NR events, it would be interesting to consider this channel in future searches as well.

We also search for bosonic dark matter, which would express itself as a monoenergetic
peak at the rest mass of the particle. Our search originally just considered masses in 1-
keV steps, where no excess above 30 was observed, but after observation of the excess we
generalized the search at low energies. A 2.3 keV peak describes well the excess we observe,
with a significance ~ 30 after accounting for the look elsewhere effect. While this peak
is noticeably close to the expected peak from an 3TAY background, we can exclude this
hypothesis based on measurements of the argon concentration in the lab air outside the
detector, and we include studies with calibration that show the observed excess does not
really look like 37Ar.

Finally, we include an update to the analysis. This update includes some preliminary
results that have not yet been published, and so should be considered supplemental material
to the main result and not a replacement for it. The update, due primarily to a lower
predicted rate from the dominant background 24Pb and the combination of SR1 and SR2,
gives an even larger significance for the excess, 4.70c and 4.50 under the solar axion and
magnetic moment hypotheses, respectively. However, with tritium hypothesis is still viable,
so these significances cannot be used to claim a discovery of new physics. It is unlikely that

we will understand the nature of the excess with the current data from XENONI1T, and
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so a larger, more sensitive detector is likely needed. Such a detector, XENONnT, is being

currently being commissioned.

5.2 Outlook: XENONNT

The next phase of the XENON program, XENONnT, is currently being commissioned,
with data expected in 2021. Featuring a 5.9t active volume and a projected reduction in
background by a factor of 6 [40], XENONnT will reach further unprecedented sensitivity to
rare-event signals, including the ones discussed in this work.

If the excess observed in XENONIT persists in the XENONnT upgrade, we will be able
to further study it and possibly identify its origin. Is it a new background, a sign of new
physics, or a statistical fluke? The most interesting case would of course be a sign of new
physics, which we briefly study here.

We use the framework presented in this work to estimate the sensitivity of XENONnT.
Assuming a 4t fiducial volume and the same efficiencies as XENONI1T, we simulate many
datasets with an ABC solar axion signal injected, with a gqe given by the XENONIT best
fit. For each of these datasets, we compare hypotheses Hy : B(r)lt +3 H and H; : Bélt 43
Haxion, where B(I)lt is the XENONnT background model and with the tritium component
unconstrained in both cases. This test allows us to determine the expected significance at
which we can reject the tritium explanation for the excess. We performed this procedure
for different concentrations of 214Pb, and as a function of total exposure of XENONnT.
The “discrimination significance”, the expected significance at which we can exclude tritium
assuming a solar axion signal, is shown in Fig. 5.1 as a function of livetime and for different
background levels, where one can see that XENONNT will be able to differentiate these two
spectra at the ~ 50 level within a few months of data-taking.

XENONNT is not the only experiment that will be able to confirm or exclude the
XENONIT result. The LZ experiment [12] and PandaX-4t [166] will also be coming on-
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Figure 5.1: The expected significance at which XENONnT could exclude the tritium hy-
pothesis if the XENONIT excess were due to a solar axion signal. Shown as a function of
livetime and for different concentrations of 214Pb, the dominant background at low energies.

line soon, with similar schedules and similar sensitivities. It will be very interesting to see

what these three experiment find.

5.3 Conclusion

Liquid xenon time projection chambers like XENON1T were originally designed to search for
WIMP dark matter. Moreover, as low-background, low-energy threshold, and large-exposure
particle detectors, they are sensitive to a multitude of other physics beyond the SM. In this
thesis we considered a search for solar axions, neutrino magnetic moment, and bosonic dark
matter using the XENONIT detector. Interestingly, we observe an excess that could be
consistent with some of these signals. This motivates a broader focus of liquid xenon TPCs
and increase the priority of other interesting signals to the same level as the WIMP search.

The XENONnNT experiment will investigate the XENONIT result with an increased
sensitivity. It will be very interesting to see the results in XENONnT and other similar

experiments, and we fortunately do not have to wait long.
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