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Numerous evidence suggests that the majority of matter in the Universe

is made of a rarely interacting, non-luminous component, termed dark matter.

The XENON1T experiment, utilizing a two-phase liquid xenon time projection

chamber, was primarily designed to search for Weakly Interacting Massive Par-

ticles (WIMPs), one of the most promising dark matter candidates. With one

tonne-year exposure, XENON1T placed the most stringent upper limits of WIMP

interaction strength for a large range of WIMP masses and a variety of interaction

types. The unprecedented low background in XENON1T also enabled competitive

searches for electronic recoil signals. An excess was observed above the known

background at low energies and is most prominent between 2 and 3 keVee. This

excess favors solar axions over backgrounds at 3.4σ, a hypothetical particle arising
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from the Peccei-Quinn theory to solve the strong CP problem. The resulting axion

couplings, however, are in strong tension with astrophysical constraints. The excess

can also be explained by β decays of tritium at 3.2σ with a trace amount, which can

neither be confirmed nor be rejected with the current knowledge of its production

and mitigation mechanisms. If an unconstrained tritium component is added to

both alternate and null hypotheses, the significance of the solar axion hypothesis

is reduced to 2.0σ. This search also includes other electronic recoil signals, such

as an enhanced neutrino magnetic moment, bosonic dark matter, and leptophilic

dark matter. The prospect of XENONnT, the next-generation experiment that is

expected to take science data in 2021, is also discussed in the context of searching

for WIMPs and deciphering the excess observed in XENON1T, respectively.
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Chapter 1

Dark Matter

Dark matter (DM) is the non-luminous, stable, and weakly-interacting matter

that consists of 85% matter in the Universe. So far physicists only have limited

knowledge of the nature of dark matter, but its existence has been supported by

numerous evidence that motivates a variety of dedicated experiments to hunt for

this elusive matter. This chapter is organized as follows. In Sec. 1.1, several leading

evidence for DM are presented, including galaxy rotation curve, bullet cluster, and

the CMB observation. In Sec. 1.2, two promising DM candidates, i.e. WIMPs and

axions, are discussed.

1.1 Evidence of Dark Matter

1.1.1 Galaxy Rotation Curve

The dynamical observation has a longer history than people usually think; in

fact, even scientists working in this field are not necessarily aware of the full history.

In 1884, Lord Kelvin made the first attempt to estimate the amount of DM in the

Milky Way by assuming the stars acting like a gas of particles and subsequently

1



studying the relation between the system size and velocity dispersion of the stars.

He concluded that “Many of our stars, perhaps a great majority of them, may be

dark bodies” [1]. In 1906, Henri Poincaré argued that Lord Kelven’s calculation is

comparable with the results given by telescope and the majority is still the shining

matter [2]. In this paper, Poincaré coined the term “dark matter”, which is 27 years

earlier than Fritz Zwicky who is apocryphally considered to devise the name. Lots

of observations started then but none of them was convincing until 1970s, when

Vera Rubin, Albert Bosma as well as many other astronomers made observations

in a collection of galaxies through optical measurement and radio observation of

the 21-cm Hydrogen line. A detailed history can be found in Ref. [3].

Figure 1.1: M33 rotation curve (points) compared with the best-fitting model (solid
line), which consists of contributions from the dark matter halo (dot-dashed line),
stellar disk (short-dashed line), and gas (long-dashed line). Figure from Ref. [4].

In Newtonian dynamics, an object orbiting around the central astrophysical

object with a larger distance to the center would have a smaller velocity. However,
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discrepancies are found between the expectation and observation, for which the

nearby galaxy M33 is illustrated in Fig. 1.1 as an example. The predicted velocity

from the visible stellar disk and gas quickly falls down after the radius of 3 kpc

while the observed data keep rising to the last measured point. This discrepancy

is observed in many galaxies and thus suggests two possibilities:

1. The law of gravity fails in large scale and has to be modified.

2. Most matter in the Universe is made up by a non-luminous component,

which cannot be observed via electromagnetic radiation but can interact

gravitationally.

The former one leads to the hypothesis of Modification Newtonian Dynamics

(MOND) while the latter points to the existence of DM.

1.1.2 Bullet Cluster

Bullet cluster is deemed as one of the most compelling evidence for DM. In 1E

0667-56, one of most hot and X-ray luminous galaxy clusters, a sub-cluster passed

through the main cluster from the left, as illustrated in Fig. 1.2. A bullet-like pink

clump was observed by Chandra using X-rays, which was emitted by the baryonic

matter as they got heated in the collision. The blue population is revealed by

utilizing the weak-lensing effect, which is an effect that light ray would be bent

when passing by object with large mass and is thus related to the gravitation. In

Fig. 1.2, the pink clump is clearly lagged compared to the blue region. It follows

that, the center of gravity and the center of baryonic matter do not coincide in this

cluster. It is one of observations that cannot be resolved by the MOND theory but

3



Figure 1.2: Bullet cluster (1E 0667-56). The red population is from X-ray observa-
tion and blue clump is revealed from the weak-lensing mass map. Yellow and white
blobs are galaxies determined from optical measurement. Figure from Refs. [5, 6].

can be easily explained by DM.1 Since DM interacts weakly with either baryonic

matter or itself, it can go through collisionlessly; on the contrary, baryonic matter

will lag behind due to the collisional interaction. In the scenario of DM, the large

deviation between the center of gravitation and that of baryonic matter suggests

that DM makes up the majority of mass in this galaxy cluster.

1.1.3 Cosmic Microwave Background

Cosmic microwave background (CMB) is the remnant from around 380,000

years after the Big Bang. Prior to this point, the temperature of the Universe

was so high that everything in the Universe was in the plasma state, i.e. the

state of being charged particles like proton and electron, thereby photons could

1There are also a plenty of other things that cannot be explained by the MOND theory. For
example, in 2018 researchers found a galaxy lacking DM [7], which is contradictory to the MOND
theory that should be observed everywhere.
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not travel far due to the frequent Thompson scattering and absorption by charged

particles. As the Universe cools down with time, protons were finally able to

combine with electrons and form neutral hydrogen atoms around 380,000 years

after the Big Bang, which is remarked as the start of the recombination epoch.

As a consequence, the mean free path of photons became approximately the size

of the Universe and the emitted photons imprinted in the cosmos at the start of

recombination epoch are now observed as CMB.

Figure 1.3: Temperature anisotropy in CMB from the latest Planck result [8]. Red
and blue regions indicate relatively hot and cold regions, respectively. Figure from
Ref. [8].

CMB was first observed by Penzias and Wilson in 1964 when calibrating their

radio telescope [9]. They found an isotropic and time-independent “noise” which

was later proved to be an important evidence for the Big Bang Theory. A series of

scientific satellites, including COBE [10], WMAP [11], and Planck [8], have been

launched to measure CMB with improved precision and the latest result from

Planck suggests the CMB temperature of (2.722±0.027) K. Yet scientists found

imperfection in CMB isotropy — a tiny fluctuation of ∼250µK — as illustrated

in Fig. 1.3. The red spots are slightly hotter and the blue are colder.

There are many ways to infer the DM percentage of all the matter in the
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Figure 1.4: CMB power spectrum. Red points are measurements from Planck [8]
and blue curve is the fit result using ΛCDM model. Figure from Ref. [8].

Universe, such as the gravitational lensing effect, the galaxy rotation curve, etc.

Among them, the most accurate approach is to make use of the CMB anisotropy. In

ΛCDM model, the Standard Model of cosmology, baryonic matter, DM, and dark

energy contribute to the anisotropy differently.2 By fitting ΛCDM model to the

CMB power spectrum shown in Fig. 1.4, we have Ωbh
2 = 0.0224±0.0001, Ωch

2 =

0.120±0.001, and ΩΛh
2 = 0.6847±0.0073, where h = H0/100 is the reduced Hubble

constant, Ωbh
2, Ωch

2, and ΩΛh
2 are the density of baryonic matter, DM, and dark

energy, respectively. This result translates to a composition of the Universe with

∼27% DM, ∼5% baryonic matter, and ∼68% dark energy.

2Radiation is relatively small and thus is ingored here.
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1.2 Dark Matter Candidates

Lots of physics models have been proposed to solve the DM mystery. In this

section, two DM candidates that are most promising and relevant to this thesis

are introduced: WIMPs and axions. Each candidate is well-motivated and has

led to enormous experimental efforts. It is noteworthy to mention that axions can

not only solve the DM puzzle, but also solve the so-called strong CP problem,

abnormal cooling of stars, as well as the matter-antimatter asymmetry [12].

1.2.1 WIMP

The Weakly Interacting Massive Particle (WIMP) is a class of hypothetical

particles that have been the leading candidate of DM for decades. The main

reason for the popularity is that it can naturally explain the DM relic density.

The standard assumption of WIMP production is the thermal production.

WIMPs could be generated through the collision between Standard Model (SM)

particles in the radiation dominated age, which is before the Big Bang Nucleosyn-

thesis (BBN) and is able to generate WIMPs due to the extremely high tempera-

ture. At the same time, WIMPs can annihilate with each other into SM particles

through the reverse reaction, the flux of which is given by

Γann = 〈σAv〉n, (1.1)

where σA is the annihilation cross section, v is the WIMP velocity, and n is the

WIMP density. An equilibrium can be achieved between the production and an-

nihilation.

The temperature drops as the Universe expands, and only SM particles at the
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Figure 1.5: WIMP density in a comoving volume evolves with the cooling of the
Universe. The solid line represents the equilibrium abundance assuming the Uni-
verse is not expanding. The dash lines are the actual abundance considering the
expansion of the Universe with different annihilation cross sectons 〈σAv〉. Figure
from Ref. [13].
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tail of Boltzmann distribution are energetic enough to produce WIMPs. Given

that the production and annihilation are in equilibrium, WIMP density decreases

by e−T/mχ , where T is the Universe temperature and mχ is the WIMP mass.

When the annihilation rate (or production rate, as they are in equilibrium) is even

smaller than the expansion rate of Universe, both production and annihilation are

deemed to cease due to the low temperature of the Universe and the low WIMP

density, respectively. At this point, the production and annihilation are not in

equilibrium and WIMP relic density is constant in a comoving volume to account

for the Universe expansion. This WIMP density evolution is referred to as freeze-

out and is illustrated by Fig. 1.5. The solid line is from production and annihilation

equilibrium without taking universe expansion into account while the dashed lines

consider the actual abundance assuming different 〈σAv〉. With a larger 〈σAv〉, it

will stay in the equilibrium line longer until the annihilation rate is lower than the

expansion rate, leading to a smaller final abundance. The relic density of WIMPs

is given as [14]

Ωch
2 ' 3× 10−27 cm3 s−1

〈σAv〉
. (1.2)

1.2.2 Axion

Axion is a hypothetical particle arising from the Peccei-Quinn theory [15],

which is proposed to solve the so-called strong CP problem. Physicists used to

assume conjugation (C) and parity (P) symmetry for elemental processes, respec-

tively, but changed their mind in 1960s due to evidences from both theories and

experiments. Later, the combination of charge conjugation and parity symmetry

was observed to not conserve either in the weak interaction, i.e. the CP violation.

Naturally, people expected the same violation in the strong interaction. The neu-
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tron electric dipole moment (nEDM), however, was found to be very close to zero

with improved accuracy over decades, which turned out to be a strong evidence for

CP conservation in the strong interaction. This problem is known as the strong

CP problem. Many theories were proposed to solve the problem and perhaps the

most cogent solution is the Peceei-Quinn theory. In this theory, the key parame-

ter θ, which has to be manually put as zero to conserve CP in other theories, is

instead introduced as a field of vaccum angle θ̄ that is associated with the vaccum

potential, and θ̄ would be zero naturally to minimize the energy. While solving

the problem, the spontaneous symmetry breaking of the θ̄ field would introduce a

pseudoscalar Nambu-Goldstone boson, which is known as the axion.3

Generally, axions can be categorized into quantum chromodynamics (QCD)

axions and axion-like particles (ALPs). For QCD axions, the mass ma is related

to the decay constant fa via

ma =
z1/2

1 + z

fπmπ

fa

' 6× 106 GeV

fa

eV/c2, (1.3)

where z = mu/md is the ratio between the masses of up and down quarks, fπ =

92 MeV is the pion decay constant, and mπ is the pion mass. Since axion couplings

are inversely proportional to fa, it follows that the couplings are proportional to ma

for QCD axions. Reciprocally, ALPs do not necessarily satisfy Eq. (1.3), therefore

the axion couplings and masses are decoupled for ALPs.

Axions are also well-motivated DM candidates. At the time of the Big Bang,

axions could be created via thermal mechanism and non-thermal mechanisms,

e.g. the misalignment mechanism. For QCD axions, the preferred mass region

is µeV–meV owing to the following reasons. The lower bound comes from the

3Axion is named by Frank Wilczek after a laundry detergent since it can clean up the strong
CP problem with an axial current.
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axion cosmology. As the relic density of axions produced through the vaccum

misalignment mechanism can be expressed as [16]

Ωa ∼ (
5µeV

ma

)7/6, (1.4)

ma has to be larger than O(µeV) to avoid a closed universe (Ωa > 1). The upper

bound of ma is placed by axion searches in particle and nuclear experiment, as well

as astrophysical observation that will be described in the next paragraphs [17]. The

ALP DM, on the other hand, does not have such a tight restriction of mass as its

mass and coupling are not related.

The axion could not only be a viable DM candidate in cosmology, but also

play a pivot role in the star evolution in astrophysics. The standard channels of

star cooling are neutrino emission and surface photon radiation. However, many

stars are found to cool faster than the prediction from the two standard channels.

For example, a Red Giant (RG) star will ignite the helium core and become a

Horizontal Branch (HB) star after reaching the required temperature; however,

the R parameter, the ratio of the number of HB over that of RG stars, is found to

be smaller than expected, indicating extra cooling channels of RG stars which lead

to the delayed ignition of the helium in RG stars. Similarly, several pulsating White

Dwarfs (WDs), the cooling speed of which can be obtained by the changing rate of

rotating speed, also show that their actual cooling are faster than the prediction

from the standard channels.

These disagreements can be resolved by introducing axion as an extra chan-

nel for star cooling. The production of axion in stars is viable through several

mechanisms and the emission of axion is unhindered in the star due to its feeble

interaction. The strongest axion source in the sky is the Sun. Details of the axion

produced in the Sun, i.e. solar axions, can be found in Sec. 2.3.2.1. We do em-
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phasize that the production of QCD axions or ALPs in astrophysical objects are

largely indistinguishable, therefore the derived constraints are in principle appli-

cable for both. However, the axion flux is usually calculated under the massless

assumption to be relativistic [18], thus the derived limits cannot be compared to

the non-relativistic ALP DM limits without modification.
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Chapter 2

Direct Detection with Xenon

This chapter focuses on the direction detection with liquid xenon based detec-

tors and is organized as follows. In Sec. 2.1, we describe the working principle of

the two-phase liquid xenon time projection chamber, including the signal detec-

tion, position/energy reconstruction, and event type identification. In Sec. 2.2, we

present the expected signatures of WIMPs in the direct detection with xenon, in-

cluding the energy spectrum and annual modulation. In Sec. 2.3, we briefly review

the axion detection experiments and then discuss axion detection with experiments

based on liquid xenon.

2.1 Two-phase Liquid Xenon TPC

Noble gas detectors have a long history.1 Based on the phase of the target

medium, they can be categorized into single-phase and two-phase detectors. Single-

phase detectors can utilize either gaseous phase or liquid phase, while two-phase

detectors make use of both. Time projection chambers (TPCs) can infer the event

time information by its definition, commonly from the drift of ionized electrons.

1A brief history of noble gas detectors can be found in Ref. [19].
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In this thesis, we will focus on two-phase TPC, which is one of the most promising

technologies in all the possibilities and has consistently led in the direct detection

of WIMPs and many other rare processes.

The working principle of two-phase TPC is illustrated in Fig. 2.1. An incoming

particle excites and ionizes the xenon atoms at the same time. A fraction of the

ionized atoms recombine with the liberated electrons and form xenon excimers, the

emitted photons of which are recorded as the prompt scintillation signal together

with the initial excimers in the direct excitation as the time scale of recombina-

tion process is comparable to the half-life of xenon excimers [20]. The rest of

ionized electrons will drift upwards under the drift electric field established by the

grounded gate and the cathode. When arriving at the liquid-gas interface, the

electrons will be extracted into gaseous xenon (GXe) by the strong extraction field

between the anode and gate, which is stronger in GXe than that in liquid xenon

(LXe) due to the larger dielectric constant in LXe. As the electrons accelerate in

the GXe, they produce a large number of xenon atom excimers due to the strong

electric field and the relatively long mean free path. This amplification process is

referred to as the electroluminescence and the resulting detected signal is called

the delayed scintillation signal. The prompt and delayed scintillation signals are

also referred to as light and charge signals, repectively, or symbolically, S1 and

S2.2 Both signals can be recorded by photosensors, such as photomultiplier tupess

(PMTs) or silicon photomultipliers (SiPMs). The scintillation signal from a xenon

excimer has a wavelength of 178 nm [21], which is transparent for the quartz win-

dow of PMTs. This is one advantage of LXe target as scintillation signal in the

alternate detection media may need wavelength shifter to optimize the detection

efficiency.

2The S1 signals would be symbolically represented by the upright S1, while the S1 size would
be denoted by the italic S1 in the following text. So does the S2 signal.
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Figure 2.1: Illustration of working principle of two-phase time projection chamber.
See details in the text. Figure from Ref. [22].
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In general there are mainly two types of recoils in LXe detectors.The first type

is the electronic recoil (ER), where the incoming particle interacts with the orbital

electrons, such as βs and γs. The other one is the nuclear recoil (NR) which is

induced from the interaction with a xenon nucleus; The interactions of neutrons

and the hypothetical WIMPs in the xenon target fall in this category. In LXe,

ER and NR events can be distinguished by different S2/S1 ratios, as ER events

tend to ionize more electrons and thus have larger S2. By utilizing this feature,

background events from βs and γs (ER) can be greatly suppressed in the search

for WIMP signal (NR). Currently, the ER rejection power of more than 99.5%

(with 50% NR acceptance) has been achieved [23–25].

Two-phase TPCs have good positioning capabilities. The time difference be-

tween S1 and S2 signals, defined as drift time, can be used to infer the depth (z

position) of the event together with the electron drift velocity, which can be deter-

mined from the maximum drift time and the known TPC length.3 The position in

the horizontal plane (i.e. xy position), on the other hand, is reconstructed based on

the unique pattern that S2 signals illustrate in the top PMT array. By comparing

the observed pattern and the expected pattern from Monte Carlo (MC) simula-

tions, one can reconstruct the most likely position of the event using algorithms

based on either neural network or likelihood. The observed positions need further

correction to account for the field distortion, of which more details can be found in

Sec. 3.2.2. LXe is a good shielding medium with a large density of ∼ 2.9 g/L, thus

a good knowledge of event positions allows to reject the external backgrounds by

fiducialization, such as those from the TPC or cryostat materials.

Unlike position reconstruction, the energy reconstruction is different for ER and

NR events. The ER events deposit almost all the energy into S1 and S2 signals,

3For the same detection medium with a fixed density, electron drift velocity is mainly depen-
dent on the drift field.
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from which one can reconstruct the total deposited energy, see more details in

Sec. 3.3.3. NR events not only deposit energies into the light and charge signals,

but also lose a fraction to the heat due to the fact that the recoiled xenon atom

transfers kinetic energy to its surrounding atoms. The fraction of lost energy to

heat is know as the Lindhard factor [26] and is typically between 0.1–0.2 in LXe.

The quenching effect must be accounted for to have proper energy reconstruction

for NR events.

2.2 WIMP Detection

This section describes the WIMP detection in direct detection experiments,

including the expected energy spectrum and annual modulation signature. The

energy spectrum calculation is limited to the elastic scattering between WIMP

and target medium; the inelastic scattering is beyond the scope of this thesis but a

related experimental search with the XENON100 detector can be found in Ref. [27].

2.2.1 WIMP-nucleon Elastic Scattering

Assuming elastic scattering between WIMP and nucleon, the differential rate

can be written as:

dR

dEr

=
ρ0

mχ

∫
dσ

dErmA

f(v)|v|d3v, (2.1)

where ρ0 is local WIMP density, mχ the WIMP mass, mA is the mass of target

atoms, σ is the elastic scattering cross section between WIMP and target medium

nucleus, Er is the nuclear recoil energy, v is the WIMP velocity relative to the

detector, and f(v) is the WIMP velocity distribution. It is noteworthy that the

differential rate provided by Eq. (2.1) is in the unit of counts per unit mass (not
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per atom), time, and recoil energy.

WIMP velocity In the standard halo model (SHM), WIMP velocity is usually

considered to follow an isotropic and isothemal Boltzmann-Maxwellian distribution

with respect to the frame of the galaxy,4 with the most probable velocity v0 =√
2kT/mχ ' 220 km/s, the escape velocity vesc = 544 km/s, and the Earth velocity

ve = 232 km/s. The velocity function is truncated at the escape velocity, as WIMPs

that exceed the escape velocity are no longer gravitationally bounded in the galaxy.

The velocity distribution is written as below:

f(v) =
4v2

v3
0

√
π

exp(−(v − ve)2/v2
0). (2.2)

As v is assumed to be isotropic, Eq. (2.2) can be rewritten in the scalar form f ′(v)

from Ref. [14]:

f ′(v) =
v

vev0π

[
exp(−(v − ve)

2/v2
0)− exp(−(v + ve)

2/v2
0)
]
. (2.3)

Form factor The scattering cross section σ consists of contribution from spin-

independent (SI) and spin-dependent (SD) interactions. As SD scattering will

be discussed in Sec. 4.1.2, the calculation here is restricted to SI scattering, the

differential cross section of which is given then by:

dσ

dEr

=
mA

2µ2
Av

2
σSI

0 F2(q), (2.4)

where µA is the WIMP-nucleus reduced mass, σSI
0 is the SI WIMP-nucleus cross

section with zero momentum transfer, F(q) is the form factor, and q =
√

2mAEr

is the momentum transfer. When q increases to the extent that the De Brogile

4Note that a conversion of velocity is necessitated here as v in Eq. 2.1 is with respect to the
detector.
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wavelength λ = ~/q becomes smaller than the nucleus radius, the coherence in the

scattering is gone and consequently the effective cross section begins to decrease

with an increasing q. This effect is accounted for by the form factor, which can be

conveniently expressed in an analytic form, i.e. the Helm form factor [28]:

F(q) =
3j1(qrn)

qrn
× e−(qs)2/2, (2.5)

where rn is the effective nucleus radius, s is a measure of nuclear skin thickness, and

j1(qrn) is the second spherical Bessel function of the first kind. It is recognized in

Ref. [29] that the analytic Helm form factor (Eq. (2.5)) matches with the numerical

calculation best with rn ' 1.14A1/3 fm and s ' 0.9 fm, where A is the mass number

of the target atom. This approximation was also found in a good agreement with

a more dedicated shell-model calculation before the first minimum [30],5 which

covers the typical region of interest (ROI) for WIMP search in LXe experiment,

e.g. (4.9, 40.9) keVnr in XENON1T [23]. The form factors in three commonly used

direct detection materials, including 131Xe, 40Ar, and 73Ge, are shown in Fig. 2.2.

The first minimum of form factor F(q) is set by the nucleus radius. Before the

first minimum, the form factor F decreases faster for target medium with a larger

mass number A, as it leads to a larger nucleus mass (larger q) and a larger radius

(larger rn).

Zero momentum transfer cross section The cross section at zero momen-

tum transfer σ0 in Eq. (2.4) is given by:

σ0 = σN
µ2
A

µ2
N

(Z · fp + (A− Z) · fn)2 , (2.6)

where σN is the SI WIMP-nucleon cross section, µN is the WIMP-nucleon reduced

5An alternate parameterization of s and rn was used in Ref. [30], but the resulting difference
in Helm form factor is negligible.
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Figure 2.2: Helm form factors F2(q) as function of nuclear recoil energies for
131Xe (blue), 73Ge (red), and 40Ar (green), respectively.

mass, fp/nis the contribution of proton/neutron to the total coupling strength.

Since a common practice is that assuming neutrons and protons contribute equally

to the SI WIMP-nucleon scattering process (fn ' fp), σSI
0 is then proportional to

A2, which indicates that heavier targets have larger discovery potential for SI

scattering process. In the end, the differential rate dR/dEr is proportional to the

SI WIMP-nucleon cross section σN , thus this unknown parameter is used to set

constraints as a function of WIMP mass.

Final calculation Combining Eq. (2.1, 2.4, 2.6), one can arrive at the following

formula:

dR

dEr

= σN
ρ0

2mχµ2
N

A2F2(
√

2ErmA)

∫ vesc

vmin

f ′(v)

v
dv, (2.7)

where F and f ′(v) are given in Eq. (2.3, 2.5), respectively, and vmin =
√
ErmA/(2µ2

A),

the minimum required WIMP velocity to induce a nuclear recoil with energy of

Er. Eq. (2.7) not only reinstates the fact that the WIMP signal rate is higher

for heavier target medium (∝ A2), but also reveals the dependency of the event
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rate on Er. The event rate decreases with increasing Er mainly due to the falling

form factor F(
√

2ErmA), but also partly from the resulting higher threshold of

WIMP velocity vmin. The scattering signal spectra for the three aforementioned

detection media are illustrated in Fig. 2.3, assuming a 30 GeV/c2 WIMP with a SI

WIMP-nucleon cross section of 1× 10−47 cm2.
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Figure 2.3: Elastic scattering spectra for a 30 GeV/c2 WIMP with a spin-
independent WIMP-nucleon cross section σN=1 × 10−47 cm2 in target media of
131Xe (blue), 73Ge (red), and 40Ar (green), respectively.

2.2.2 Annual Modulation

The other signature of WIMP is the annually modulated pattern due to the

Earth’s orbiting around the Sun. As the Sun orbits in the Milky Way Galaxy,

the relative velocity between the Sun and local WIMP is ∼ 320 km/s; however,

since the Earth also moves around the Sun, the local WIMP velocity observed on

the Earth v (i.e. the WIMP velocity relative to the detector) varies with season.

In June, when the Earth’s velocity is in the same direction as the Sun’s orbital

velocity, |v| achieves the maximum; on the contrary, |v| is minimum in December.
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Therefore, WIMP is expected to have the annual modulated signal with higher

rate in the summer and lower rate in the winter, as illustrated in Fig. 2.4.

Figure 2.4: Illustration of the annual modulated WIMP signal. Figure from
Ref. [31].

DAMA/LIBRA Collaboration claimed to detect WIMPs by this annual mod-

ulation method with NaI target [32, 33]. However, with the detected rate from

the DAMA experiment, the possibilities of induced nuclear recoils or electronic

recoils have been excluded by other experiments [34–37] with different target ma-

terials. To get rid of the model dependence, the SABRE experiment [38] employs

the same NaI target in Laboratori Nazionali del Gran Sasso (LNGS), Italy, where

the DAMA experiment was located, and another identical detector in Australia to

account for the difference between hemispheres.

2.3 Axion Detection

The constraints on axion couplings are mainly from the direct detection exper-

iments and astrophysical observation (stellar evolution). This section focuses on
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the axion search in direct detection experiments. Sec. 2.3.1 briefly summarize the

dedicated axion searches with different types of experiments. Sec. 2.3.2 discusses

the hunt for solar axions, while Sec. 2.3.3 focuses on the detection for ALP DM;

both of them use xenon as the detection medium.

2.3.1 Axion Experiments

A variety of experiments have been deployed or under planning to search for

axions. Based on the axion sources, they can be roughly categorized into laser-

induced axion experiment (LSW), solar axion experiment (helioscope), or galac-

tic DM axion experiment (haloscope). Most of them rely on two possible axion

couplings — the axion-photon coupling (Primakoff effect) and the axion-electron

coupling (axio-electric effect).

In the Light-Shining-through-a-Wall (LSW) experiments like ALPS [39], a

strong laser is utilized to shine on the wall and a receiver is on the other for

detection. Photons cannot penetrate the wall. However, the photon and axion

can be converted to each other in the presence of external electric or magnetic

fields if there is a finite coupling between axion and photon, which is known as the

Primakoff effect.6 By adding external magnetic fields on both sides, the photons

emitted by the laser is possible to be converted into axions on the source side,

which can “shine” through the wall due to its feeble interaction and be detected

by the receiver when converted back to photons under the magnetic field on the

detection side. The magnetic field are usually perpendicular to the axion/photon

propagation direction to maximize the conversion probability.

The axion helioscope experiments, notably CAST [42] and its successor IAXO [43],

6Sometimes the effect of photons being converted into axions are called Primakoff effect and
the other direction is referred to as inverse-Primakoff effect [40, 41].
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mostly detect solar axions by the Primakoff effect. Solar axions can emerge with

energies of O(keV) via several mechanisms (Sec. 2.3.2.1). In the CAST experi-

ment, solar axions could be converted into X-rays within the 9T magnet directed

towards the Sun with a probability of

Pa→γ =

(
gaγB

sin(qL/2)

q

)2

, (2.8)

where q = m2
a/2E is the axion-photon momentum transfer in vacuum, and L =

9.26 m for CAST. Therefore, the sensitivity for higher mass (ma & 10 meV/c2) is

quickly reduced due to the suppressed axion-photon conversion probability.

The ADMX experiment [44], one of the most sensitive cold axion DM search

experiments, use microwave cavity for axion detection. The cavity is permeated

with magnetic field; if the cavity’s resonant frequency matches with the axion

field, an axion passing through the cavity would be converted into a photon and

subsequently be detected with a sensitive microwave receiver. As the entire mass

of an axion is converted to the energy of the photon, the preferred QCD axion mass

between µeV and meV correspond to frequencies between 240 MHz and 240 GHz.

The resonant frequency of the cavity is tunable by adjusting the size of the magnetic

field and/or moving a dielectric tuning rod. The signature for a fixed-mass axion

in the microwave cavity experiment is a quosi-chromatic signal at the expected

O(GHz) frequency with an O(kHz) dispersion from the DM velocity distribution.

2.3.2 Solar Axions

2.3.2.1 Production

Axions can be produced in the Sun from its coupling with electrons, photons,

and nucleons, respectively.
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For coupling between electron and axion, solar axions are generated from three

mechanisms: (1) Atomic deexcitation and recombination, (2) Bremsstrahlung, and

(3) Compton Scattering, which are collectively referred to as ABC process [18].

The main contribution of ABC axion flux comes from the Bremsstrahlung process

since the dominant matter in the Sun, i.e. hydrogen and helium, are fully ionized.

Axion fluxes from Bremsstrahlung and Compton scattering are both continuous,

as illustrated in Fig. 2.5 (blue), while the peaks above the continuum are from

the atomic deexcitation and recombination. The ABC flux scales with the axion-

electron coupling gae as

ΦABC
a ∝ g2

ae. (2.9)

The Sun would also emit axions if there is a finite coupling between photons and

axions. In this case, photons can be transformed into axions in external electric

or magnetic fields. This axion emission process is known as the Primakoff process.

The Primakoff flux is given by [16]

dΦPrim
a

dEa

=
( gaγ

GeV−1

)2
(
Ea

keV

)2.481

e−Ea/(1.205 keV)

× 6× 1030 cm−2s−1keV−1,

(2.10)

where Ea is the axion energy and gaγ is the axion-photon coupling.

Lastly, axions can be emitted from the 57Fe nuclear deexcitation. Special at-

tention is devoted to 57Fe instead of other isotopes due to two reasons: (1) 57Fe is

relatively abundant in the core of the Sun, which is (9.0± 1.2)× 1019 cm−3 [45] or

2.8 × 10−5 abundance by mass fraction [46]. (2) The lowest excited state of 57Fe

is 14.4 keV (M1 transition) and thus is possible to be thermally excited given that
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Figure 2.5: Fluxes of ABC (blue), 57Fe (purple), and Primakoff (orange) solar
axions with the couplings of gae = 3.5 × 10−12, geff

an = 1 × 10−6, and gaγ = 2 ×
10−10 GeV−1, respectively. Each flux scales with the square of the corresponding
coupling. The ABC axion flux is obtained from Ref. [18].

the average temperature in the core of the Sun is ∼ 1.3 keV. The excited state of

57Fe decays to the ground state by emitting γs; however, should axions are coupled

to nucleons, the decay process can happen with emission of axions of 14.4 keV. In

this case, the 57Fe solar axion flux is given as [46, 47]

Φ
57Fe
a =

(
ka

kγ

)3

× 4.56× 1023(geff
an)2 cm−2s−1, (2.11)

where ka and kγ are the momenta of the produced axions and photons, respectively,

geff
an is the effective axion-nucleon coupling and is defined as

geff
an = −1.19g0

an + g3
an, (2.12)

where g
0/3
an is the isoscalar/isovector coupling constant and −1.19 is a coefficient

dependent on 57Fe nuclear structure. With that said, the definition of geff
an is

isotope-dependent and the definition of the effective axion-nucleon coupling geff
an
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in Eq. (2.12) only works for axions emitted by 57Fe. The three components of

the solar axion flux are summarized in Fig. 2.5, with the assumed couplings as

gae = 3.5×10−12, geff
an = 1×10−6, and gaγ = 2×10−10 GeV−1. We note that the all

the derived solar axion fluxes are under the assumption that axion is massless so

that the kinetic energy dominates the total axion energy; the calculation including

a finite axion mass does not present much difficulties though [48].

2.3.2.2 Detection

Besides the dedicated axion experiments, which mainly employ the Priamokff

effect for detection, liquid xenon detectors can also search for axions by the axio-

electric effect, the axion analog of photoelectric effect. In the axio-electric effect,

the total energy of axion is fully absorbed by the target medium. The energy

threshold in liquid xenon experiments is usually O(keV), e.g. 1 keV detection

threshold in XENON1T (Sec. 5.2.1), therefore the O(keV) solar axions are observ-

able in liquid xenon detectors. Different from WIMP signals, axions would induce

ER signals in the absorption process, with a cross section given by [47–50]:

σae = σpe
g2

ae

β

3E2
a

16παm2
e

(
1− β2/3

3

)
, (2.13)

where σpe is the photoelectric cross section, gae is the axion-electron coupling, β

and Ea are the velocity and energy of the axion, respectively, α is the fine structure

constant, and me is the electron mass.

The photoelectric cross section σpe with xenon atoms, one of the key compo-

nents to calculate the absorption cross section σae, can be acquired from Ref. [51].

The obtained cross section σpe with a few discrete energies necessitates an inter-

polation, which is done in the logarithm of both energies and cross sections in the

27



100 101 102

Eγ [keV]

101

102

103

104

105

106

σ
p
e
 [b

/a
to

m
]

Figure 2.6: Photoelectric cross section σpe for xenon atoms. The data points are
from Ref. [51] and the dashed line is the interpolation. See text for more details.

following way suggested by NIST [52]:

1. Linear interpolation in the log-log scale for each shell below K shell (34.5 keV

for xenon atoms).

2. Cubic-spline interpolation in the log-log scale for energies above K shell.

Both data points and the interpolation are illustrated in Fig. 2.6, where the

interpolated line follows the data points quite well. Reciprocally, a linear interpo-

lation in the linear-linear scale would overestimate the cross section, as the true

relationship between photon energies and σpe is more close to a convex function.

Since the massless assumption was used in the solar axion flux derivation, it

was also applied in the detection for consistence. Eq. (2.13) is then simplified as

σae = σpe
g2

aeE
2
a

8παm2
e

, (2.14)

where the cross section σae is mass-independent.7 To determine a mass upper limit

7Ea does not equal mac
2 as it is dominated by kinetic energy.
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for the massless assumption, σae from Eq. (2.13) for several fixed axion energies are

depicted as the function of the axion mass ma in Fig. 2.7, where we conservatively

consider σae is mass-independent for ma below 100 eV/c2.
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2× 100
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Figure 2.7: Axio-electric cross section σae as a function of axion mass ma for three
axion energies, including 1 keV (blue), 1.5 keV (red), and 2 keV (green), which are
typical energies for solar axions. In all cases, σae is constant forma below 100 eV/c2.
The assumed axion-electron coupling gae is 3.5× 10−12. 1 zb = 10−45 cm2.

With the axio-electric cross section σae given in Eq. (2.14) and solar axion flux

shown in Fig. 2.5, we are able to compute the solar axion spectra for a perfect xenon

detector, i.e., without energy smearing or effciency loss, as shown in Fig. 2.8. The

sharp increases at ∼5 keV for both ABC and Primakoff axion spectra are due to the

increased photoelectric cross section σpe from xenon L shell, resulting in “double-

peak” features for both signals (more evident for the Primakoff axion). Since the

flux of each component scales with the square of the corresponding coupling while

σae scales with g2
ae, the ABC, Primakoff, and 57Fe axion detection rates scale with

g4
ae, g

2
aγg

2
ae, and (geff

an)2g2
ae, respectively, which holds for all solar axion experiments

via the axio-electric detection channel. As previously discussed, the solar axion

spectra in Fig. 2.8 hold for any axion mass below 100 eV/c2, therefore one does
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Figure 2.8: Solar axion spectra in a perfect xenon detector, i.e., without energy
smearing and efficiency loss. The increase at ∼ 5 keV is due to the L-shell electrons
of xenon atoms. Since axio-electric cross section σae scales with g2

ae, the ABC,
Primakoff, and 57Fe axion detection rates scale with g4

ae, g
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ae, and (geff
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respectively.

not need to take into account the look-else effect, which requires to include a trial

factor due to multiple tests, if the considered axion mass is restricted to this region.

Recently, proposed in Refs. [40, 41], axions can also scatter with xenon atoms

through the inverse-Primakoff process, which emits a photon and produce an elec-

tronic recoil. This new detection channel was not considered in the solar axion

search in XENON1T but its potential impact is discussed in Sec. 5.6.7.

2.3.3 Galactic ALPs

ALPs, like QCD axions, are pseudoscalar bosons, but with decay constant and

particle mass (Eq. (1.3)) decoupled from each other and instead taken as two

independent parameters. This decoupling allows 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 [53], and could be absorbed
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in liquid xenon detectors via the axioelectric effect like their QCD counterparts.

Therefore, the detection signature of ALP DM in the liquid xenon detectors is a

mono-energetic peak centered around its rest mass, different from the continuous

spectrum arising from solar axions.

Since the local DM velocity is non-relativistic, Eq. (2.13) can be approximated

as

σae = σpe
g2

ae

β

3m2
a

16παm2
e

. (2.15)

The detected rate of ALPs per atom is:

R = NA
ρ0

ma

v, (2.16)

where NA is the Avogadro number, ρ0, ma, and v are the density, rest mass, and

velocity of local ALP DM, respectively.8 From Eq. (2.15, 2.16), the ALP detection

rate is then:

Rate =NAρ0c
3

16παm2
e

kg · day · keV · b

(gae)
2

A

ma

keV

σpe

b
kg−1day−1,

(2.17)

where A is the atom mass number. With known parameters plugged in, Eq. (2.17)

can be simplified as

Rate ' 1.5× 1019

A
g2

ae

(
ma

keV/c2

)(σpe

b

)
kg−1day−1. (2.18)

The rate coefficient (1.5 × 1019) from our calculation is consistent with Ref. [54]

8ALP DM velocity v does not enter the final rate as it cancels between cross section and flux.
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for the DM density used in this work. One should resist concluding that the

galactic ALP absorption rate in the detector increases with ALP mass ma from

Eq. (2.18), as the rate is also dependent on the photoelectric cross section σpe,

which is evaluated at mac
2 and thus leads to a generally decreasing detection rate

for ALPs with higher masses. The ALP detection rate dependency on ALP mass

will be discussed in Sec. 6.2.
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Chapter 3

Analyzing the XENON1T Data

This chapter presents the XENON1T experiment with a focus on the data

analysis and is organized as follows. Sec. 3.1 briefly introduces the XENON1T

experiment. The corrections for signal and position reconstruction are given in

Sec. 3.2. Various calibrations that were done in XENON1T to understand the

detector response are detailed in Sec. 3.3. Sec. 3.4 discusses the background com-

ponents in the context of the WIMP search with an emphasis of surface background

that contributes substantially in the signal reference region.

3.1 The XENON1T Experiment

The XENON1T experiment was located at the Laboratori Nazionali del Gran

Sasso (LNGS) with a depth of 3600 m water equivalent. The experiment utilized

a two-phase xenon TPC and was primarily designed to search for DM, in partic-

ular the hypothetical WIMPs. The cylindrical TPC of 97 cm length and 96 cm

diameter in XENON1T featured a LXe target of ∼ 2 tonne and was confined by

24 polytetrafluoroethylene (PTFE) reflectors. In total there were ∼ 3.2 tonne LXe

inside the detector so as the other 1.2 tonne plays the pivot role of shielding back-
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grounds from detector materials, such as the radioactivities from cryostat vessels

and flanges. 128 and 121 PMTs were deployed in the top and bottom array for

signal detection, respectively. The XENON1T TPC is illustrated in Fig. 3.1.

The XENON1T experiment was operated from Nov. 2016 to Dec. 2018, which

could be divided into three main science runs:

• Science Run 0 (SR0): Nov. 22, 2016 – Jan. 18, 20171

• Science Run 1 (SR1): Feb. 2, 2017 – Feb. 8, 2018

• Science Run 2 (SR2): Feb. 8, 2018 – Dec. 10, 2018

Both SR0 and SR1 data were used to search for DM and other rare processes

while SR2 is more close to a R&D run where multiple tests were performed for the

upgrade in XENONnT [55].

3.2 Energy and Position Corrections

After energy and position reconstruction mentioned in Sec. 2.1, both the signal

sizes and reconstructed positions need further corrections, which are detailed in

Sec. 3.2.1 and Sec. 3.2.2, respectively.

3.2.1 Energy Corrections

Both S1 and S2 signal sizes are dependent on the event positions and thus

require correction.

S1 Correction Based on the detection method described in Sec. 2.1, the S1

1SR0 was interrupted by an Earthquake.
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Figure 3.1: Illustration of the XENON1T TPC. It is built from materials selected
for their low radioactivity, e.g., OFHC copper, stainless steel and PTFE. The top
and bottom PMT arrays are instrumented with 127 and 121 Hamamatsu R11410-
21 PMTs, respectively. Figure published in Ref. [56].
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size can be expressed as:

S1 = nph · εLCE(x, y, z) · (1 + pDPE) · εQE · εCE, (3.1)

where nph is the number of generated photons at the interaction site, εLCE is

the number of photons that hit the PMT photocathode per generated photon

at the interaction site and is referred to as S1 light collection efficiency (LCE),

pDPE is the probability of double photoelectron emission (DPE) effect [57, 58],

where two photoelectrons are occasionally emitted when one photon hit the PMT

photocathode, quantum efficiency εQE is the ratio between incident photons and

emitted photoelectrons, and εCE is the collection efficiency of photoelectrons within

the PMT.
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Figure 3.2: S1 LCE map with respect to the mean of LCE across the XENON1T
TPC using 83mKr data in SR1. The LCE is averaged out along the azimuthal
angle.

From Eq. (3.1), it is apparent that the S1 spatial dependency is virtually in-
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troduced by εLCE.2 The S1 LCE is mainly affected by two factors: the scintillation

propagation length and the number of reflections. The scintillation light can be

absorbed by impurities in LXe, mainly H2O. As the refractive index of LXe for its

intrinsic scintillation light at 180 nm is ∼1.57 [60], most photons would experience

total reflection at the liquid-gas interface; therefore, a large fraction of S1 signal

would be detected by the bottom PMT array. A large solid angle to the bottom

PMT array means a shorter average distance for photons to reach the bottom

PMTs and therefore a larger LCE. The reflectivity of PTFE is high but not 100%,

thereby less number of reflections also leads to a larger S1 LCE.

To correct the spatial dependence, the 32.1 keV peak from 83mKr calibration

data was used to map out the S1 LCE. 83mKr is an internal calibration source

produced by 83Rb in the xenon purification system and can mix homogeneously

with LXe. 83mKr decays via a two-step scheme with the first decay of 32.1 keV

that is easy to identify. The mapping result is illustrated in Fig. 3.2. The S1 LCE

is maximum right above the center of cathode and is minimum at the corner of

the top part of the TPC. S1 is then corrected to the mean of S1 LCE throughout

the TPC, known as the corrected S1 (cS1). Therefore, Eq. (3.1) can be modified

as:

cS1 = nph · 〈εLCE〉 · (1 + pDPE) · εQE · εCE, (3.2)

where the spatial dependence is almost gone. The S1 LCE map obtained from

83mKr calibration source is applicable to all types of events except for those with

large S1 signals that are saturated in the PMTs (e.g. α events, see Sec. 3.4.4.2).

S2 Correction Similarly, S2 can be written as:

2In fact, nph is also implicitly dependent on the positions as it is affected by the non-uniform
electric field. This subdominant effect is beyond the scope of this thesis but was considered in
the XENON1T analysis [59].
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S2 = ne · f(t) · εext(x, y) · ASE(x, y) · εLCE(x, y)

· (1 + pDPE) · εQE · εCE,

(3.3)

where ne is the number of induced electrons at the interaction site, f(t) accounts

for the electron attachment along the drift in z direction with a drift time t, εext

is the extraction efficiency of electrons at the liquid-gas interface, single electron

amplification ASE is the number of generated photons in the electroluminescence

process per extracted electron, εLCE is the number of photons reach the PMT

photocathode per generated photons in the electroluminescence process and is

denoted as S2 LCE, and the rest are the same as Eq. (3.1). A three-dimensional

correction for S2 is clearly necessitated from Eq. (3.3).

The correction in z direction is relatively straightforward. When the induced

electron cloud drifts upwards under the established drift field, a fraction of the

electrons would be attached to electronegative impurities (mainly O2 dissolved in

LXe) and thus is attenuated by the drift time. Therefore, S2 is related to its drift

time t by:

S2(t) = S20 exp(−t/τ), (3.4)

where τ is defined as the electron lifetime (EL), which can be extracted from any

mono-energetic data using Eq. (3.4). The EL trend in SR0 and SR1 is shown in

Fig. 3.3, where three mono-energetic peaks, 83mKr, 218Po (α), and 222Rn (α), were

used to extract the EL. A discrepancy was found between the EL from 83mKr and

that from two α emitters and is not understood yet [59]. Since the energy of 83mKr

decays is closer to the ROI of DM search, the EL from 83mKr data was used for
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the correction in the following way. A dedicated EL temporal model [61] was fit to

the measurements from α decays, which provides more continuous measurements,

and was then scaled to 83mKr measurements.
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Figure 3.3: Electron lifetime evolution in SR0 and SR1. The vertical colored
bands indicate different calibrations. The electron lifetime measured from decays
of 83mKr, 218Po, and 222Rn are illustrated in black, green, and red dots, respectively.
The gray line (band) is the best-fit (±1σ) of an electron lifetime temporal model
to the measurements from 218Po and 222Rn and the blue line (band) is the scaled
the best-fit (±1σ) based on 83mKr measurements. Figure published in Ref. [59].

After accounting for the electron attachment, S2 still have xy dependence re-

sulting from εext, ASE, and S2 LCE. Under the electric attractive force between

anode and gate, center region has a shorter distance between the two electrodes

and thus a stronger extraction field than the edge, which is known as the electrode

warping. As both εext and ASE increase with extraction field [62], the product of

the two components, i.e. S2 amplification, is the largest at the center and decreases

gradually to the edge. This electrode-warping effect has the same impact for S2

signals detected in the top and bottom PMT array; S2 LCE, on the contrary, has

a distinct impact. Since the S2 signal generation site is between the liquid-gas in-

terface and the anode, which is much closer to the top PMT array (∼7.5 cm) than

the bottom PMT array(∼1 m), the S2 LCE has a strong xy dependence in the
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Figure 3.4: Correction maps for S2 signals in top (top) and bottom (bottom)
PMT array from 83mKr calibration source. Both S2 light yiled are normalized to
the average value in each map. See text for more details.
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top PMT array but a negligible xy dependence in the bottom.3 Consequently, the

bottom PMT array is more resilient to non-functional PMTs due to the negligible

xy variation of S2 LCE.The final S2 correction map is a multiplication of these

two effects and is shown in Fig. 3.4. The S2 correction of the bottom PMT array

decreases gradually from the center to the edge since it is mainly impacted by the

electrode warping, whereas the correction map of the top PMT array has patchy

structures due to the non-functional PMTs. As a result, cS2b, the corrected S2 in

the bottom PMT array, can be conveyed as

cS2b = ne · 〈εext〉 · 〈ASE〉 · 〈εbLCE〉

· (1 + pDPE) · εQE · εCE,

(3.5)

and was adopted in the DM search. It is important to note that the S2 correction

is based on its observed position since that is where it is generated, while the S1

correction is based on its interaction position due to the same reason.

3.2.2 Field Distortion Correction

An uniform drift electric field is desirable in TPC for many benefits, includ-

ing a good position reconstruction. However, the homogeneity of electric field is

inevitably degraded by the edge effect, even with the presence of evenly-spaced

copper rings (shaping rings) to shape the drift field. The distorted electric field

necessitates a correction to the reconstructed position.

3To some extent, S2 LCE xy variations in the top and bottom PMT array are similar to
the S1 LCE variation in the bottom and top parts in Fig. 3.2, respectively, due to the distance
between the generation site and the detection PMT array.
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3.2.2.1 Electric Field Distortion

Four xy positions that are related but slightly different should be distinguished:

• Interaction position, where the particle interacts with xenon atoms

• Gate position, where the ionized electrons are extracted at the liquid-gas

interface

• Observed position, where the event is reconstructed based on observed pat-

tern in the top PMT array

• Corrected position, which is further corrected from observed position to ac-

count for field distortion

Both interaction and gate positions are true positions; these two position are

typically different as the drift trajectory is distorted from a vertical line by the

electric field. The observed and corrected positions are the reconstructed positions

corresponding to gate and interaction positions, respectively.

Typically, the gate position is pushed inwards due to the accumulated nega-

tive charge on the PTFE panels and the deviation increases with drift time. This

effect is illustrated in Fig. 3.5. The interaction positions of surface events (see

Sec. 3.4.4) are supposed to be in proximity with PTFE panel; the observed po-

sitions of background events, shown in Fig. 3.5, exhibit a larger inward tendency

with an increasing depth.

The effect was already widely acknowledged by the community and was ac-

counted for by applying field distortion correction (FDC) in two dimension, i.e. rz

parameter space. Typically, this correction was based on 2D field simulations. We

note that this method presumes an azimuthal-symmetry in xy gate positions.
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Figure 3.5: The observed positions of surface events (see Sec. 3.4.4), which happen
in proximity with the TPC boundary (black line), are illustrated with different
periods, including April 2017 (magenta), September 2017 (blue), and January 2018
(green). The horizontal uncertainties are the 1 − σ resolution from the Gaussian
fitting and vertical uncertainties reflect the chunk width in z direction. Figure
adapted from Ref. [59].

83mKr was also used for the field distortion correction. The relatively long

half-life (∼ 1.83 hour [63]) allows 83mKr source to be mixed homogeneously in the

horizontal direction and thus we expect the interaction positions of 83mKr events

to be uniform in xy plane. In Fig. 3.6, the observed positions of 83mKr are close to

the 24 fixed panels that are connected to electrodes for the shaping rings but move

inwards from the 24 sliding PTFE reflectors that are without electrode connections.

The inward tendency for events near each sliding PTFE reflector is also different.

This azimuthal-dependent field distortion motivates a position correction in three

dimensions, i.e, (r, z, φ), where φ is the azimuthal angle in the horizontal plane.

Furthermore, a time-dependent field distortion was observed due to the charge

accumulation on PTFE panels over time. In Fig. 3.5, the observed positions of

surface events from January 2018 are further inwards than that from April 2017,

necessitating a time-dependent FDC.
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Figure 3.6: Reconstructed xy position distribution of 83mKr events from neural
network algorithms without field distortion correction. The event distribution is
away from the 24 sliding PTFE reflectors (black segments) that are not in contact
with the electrodes and coincide with the fixed reflectors (magenta segements) that
are connected to the electrodes. Figure published in Ref. [59].
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3.2.2.2 Time-dependent 3D Field Distortion Correction

A natural idea is to use 3D field simulation to provide input for the fully-

motivated 3D FDC. However, this was not used due to the expensive computing,

and more importantly, the lack of a precise model for the charge accumulation on

each panel and over time. Instead, we used a data-driven method based on 83mKr

data that does not encounter either issue mentioned above.

The correction is based on two assumptions:

1. 83mKr 41.5 keV population is uniform in r2 direction.4

2. Field distortion only shifts event positions in radial direction.

There is one additional requirement that the observed (or uncorrected) positions

should be continuous in radial direction. Due to the second assumption, we can

correct (r, z) positions instead of (x, y, z) since φ does not require correction.5

83mKr data is divided into slices in both φ and z directions. Based on the uni-

formity assumption, 83mKr events within each small slice are shifted from observed

positions to corrected positions such that these events are evenly spaced. For each

corrected position, the corresponding observed position is found by quantile; the

TPC boundary in observed position is defined as the 98% quantile in each slice due

to smearing. For example, for the corrected position of 20 cm, the corresponding

observed position would be 98%× (202/47.92) = 17.1% in r2, where 47.9 cm is the

TPC radius. See the illustration in Fig. 3.7. After mapping out the correspon-

dence between observed positions and corrected positions, the discrete mapping is

then interpolated to be continuous. While the mapping provides r correction, the

corrected z position is subsequently obtained using Pythagoras theorem under the

4This assumption is verified in Sec. 3.2.2.3.
5It is still a 3D correction as r and z corrections are based on 3 parameters, i.e. (r, z, φ).
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Figure 3.7: Illustration of radial position mapping from observed positions (left) to
corrected positions (right) in 83mKr data based on the data-driven 3D FDC. The
dashed and solid lines in the two plots correspond to each other. Left: Dashed
lines represent 10%, 20%, ..., 90% quantiles in r2

obs direction in each horizontal slice.
The observed position of detector boundary is considered to be reconstructed at
98% quantile due to smearing and is denoted by the black solid line. Right: All the
lines represent true positions. The black line is the TPC boundary at r = 47.9 cm,
whereas the dashed lines show the nine deciles in r2 within the TPC.

assumption that the electron drift trajectory is a straight line. Therefore, the r

and z correction can be expressed as:

rc = f(robs, φobs, zobs)

zc = −
√
z2

obs − (rc − robs)2,

(3.6)

where the observed positions are indicated by subscript “obs” and corrected posi-

tions are with subscript “c”.

To account for the time dependence, 83mKr calibration data was divided into 4

periods with equal calendar time, and the same correction procedure was repeated

in each period. Due to less statistics in the last period, we have 30 and 120 slices

in z and φ direction in this period, respectively, but 40 and 180 slices in the rest

periods.
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3.2.2.3 Correction Performance

The 3D FDC performance is tested by check corrected positions of uniform and

non-uniform distributed events.

131mXe, a metastable xenon isotope activated by fast neutrons, produces a

mono-energetic peak at 163.9 keV via interval conversion (IC) with a half-life of

11.84 days [64]. 131mXe is considered to mix uniformly in LXe due to its long

half-life, therefore the corrected positions of 131mXe should be homogeneously dis-

tributed if the 3D FDC works right. The uniformity of 131mXe corrected positions

is measured by the Kolmogorov–Smirnov (KS) test [65, 66], which compares an

observed distribution to an expected distribution by two metrics, KS test statistic

and p-value. The KS test statistic means the largest difference of the cumulative

density probability between the predicted distribution (uniform distribution in this

case) and the observed distribution. The observed distribution is more similar to

the predicted distribution when the KS test statistic is closer to 0. The p-value has

the regular meaning that indicates how extreme the case is, and a tiny p-value sug-

gests an unlikely scenario. The null hypothesis for the p-value is that the observed

distribution follows the predicted distribution.

Table 3.1: Kolmogorov–Smirnov test (KS test) results of 131mXe event distribution
under 2D and 3D FDC, respectively.

Method KS test statistic p-value
2D FDC 0.0231 0
3D FDC 0.0042 0.55

The KS test result for 3D FDC corrected positions is shown in Tab. 3.1, together

with that from the traditional 2D correction. The KS test statistic for 3D FDC is

less than 1/5 of that in 2D FDC, suggesting that 3D FDC outperforms 2D FDC.

Furthermore, the good agreement between predicted and observed distribution in
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3D FDC (p = 0.55) not only shows a good performance of 3D FDC for uniformly

distributed events, but also verifies the assumption that 83mKr events are uniform

in horizontal direction, otherwise the derived correction would make 131mXe events

non-uniform. The good performance is further confirmed by another uniformly

distributed source, 222Rn, which yields a p-value of 0.07.

Figure 3.8: Neutron generator event positions from data after 3D FDC (left) and
MC simulations (right).

Neutron generator (NG) events, on the other hand, have non-uniform distri-

bution as they are from an external source. The predicted positions are provided

by MC simulations and are used to compare with corrected positions in data after

3D FDC, as shown in Fig. 3.8, where an acceptable similarity is found. The gap in

upper right region for 3D FDC in Fig. 3.8 (left) is due to the lack of φ correction.

Since the FVs used in XENON1T are φ-independent, the small distortion in φ

direction has negligible impact on the final results.

The surface events are used to check the time-dependence for 3D FDC. As illus-

trated in Fig. 3.9, the corrected positions of surface events from different periods

are all close to the TPC boundary and do not exhibit a difference from each other;
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Figure 3.9: Corrected positions of surface events (see Sec. 3.4.4) after 3D FDC.
Events from different periods are denoted with different colors and are all aligned
with the TPC boundary (black dashed line) as expected. Figure adapted from
Ref. [59].

therefore, we conclude that 3D FDC also gets rid of the time dependence that was

observed in Fig. 3.5.
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Figure 3.10: Position resolution of surface events from the top part (blue) of the
detector are consistent with that of the same S2 size but from the bottom part
(red) of the detector.

49



The improved position resolution can also be inferred by the surface events.

Since the position reconstruction is based on the illuminated pattern of top patterns

from S2 signals, it is natural to relate the position resolution to the S2 size. As

shown in Fig. 3.10, surface events in the same S2 slice from the top and bottom

part of the TPC have similar position resolution, indicating that the electron cloud

diffusion in XENON1T has a negligible impact on the position reconstruction.

Although position resolution is not dependent on the depth z, we note that depth

may implicitly impact the position resolution as events from deeper z have smaller

S2 due to the finite electron lifetime.
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Figure 3.11: Radial position resolution σR at the TPC boundary as a function of
S2 size, which is fit by the empirical formula Eq. (3.7) in the orange line. The S2
threshold (200 PE) used in the WIMP search is indicated by the gray dashed line.
Figure adapted from Ref. [59].

Fig. 3.11 shows the position resolution in radial direction as a a function of S2

size, which follows an empirical formula:

σR = a+ b log10(S2/PE) + c
√
S2/PE, (3.7)
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with a = (52±2) mm, b = (−16.1±0.8) mm, c = (0.19±0.03) mm. We emphasize

that this is the position resolution of events happening near the TPC surface,

which could be degraded compared to that in the center due to the fewer PMTs for

receiving signals and the extra complexity of the reflection from the slanted PTFE

in the electroluminescence region. It is remarkable to achieve position resolution

below 1 cm with 3” PMTs (7.62 cm in diameter) for S2 larger than 1000 PE.

3.3 Detector Calibrations

Various sources were employed to calibrate different aspects of the XENON1T

detector. 220Rn calibration source was used to understand the detector response

of ER events, while NG and 241AmBe, both generating neutrons, were for NR

events. Periodical LED calibrations were performed to measure and monitor the

properties of PMTs, including the PMT gain that is critical for photoelectron (PE)

conversion. Another calibration sources that were regularly taken is 83mKr, which

can be utilized to characterize many important detector responses, such as S1 and

S2 LCE correction (Sec. 3.2.1), position correction (Sec. 3.2.2), etc. This section

will describe the ER calibration, NR calibration, and energy scale calibration in

XENON1T.

3.3.1 Electronic Recoil Calibration

As mentioned in Sec. 2.1, the ER events and NR events can be discriminated

by the different ratio of S2/S1, it is vital to calibrate their response in (S1, S2)

parameter space.

220Rn calibration source is used in XENON1T for several reasons. First, it is an

internal source that can mix with the LXe. As XENON1T is a tonne-scale detector,
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Figure 3.12: 220Rn decay chain. β decays of 212Pb are used for ER calibration in
XENON1T. Figure published in Ref. [67].

internal calibration source is more desired than external calibration sources, such

as 137Cs which was used in the XENON100 detector [68]. Second, as shown in

Fig. 3.12, the half-life of isotopes in the 220Rn chain are relatively short and thus

the injected radioactivity can naturally decay away within one week, which in this

sense is better than the tritium source that requires a dedicated effort to remove [69,

70] otherwise would end up as an annoying background [24]. Third, it can produce

ample single scatter events in low energy region (< ∼11 keVee), which is the ROI

for WIMP searches. Last but not least, 220Rn decay chain is quite similar to 222Rn

decay chain. We can study 212Pb to learn more about 214Pb, a daughter of 222Rn

and one of the dominant backgrounds in XENON1T’s WIMP search; in addition,

the coincidence between 212Bi and 212Po, i.e. the so-called 212BiPo tagging, can be

studied and used in the similar 214BiPo tagging to infer 214Pb activities.

A total of six 220Rn calibrations were done during SR0 and SR1 in XENON1T.
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Figure 3.13: 220Rn calibration data in SR1. Blue solid and dashed lines are the
ER band median and ±2σ quantiles, respectively. The red line is the NR band
median from Fig. 3.14. Gray lines show isoenergy contours in ER energy.

A set of data quality cuts were then investigated based on this ER calibration data

and most of the efficiency estimation are also from this data. It is important to

note that these data quality selection are also applicable to NR events. The ER

calibration data with good quality was then fed into a microphysics model [71]

to simulate the event response in a similar way to NEST [72]; the distribution of

ER events in (S1, S2) parameter space is referred to as ER band, as shown in

Fig. 3.13. To avoid human bias, the data in signal reference region was blinded

until everything is finalized; the blinding criterion is largely defined by the lower

bound of ER band.

3.3.2 Nuclear Recoil Calibration

Two calibration sources were used for NR calibration in XENON1T: NG [73]

and 241AmBe [56]. Both produce neutrons for the NR calibration. 241AmBe was

used in the XENON100 and early period in XENON1T, and later was replaced

by NG that demands shorter calibration time due to its high intensity, which can
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save more time for DM searches. Additionally, the intense neutron calibration can

increase the purity of NR events over the persisting ER events from the background.
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Figure 3.14: 241AmBe and NG calibration data in SR1. Red solid and dashed lines
are the NR band median and ±2σ quantiles, respectively. The blue line is the ER
band median from Fig. 3.13. Gray lines show isoenergy contours in NR energy.

Similarly to ER calibration, the NR calibration after quality selection was fit by

the response model [71], which later is able to simulate the NR event distribution in

(S1, S2) parameter space, i.e. the NR band, with sufficient statistics. The region

between the NR band median and NR band −2σ from the model simulation is close

to WIMP signal reference region with 50% acceptance of the signal, as illustrated

in Fig. 3.14, but do notice that the reference regiones for WIMPs with different

masses are slightly different. The ER rejection power is defined as the fraction of

ER events that are above the signal reference region. ER rejection powers greater

than 99.5% with 50% NR acceptance have been achieved in XENON1T and other

xenon dual-phase detectors [23–25].
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3.3.3 Energy Scale Calibration

ER events deposit almost all the energy into S1 and S2 signals; therefore, by

combining the two signals, an improved energy resolution can be achieved as the

recombination fluctuation will not enter [74]. The energy can be reconstructed as:

E = (nph + ne) ·W =

(
cS1

g1
+

cS2b

g2b

)
·W, (3.8)

where nph and ne are the number of generated photons and electrons, respectively.

W is the effective energy to produce either a photon or electron; W = 13.7±0.2 eV

for LXe [75].6 g1 = cS1/nph is the average number of detected photoelectrons in

all PMTs per generated photon at the interaction site, while g2b = cS2b/ne is

the average number of detected photoelectrons in bottom PMTs per generated

electron.7 Combined with Eqs. (3.2, 3.5), g1 and g2b can be rewritten as:

g1 = 〈εLCE〉 · (1 + pDPE) · εQE · εCE

g2b = 〈εext〉 · 〈ASE〉 · 〈εbLCE〉 · (1 + pDPE) · εQE · εCE.

(3.9)

From Eq. (3.9), one can found that g1 is dependent on the S1 LCE εLCE in the

detector, while g2b relies on S2 LCE εbLCE and the extraction electric field, the

latter of which will determine the amplification amplitude of an extracted electron

ASE as well as the extraction efficiency εext. A more detailed discussion of g2b

can be found in Ref. [62]. Note that both g1 and g2b are independent of the drift

6The recent measured W value in EXO experiment [76] is lower but does not impact the result
here as (1) it is measured in much higher energy (O(MeV)) and (2) it would only scale g1 and
g2 while the energy resolution remains the same.

7The reason to use cS2b over cS2 can be found in Sec. 3.2.1.
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electric field and the energy of events, which can also be inferred from Eq. (3.9).

Eq. (3.8) can be rewritten as the following:

cS2b

E
= −g2b

g1

cS1

E
+
g2b

W
, (3.10)

where cS1/E and cS2b/E are the light yield and charge yield of one event, respec-

tively. As mentioned above, g1 and g2b would remain the same once the detector

configuration — notably the extraction field — is fixed. From the anti-correlation

of cS1 and cS2b in Eq. (3.10), g1 and g2b values can be inferred from a global

fit with a variety of (cS1/E, cS2b/E). Assuming the interception with y-axis

and the slope of the anti-correlation line is b and k, respectively, g1 and g2b are

subsequently given as

g1 = bW

g2b = −bW
k
.

(3.11)

The different (cS1/E, cS2b/E) pairs come from either different energies or

different drift electric fields, the latter of which only change light and charge yields

and do not impact g1 and g2b. Since the drift electric field is typically unchanged

during a science run, a plenty of mono-energetic peaks are usually utilized to fulfill

this purpose.

In SR1, 6 mono-energetic peaks were used to extract g1 and g2b, as illustrated

in Fig. 3.15. The fitting result shows that in SR1:
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Figure 3.15: A global fit to extract g1 and g2b in SR1. Black points represent light
and charge yields from different mono-energetic peaks which the red line fits to.
The statistical uncertainties of light and charge yields, which are from the fitting,
are too small to be visible.

g1 = (0.1426± 0.0001) PE/ph

g2b = (11.55± 0.01) PE/e.

(3.12)

After factoring out the double photoelectron effect pDPE = 0.219 from the best-

fit in XENON1T [71], the “naked” g1, i.e. the average photon detection efficiency,

is ∼11.7% in SR1, which is consistent with the designed value of XENON1T [77].

3.4 Backgrounds

We discuss four class of backgrounds in WIMP searches. The ER and NR

backgrounds are presented in Sec. 3.4.1 and Sec. 3.4.2, respectively, while two

non-standard backgrounds, accidental coincidence and surface backgrounds are

described in Sec. 3.4.3 and Sec. 3.4.4, respectively.
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3.4.1 Electronic Recoil Backgrounds

ER backgrounds in the ROI of DM search consists of β decays of 214Pb and 85Kr,

Compton scattered electrons from materials, and solar neutrino elastic scattering

off the electrons. More details can be found in Sec. 5.3. Despite the excellent

ER rejection power in the signal reference region, ER backgrounds still contribute

significantly in the DM search in XENON1T due to its large amount.

3.4.2 Nuclear Recoil Backgrounds

NR backgrounds are comprised of three components: (1) radiogenic neutrons,

(2) muon-induced neutrons, and (3) coherent elastic neutrino nuclear scattering

(CEνNS).

The dominant contribution is from the radiogenic neutrons, which are produced

by the radioactivity of the materials via the (α, n) reaction. This background

can be mitigated by selecting radio-free materials, e.g. using radio-free SiPMs

instead of PMTs, the base of which is radioactive. The muon-induced neutrons, i.e.

cosmogenic neutrons, which are induced by the interaction of cosmic muons with

surrounding rock and concrete near the detector, are already greatly suppressed by

the shielding of the mountain for the muons. This background is further reduced

by the water tank outside the XENON1T detector, which can shield both neutrons

and γs. Additionally, the water tank was able to tag the muons and the induced

showers to actively shield the cosmogenic neutron background [78], which is known

as the muon veto. Last but not least, neutrons are possible to scatter off the

xenon nuclei multiple times and produce multi-site signals, whereas WIMP is only

expected to deposit energy once due to its extremely feeble interaction. Therefore,

neutron backgrounds and WIMP signals can be distinguished by the multiplicity
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of events. Nine candidates of multiple scattered neutron events were found in the

1.3T fiducial volume (FV) in SR0 and SR1, consistent with the expectation of

(6.4 ± 3.2) events [71]. The position and energy distribution of these nine events

are shown in Fig. 3.16.
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Figure 3.16: Multiple scattered events in XENON1T. Left: Spatial distribution
of events after FDC. Solid and empty circles represent energy depositions from
neutrons, and the solid circle has the largest S2 size. Depositions induced by the
same neutron are connected by either dashed or solid line. The small black dots
are the ER backgrounds. The 1.3T, 0.9T, and 0.6T FV are indicated by magenta,
blue, and green lines, respectively [23]. Right: Energy distribution of events with
energy corrections. The black and magenta dots are the ER backgrounds and
neutron multiple scatter backgrounds, respectively. The 1σ, 2σ, and 3σ of expected
distribution of multiple scatter neutron events are represented by the solid, dashed,
and dotted magenta lines, respectively. Figure published in Ref. [71].

CEνNS is a process where a neutrino interacts coherently with a nucleus with

low momentum transfer and induces a NR [79], which has been observed by the

Coherent Collaboration with CsI [80] and recentlyliquid argon (LAr) [81] but is

not observed in LXe yet. The CEνNS background is virtually indistinguishable

from the WIMP signals in the (S1, S2) discrimination space, in particular for

low-mass WIMPs. The CEνNS background in XENON1T is mainly from 8B solar

neutrinos [82] and is still subdominant compared to radiogenic neutrons. As DM

direct detection detectors become larger and larger, they will inevitably hit the
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so-called “solar neutrino floor” [83], where the CEνNS contributes a substantial

amount of irreducible backgrounds. However, even then the CEνNS background

can still be distinguished by the phase difference, as the CEνNS background peaks

in the winter due to the Sun-Earth distance change while the WIMP signal has

exactly the opposite phase peaking in the summer (see Sec. 2.2.2).

3.4.3 Accidental Coincidences
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Figure 3.17: The energy distribution of AC background. The ROI of DM search
is between NR band median and NR band −2σ that are denoted by the red and
black dashed lines, respectively. The projections in S1 and S2 directions are also
provided. Figure published in Ref. [71].

Accidental coincidence (AC) is a result of randomly pairing of lone S1 and lone

S2 signals. Lone S1 mainly comes from the dark count in PMTs [84] as well as

regions that are not sensitive to S2 signals, such as the region below the cathode

where produced electrons cannot drift up, or the surface events with diminished

60



S2 signals (Sec. 3.4.4). Lone S2 signals, on the other hand, mostly originate from

single electrons [62, 85], e.g. photoionization from electrodes and electronegative

impurities with electron attachment, electrons that are trapped at the liquid-gas

interface, etc. Sometimes single electrons are misidentified as lone S1 signals.

The AC background is modeled by randomly sampling and pairing lone S1

and lone S2 samples. Lone S1 samples are selected from the small S1s before

the main S1, while lone S2 samples are obtained from low-energy events with

only S2 signals (S2-only events) or S2 signals that are beyond the maximum drift

time. The correction of S1 and S2 size, as well as the field distortion correction,

were then applied to the combined sample. The event selection criteria were also

imposed. The final spatial distribution is rather uniform as expected while the

energy distribution is shown in Fig. 3.17. The AC background model was verified

in 220Rn data as well as a sideband in DM search data, together with surface

background model (see Sec. 3.4.4.3).

3.4.4 Surface Background

Events that lost some of their S2 electrons at close proximity or on the TPC

surface might “leak” into the NR band and get mis-reconstructed inwards to reside

inside the FV, ending up in our signal region. Moreover, when an α emitter on the

TPC surface produces an α towards external direction, the spontaneously recoiled

nucleus might induce a NR signal in LXe. Those events are referred to as surface

events. The observation and modeling of this background are discussed in this

section.
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3.4.4.1 Charge Ljoss on the TPC Surface

Events happening close to or on the TPC surface are likely to lose electrons

to the surface. This so-called charge loss phenomenon were observed in several

data. One of the most convincing observation is from 83mKr calibration data, see

Fig. 3.18 (top). 83mKr events were selected based on its unique two-S1 signature

— which is resulted from its two-decay scheme with the half-life of the second

decay as 154 ns [63] — to ensure the purity. The events in the middle of detector

have a constant cS2b/cS1 value, whereas events near the TPC edge have much

smaller values. The events with significant charge loss, i.e. Log10(cS2b/cS1) < 1,

coincide with the spikes in the observed 83mKr positions, as illustrated in Fig. 3.18

(bottom). As mentioned in Sec. 3.2.2.1, the spike of 83mKr event distribution also

coincide with the 24 fixed PTFE reflector; thus it is very possible that events

happening near or on the fixed PTFE reflector lose charge to the surface, leading

to a smaller S2 for the event itself and an increasing charge accumulation on the

fixed PTFE reflectors.

The charge loss was also observed in 210Po events in the background data,

another notable surface events, which will be presented in Sec. 3.4.4.2. Similarly,

the same phenomenon was found in the low-energy background data, which was

used for the WIMP search. Depending on the extent of the lost charge, surface

events can have a very different cS2b/cS1 and may reside in the NR band, where we

search for WIMP signals. Furthermore, events with smaller S2 tend to have a worse

position reconstruction (Eq. (3.7)) and thus is more likely to get reconstructed

inside the FV. Therefore, surface events severely challenge WIMP search in the

two-phase LXe detectors as they can leak into our signal region and cannot be

easily rejected by fiducialization.
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Figure 3.18: Charge loss in 83mKr calibration data, which are selected based on
the unique two-S1 signature to ensure purity. Top: The cS2b/cS1 ratio is close
to constant for the mono-energetic 83mKr events in the middle, but those near
the TPC boundary (red dashed line) have significantly smaller ratios, indicating
charge loss in 83mKr data. Bottom: The spatial distribution of charge-loss events
(Log10(cS2b/cS1) < 1) is discrete and in coincidence with the 24 fixed PTFE
reflectors in Fig. 3.6.
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3.4.4.2 Surface Background Rates

222Rn chain plays an important role in WIMP search for LXe detectors. 222Rn

originates from the long-lived 226Ra in the primordial 238U chain, the trace of which

are present in all materials. The main background in WIMP search is from the

β decay of 214Pb, daughter of 222Rn. In addition, the main contributor of surface

events also potentially come from this decay chain. The 222Rn decay chain is

illustrated in Fig. 3.19, where each isotope decays relatively fast until 210Pb that

has a half-life of ∼ 22 years. Therefore, events from this decay chain can fall into

two categories: (1) events before 210Pb decay. Due to their short lifetime, the

isotopes are still mixed homogeneously in LXe, such as 214Pb events. (2) Events

after 210Pb decay (including 210Pb decay events). Due to its long half-life, most

210Pb plate out on the PTFE surface, electrodes, etc, and so does its daughter.

Figure 3.19: 222Rn decay chain. The β decay of 214Pb, a 222Rn daughter, is the
main background for XENON1T WIMP search.

A more detailed decay scheme starting from 210Pb can be found in Fig. 3.20.

The Q-value of 210Pb decay is 63.5 keV. Since the half-life of 210Pb is also longer

than its daughters, we expect 210Pb decay rate is the same as its daughters based

on secular equilibrium, including the α emitter, 210Po.

210Po decays via emitting an α particle of 5.3 MeV with 100% branching ratio
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Figure 3.20: The decay scheme of 210Pb and its daughters. Figure from Ref. [86].

(BR). It is easy to be identified as O(MeV) α events have particularly large S1

signals, O(104) PE. S1 signals have O(100) ns duration and such a large signal

would saturate PMTs, especially bottom PMTs that receive the majority of S1

signals. An S1 α correction map was made to account for the PMT saturation

effect following the methods in Ref. [67]; the S1 size after this correction is denoted

as cS1α.

Three α emitters — 222Rn, 218Po, and 210Po — are illustrated in (cS1α, cS2b) in

Fig. 3.21. Despite that all three emit mono-energetic α particles, 222Rn and 218Po

have a well localized population in (cS1α, cS2b) parameter space as expected,

whereas 210Po events have spread distribution of cS2b due to the charge loss.

210Po events are selected by the orange rectangle, the upper limit of which is

to avoid including 222Rn events inside but inevitably misses some 210Po events.

More importantly, this selection method also requires a valid S2 signal, which also

underestimates the number of 210Po events as a large fraction lost the entire S2

signals. Consequently, the estimation of surface background rate from 210Po should

be considered as a lower limit. The selected 210Po events are distributed close to

the TPC surface as expected, see Fig. 3.22.

Assuming all the events within 63.5 keV and reconstructed outside TPC are
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Figure 3.21: Three α emitters in 222Rn decay chain with notation on each popu-
lation. The large spread of cS2b for 210Po events is due to charge loss. cS1α is S1
signal after correction to account for its saturation in some PMTs.
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Figure 3.22: Spatial distribution of 210Po events selected from the orange rectangle
in Fig. 3.21. The reconstructed positions are after the 3D FDC.
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from 210Pb decay, we can have a rough estimation of 210Pb events in SR1. A

quantitative result can be found in Tab. 3.2. This is the average decay rates

throughout SR1 for 210Pb and 210Po. We note that, the estimated 210Pb rate could

contain other event rate such as Compton scattering near PTFE, so we should only

trust the order of magnitude. From Tab. 3.2, estimations from 210Pb and 210Po

only differ by a factor of 2. Using the 15 mBq/m2 activity from 210Pb, the total

activity on the TPC surface is ∼11 mBq; this is comparable to the total 214Pb

activity, which is ∼ 32 mBq based on the nominal 10µBq/kg and 3200 kg LXe in

total utilized in XENON1T. The 214Pb rate is higher than 210Pb rate, probably

because the secular equilibrium has not established for 210Pb. Tab. 3.2 also lists

surface background rates from other noble liquid based DM experiments. LUX

experiment, another LXe DM experiment, has similar surface background rate as

XENON1T. DarkSide-50, a LAr DM detector, has lower surface background rate

thanks to the radon-free cleanroom where the detector was assembled [87].

Table 3.2: Surface background rates in several noble liquid detectors inferred from
either 210Pb or 210Po isotopes. One of the rate in the LUX experiment is for the
cathode surface events, which is indicated in the table.

Detector Isotope Rate [mBq/m2]

XENON1T
210Pb ∼ 15 (this work)
210Po > 7.8 (this work)

LUX

210Pb > 13.5±0.8 [88]

210Po
> 18.2 [89]

> 9.2 (cathode) [89]
DarkSide-50 210Po 2.306±0.011 [90]

3.4.4.3 Surface Background Modeling

Since the surface background has a strong radial dependence, it is possible to

distinguish the WIMP signal from the surface background from the radial distri-
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bution, even though they have an overlap in (cS1, cS2b) space. Therefore, the

surface background modeling is required to model the radial distribution besides

the traditional (cS1, cS2b) distribution; in addition, the z position is also required

to optimize the FV.

The position resolution of surface events is provided in Eq. (3.7); however,

the Gaussian distribution of surface events tends to underestimate events that get

reconstructed far inwards, i.e. events on the tail, which are exactly the events that

challenge the WIMP search. A better model is necessitated to predict non-gaussian

distributed “tail” events.

Two different and complementary methods were used to obtain the f(r|S2)

relation for the surface background. The tail fitting method relies on an array of

functions fitted to data, while the Adaptive Kernel Density Estimation (AKDE)

model uses a Probability Density Function (PDF) of the data themselves to obtain

the distribution of surface events inside the TPC.
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Figure 3.23: Radial distribution of surface events within a specific S2 range (257,
283) PE fitted by skew Gaussian (brown) and skew t (orange) functions, respec-
tively.
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In the tail fitting method, surface sample data are divided into multiple S2

slices, and in each S2 slice the radial distribution is fitted by two functions: skew

Gaussian function and skew t function, see Fig. 3.23. These two functions were

chosen for the following reasons: (1) the radial distribution of surface background

data is not symmetric about the TPC edge, and (2) the two functions behave

differently at the tail regions. The skew Gaussian drops faster and tends to be

more conservative, while skew t function has a longer tail. This difference helped

us to address and quantify the uncertainty from the unknown shape of radial

distribution.

The 2D AKDE method relies on non-parametric multivariate ROOT based

AKDE to generate an S2 dependent prediction for the radial distribution of the

surface background. Contrary to fixed kernel KDE, in the AKDE approach the

width of the kernel is adaptively recalculated from the local density of events,

assigning narrow kernels to regions with high density to preserve details and wide

kernels to regions with low density to promote smoothness. Details of this method

can be found in Ref. [91].

The S2, cS2b, cS1, and z distribution for surface events reconstructed inside

and outside the TPC are found to be similar in 220Rn and background data, re-

spectively. The comparison in background data is illustrated in Fig. 3.24 as an

example. Both data are below the NR band -4.5σ line, where the data was never

blinded as it is below the signal region. Based on the similarities, surface events

reconstructed outside TPC could be utilized to infer those inside the TPC; the

data reconstructed outside TPC could be unblinded first as it is largely irrele-

vant to the WIMP search. The KDE method was employed on the surface events

reconstructed outside the TPC to increase statistics.

The surface background distribution in (cS1, cS2b, r and z) can then be ex-
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pressed as:

g(cS1, cS2b, r, z) =

∫ S2max

S2min

f(r|S2) ·KDE(cS1, S2, r, z)dS2, (3.13)

where both f(R|S2) and KDE(cS1, S2, r, z) are already obtained. S2min = 100 PE

and S2max = 20000 PE so that it covers the entire ROI for WIMP search with

a little extra to avoid the underestimation from the smearing at the edge (edge

effect). The surface background model template can be obtained by randomly

sampling from the distribution g(cS1, cS2b, R, Z), and its projection in (cS1, cS2b)

parameter space is shown in Fig. 3.25. The main population of surface events is

below the NR band but are heavily overlapped with NR band at small cS1, where

light WIMP signals are expected to populate. However, the light WIMPs and

surface backgrounds are still distinguishable due to the different radial distribution,

which was added to the likelihood in the WIMP search in XENON1T [23] (see

Sec. 4.1.1).

The surface background model was tested in sidebands before being applied in

the final reference, together with AC background model. The sideband includes

several regions in background data and 220Rn data. The result showed a good

agreement between the data and model, thus we used this surface background

model in the final reference.
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Chapter 4

XENON1T WIMP Results

The primary goal of XENON1T is to search for WIMP DM. Due to the unprece-

dented low background and the large exposure, XENON1T has set world-leading

constraints on WIMP with a large range of masses and different types of interac-

tions. This chapter is structured as follows. In Sec. 4.1, we present the search re-

sults for heavy WIMPs with different interactions, including the spin-independent,

spin-dependent, and a coupling between WIMP and pion. The light WIMP re-

sults are described in Sec. 4.2, where the S2-only approach and the Migdal and

Bremsstrahlung effects are taken into account.

4.1 Heavy WIMP Search Results

All heavy WIMP searches were performed with SR0 and SR1 data with a

similar background model used in the searches are detailed in Sec. 3.4. However,

the signal is different in each case due to different interactions from WIMP.
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Figure 4.1: The best-fit of background plus a 200 GeV/c2 WIMP to the data under
the 3D (cS1, cS2b, R) likelihood. The observed events in ROI are denoted with pie
charts, which are larger for those with relatively larger WIMP possibilities. The
relative probability of being each component (background + signal) are indicated
by the color code on the top of the left figure. The 1 (2)σ region for surface
background and ER background are denoted with darker (lighter) blue and gray
regions, respectively. Left: Distribution in (cS1, cS2b) parameter space. The 1
(2)σ contour of a 200 GeV/c2 WIMP signal is shown by the dashed (solid) purple
line. The NR signal reference region for the 200 GeV/c2 WIMP is between the two
red dotted lines. The ROI is between the two vertical gray shaded regions, i.e. (3,
70) PE for cS1. The isoenergy contours in NR energy are illustrated by the gray
lines. Right: Distribution in (R2, cS2b) parameter space. The maximum radii of
the 0.9T and 1.3T FV are shown by the blue dashed line and the magenta solid
line, respectively. Figure published in Ref. [23].
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4.1.1 SI WIMP-nucleon Scattering

The SI WIMP-nucleon elastic scattering signal model is presented in Sec. 2.2.1.

To utilize the strong radial dependence of surface background, the radius informa-

tion was added to the likelihood to discriminate this background from WIMP sig-

nals. The 3D profile likelihood runs over all the events in ROI (3 < cS1 < 70 PE)

in the 1.3T FV and is discussed in detail in Ref. [71]. The best-fit of backgrounds

plus a 200 GeV/c2 WIMP signal to the data is illustrated in Fig. 4.1 and is also

listed in Tab. 4.1.

Table 4.1: The best-fit to data under the hypothesis of a 200 GeV/c2 WIMP in
1.3T FV in the full ROI. The fit results for each background components and the
200 GeV/c2 WIMP are listed for the full ROI in 1.3T FV, but also are detailed for
the 200 GeV/c2 WIMP reference region in 1.3T, 0.9T, and 0.6T FV, respectively.
The number of observed events in each region is also shown in the last row. Table
published in Ref. [23].

Mass (tonne) 1.3 1.3 0.9 0.6

(cS1, cS2b) Full Reference Reference Reference

ER 627±18 1.62±0.30 1.12±0.21 0.60±0.13

neutron 1.43±0.66 0.77±0.35 0.41±0.19 0.14±0.07

CEνNS 0.05±0.01 0.03±0.01 0.02 0.01

AC 0.47+0.27
−0.00 0.10+0.06

−0.00 0.06+0.03
−0.00 0.04+0.02

−0.00

Surface 106±8 4.84±0.40 0.02 0.01

Total BG 735±20 7.36±0.61 1.62±0.28 0.80±0.14

WIMPbest-fit 3.56 1.70 1.16 0.83

Data 739 14 2 2

Since no significant excess was observed, the 90% confidence level (C.L.) upper

limit of the SI elastic scattering cross section σSI between WIMP and nucleon is

reported. As shown in Fig. 4.2, the reported result set the most stringent upper

limits for WIMP mass above 6 GeV/c2 and put an upper limit of 4.1× 10−47 cm2
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for a mass of 30 GeV/c2.
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Figure 4.2: 90% confidence level upper limit on σSI from this work (thick black
line) with the 1σ (green) and 2σ (yellow) sensitivity bands. Previous results from
LUX [25] and PandaX-II [24] are shown for comparison. The inset shows these
limits and corresponding ±1σ bands normalized to the median of the sensitivity
band in this work. The normalized median of the PandaX-II sensitivity band is
shown as a dotted line. Figure published in Ref. [23].

4.1.2 SD WIMP-nucleon Scattering

As mentioned in Sec. 2.2.1, the WIMP-nucleon cross section consists of two

parts: one is spin-independent σSI that was discussed in Sec. 2.2.1 and the other

one is the SD part σSD. For the latter, the different rate of NR induced by WIMP

can be written as:

dR

dEr

=
2ρ0

mχ

∫
σSD
χN

3µ2
Nv

2

π

2J + 1
SN(q)vf(v)d3v, (4.1)
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where ρ0 is the local WIMP density, mχ is the WIMP mass, f(v) is the WIMP

velocity relative to the detector, µN is the reduced mass of the WIMP-nucleon

system, SN(q) is the axial-vector structure factor for a proton or neutron (N =

{n, p}) in xenon, and σSD
χN is the scattering cross section between a WIMP and a

single proton or neutron, at zero momentum transfer [14, 92]. Since the differential

rate of NR spectrum scales with σSD
χN , this unknown parameter is used to set limits

as a function of WIMP mass.

0 10 20 30 40 50 60 70
Nuclear recoil energy [keV]

10−13

10−12

10−11

10−10

10−9

10−8

10−7

E
ve

nt
ra

te
[e

ve
nt

s/
(k

g×
da

y×
ke

V
)] WIMP Search Region

SI ×10−4

SD: neutron

SD: proton

0.0

0.2

0.4

0.6

0.8

1.0

E
ffi

ci
en

cy
Figure 4.3: Comparison of the WIMP-nucleus recoil spectra in the SD neutron-
only (green), SD proton-only (blue), and SI (orange, scaled by 10−4) cases in
LXe for a 10 GeV/c2 (solid curve) and 100 GeV/c2 (dashed curve) WIMP with
a WIMP-nucleon cross section of 10−45 cm2. The bands on the SD spectra come
from uncertainties in the contribution to SD scattering from interactions involving
the exchange of a pion between two nucleons (two-body currents). The WIMP
search region in XENON1T is depicted by the total efficiency curve (gray dotted).
Figure published in Ref. [93].

Two natural xenon isotopes, 129Xe and 131Xe, have nonzero spin of 1/2 and 3/2,

respectively. The expectation values of total neutron and proton spin operators in

the nucleus, 〈Sn〉 and 〈Sp〉, are quite different. For 129Xe, 〈Sn〉 = 0.329 and 〈Sp〉

= 0.010, while for 131Xe, 〈Sn〉 = −0.272 and 〈Sp〉 = −0.009 [94]. As 〈Sn〉 �〈Sp〉 for

both xenon isotopes with nonzero spin, it follows that XENON1T is more sensitive
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to σSD
χn than σSD

χp . The signal spectra for neutron-only (σSD
χn ) and proton-only (σSD

χp )

cases are shown in Fig. 4.3.
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Figure 4.4: The neutron-only (top) and proton-only (bottom) cases for spin-
dependent WIMP-nucleon cross section. The green (yellow) band is the 1 (2)σ
sensitivity band for XENON1T and the black line is the corresponding limit. Lim-
its from other experiments are also provided [95–98]. Figure published in Ref. [93].

Since no significant excess is observed using the same background and likelihood

in Sec. 4.1.1, the 90% C.L. upper limits are reported in neutron-only and proton-

only cases. In Fig. 4.4 (top), the reported WIMP-neutron cross section σSD
χn in
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this work sets the most stringent constraints for WIMP masses between 6 and

1000 GeV/c2 in direct detection experiments with a minimum of 6.3 × 10−42 cm2

for a 30 GeV/c2 WIMP. In Fig. 4.4 (bottom), the WIMP-proton cross section σSD
χp

from this work also gives the best upper limit among direct detection experiments

based on LXe; the best limit for proton-only case, however, has been consistently

led by fluorine-based superheated liquid experiments such as PICO-60 [98, 99].

4.1.3 Scalar WIMP-Pion Coupling
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Figure 4.5: Comparison of the differential recoil spectrum for WIMP–nucleon
(black) FM+ versus WIMP–pion interactions (red) Fπ. Exemplarily shown are
WIMP masses of 30 GeV/c2 (full line) and 200 GeV/c2 (dashed line) for the most
abundant isotope 132Xe. The cross section in both cases is set to 10−46 cm2 for
illustration. The gray band shows the energy range for the XENON1T SI search.
The inset compares the spectral shapes in this region. Figure published in Ref. [92].

Besides the standard channels of SI and SD WIMP-nucleon elastic scattering,

we also explored the possiblity of a scalar coupling between WIMPs and Pions,

which was never considered before. In this case, the interaction is generated when
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the WIMP couples to a virtual pion exchanged between nucleons in the nucleus.

The differential rate for the WIMP-Pion coupling can be written as

dR

dEr

=
2ρ0σ

scalar
χπ

mχµ2
π

× |Fπ(q2)
∣∣2 × ∫ f(v, t)

v
d3v, (4.2)

which is quite similar to the SI WIMP-nucleon scattering differential rate (Eq. (2.7)),

with only the difference as µπ the reduced mass of WIMP-Pion system, Fπ(q2) the

form factor for Pion coupling, σscalar
χπ the scalar WIMP-Pion cross section. The NR

recoil spectra shapes for SI WIMP-nucleon and WIMP-pion scattering are quite

similar, shown in Fig. 4.5, as both spectral shapes are mainly affected by form

factors.
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Figure 4.6: Result on scalar WIMP-pion coupling from XENON1T. The green
(yellow) band is the 1 (2)σ sensitivity band and the black is the 90% C.L. upper
limit. Figure published in Ref. [92].

Similar to the aforementioned WIMP searches, no significant signal-like excess

was found over the background. As shown in Fig. 4.6, a 90% C.L. upper limit is

placed on the scalar WIMP-pion coupling with a minimum of 6.4× 10−46 cm2 for

a WIMP mass of 30 GeV/c2.
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4.2 Light WIMP Search Results

4.2.1 S2-only Approach

The standard S1S2 analysis approach has a limited detection efficiency at

∼1 keVee due to the 3-fold requirement of S1 signal (see Sec. 5.2.1). Therefore,

the detection threshold can be significantly lower if the requirement of S1 signal

is lifted, which motivates the search with ionization signals only, known as the

S2-only approach.

The S2-only approach in XENON1T is extended down to 150 PE S2. In LXe ex-

periments, the lowest measurement for charge yield were at the energies of 0.7 keVnr

and 0.186 keVee for NRs and ERs, respectively [100, 101], at the time of the work.1

As S2-only approach in XENON1T was designed to set upper limits only (see

below), both background and signal models were cutoff at the aforementioned

energies to be conservative.

The S2-only data was divided into training data (30%) and search data (70%).

Several selections were imposed to remove backgrounds based on the training data,

as detailed in Ref. [103]. Here we only introduce two selections that can be consid-

ered as FV selection but are targeted at different backgrounds. The first selection

makes a strict requirement on the width of S2 signals. Since most events in this

analysis lack S1s, the z positions cannot be easily reconstructed from the drift

time; however, it can still be inferred from the width of S2 signals, which is corre-

lated to the depth of event interaction due to diffusion. The strict width cut can

remove two backgrounds: events produced in the GXe (gas events) and from the

cathode (cathode events), both of which have large S2 width. The other cut is

1At the time of the thesis writing (August 2020), the NR charge yield measurement is down
to ∼0.3 keVnr [102].
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Figure 4.7: Event rate in S2-only analysis. Several background components are
denoted, including the regular ER background (blue), cathode events (red), and
CEνNS (red). The signal spectrum of a 4 (20) GeV/c2 WIMP with cross section
excluded by 90% C.L in this work is overlaid in yellow (purple). The S2 ROI for
4 (20) GeV/c2 WIMP is indicated by the yellow (purple) arrow. Figure published
in Ref. [103].

the radius cut that primarily aims for the surface events described in Sec. 3.4.4.

The restriction on r is much more strict than that in Ref. [23] for two reasons: (1)

position reconstruction gets worse with smaller S2 size (Eq. (3.7)), thus surface

events here are more likely to be reconstructed at smaller r. (2) Due to the lack of

z information, the 3D FDC discussed in Sec. 3.2.2.2 cannot be applied; therefore,

the surface events get more inwards due to the field distortion. After all the cuts

described in Ref. [103], the event rate is < 1 events/(tonne·day·keVee) for S2 &

300 PE, which is O(103) lower than the previous S2-only analyses [104–106], see

Fig. 4.7.

Both surface and gas events are considered to be removed completely, whereas

the cathode background is included in the background model, along with CEνNS

background (see Sec. 3.4.2) and the regular ER backgrounds (see Sec. 5.3). The

background model is illustrated in Fig. 4.7. We do emphasize, however, the back-

83



ground model is incomplete; therefore, we conservatively used the lower bound

from the background model prediction and only aimed to set upper limits for

signal models in this analysis.

Six DM models were used to interpret the data in Fig. 4.8. The signal models of

SI DM-nucleus scattering (Sec. 2.2.1), SD DM-neutron scattering (Sec. 4.1.2), and

the absorption of axion-like particle (Sec. 2.3.3) and dark photon DM (Sec. 6.2),

i.e. the bosonic DM are covered in this thesis. The other two scenarios, one where

light DM can scatter off electrons is detailed in [117] and the other one where the

interaction between DM and matter is mediated by a light particle is discussed

in Refs. [111, 120, 121]. The upper limits are inferred using the Poisson statistics

based on the observed count in the predefined S2 ROI, not from the binned event

rates in Fig. 4.7 that is only for visualization. The S2 ROIs were optimized using

the training data to get the most stringent constraint and is thus dependent on

the signal model and mass. Due to the variation of ROI and the discrete nature of

counting experiment, there are several jumps in the limit curves. For example, the

limit curve (thick black) in Fig. 4.8 (a) has a sharp drop at ∼17.5 GeV/c2 because

the observed count changes from 10 to 3 in the ROIs left and right of the drop.

In summary, benefiting from the low backgrounds achieved in XENON1T,

this analysis exclude new regions for all DM models considered. Moreover, this

approach was also carried out in the searches for other signals, see Secs. 4.2.2

and 5.6.5.

4.2.2 Migdal and Bremsstrahlung Effects

When the WIMP elastically scatters with xenon nucleus, the recoil of nucleus

can polarize the atom as well as give a sudden kinematic boost to the orbital elec-

trons. The depolarization process can lead to a bremsstrahlung (BREM) emission
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Figure 4.8: The 90% C.L. upper limits (black lines with gray shading above)
on DM-matter scattering or bosonic DM absorption for the models discussed in
the text, with the DM mass mχ on the horizontal axes. Dotted lines in (a)–(c)
show our limits when assuming the Qy from NEST v2.0.1 [107] cut off below
0.3 keV. The dashed line in (d) shows the limit without considering signals with
< 12 produced electrons. Also shown are other constraints from experiments or
astrophysics observations [23–25, 34, 93, 96, 104, 108–119]. Figure published in
Ref. [103].

85



of a photon [122], while the kinematic boost can ionize or excite the electrons,

which results in detectable secondary radiation. The second case is called the

Midgal effect (MIGD) [123, 124]. Both MIGD and BREM effects bring in extra

ER signals which are easier to detect compared to NR signals and thus enhance

XENON1T’s sensitivity to low-mass WIMPs.
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Figure 4.9: Median effective exposures of ER signals after event selections as a
function of recoil energy for the S1S2 data (black line) and S2-only data (red line).
The 68% credible regions of the effective exposures are also shown as the shaded
regions. The expected event rate of DM-nucleus scattering from MIGD (BREM)
for DM masses of 0.1 and 1.0 GeV/c2 are overlaid as well, in magenta (green)
dashed and solid lines, respectively, assuming a SI DM-nucleon interaction cross
section of 10−35 cm2. Figure published in Ref. [125].

The ER spectra for BREM and MIGD processes with two WIMP masses are

shown in Fig. 4.9. In general, the signal rate from MIGD is typically 3–4 orders

of magnitude higher than that from BREM. For MIGD process, we focused on

ionization as excitation of electrons are subdominant. Only electrons in M and

N shells were considered, as inner electrons cannot be ionization due to the large

binding energies and outer electrons have negligible contributions in the ROI. The

sharp increase ∼0.85 keV is due to the M shell electrons. Since S1S2 approach has

limited detection efficiency at O(1) keV, the S2-only approach was also employed
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to further probe these two channels.
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using signal models from MIGD and BREM in the XENON1T experiment with the
S1S2 data (blue contours and lines) and S2-only data (black contours and lines).
The solid and dashed (dotted) lines represent the lower boundaries (also referred to
as upper limits) and MIGD (BREM) upper boundaries of the excluded parameter
regions. Green (yellow) shaded region gives the 1 (2)σ sensitivity contour for
upper limits derived using the S1S2 data, respectively. Also shown are limits from
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The S1S2 approach still used the unbinned likelihood in (cS1, cS2b, r) as in

Sec. 4.1.1 and S2-only approach followed the simple counting method described

in Sec. 4.2.1. The data is interpreted as BREM or MIGD effect with SI WIMP-

nucleon interaction (see Sec. 4.1.1), SD WIMP-proton or WIMP-neutron interac-

tion (see Sec. 4.1.2), respectively. Since no excess was found in S1S2 data while

S2-only approach was designed to set upper limits only, both approaches give

90% C.L. upper limits on these physics models. By looking for MIGD effect with

S2-only approach, XENON1T experiment was able to probe WIMP mass down to

85 MeV/c2. Furthermore, another upper boundary of excluded region is provided

assuming all the WIMPs are scattered or stopped by the Earth, i.e, the Earth

shielding effect.
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Chapter 5

Search for Solar Axions with

XENON1T

This chapter describes the solar axion search in XENON1T. As discussed in

Sec. 2.3.2, solar axions would induce ERs in XENON1T detector, thus it is not

necessary to perform the analysis in the (cS1, cS2b) parameter space to discrim-

inate ER and NR Events. To simply the analysis, analysis space of this work

is the energy of the event, which can be reconstructed from cS1 and cS2b using

Eq. (3.11). The chapter is structured as follows. Sec. 5.1 describes the data qual-

ity selection, the efficiency evaluation, as well as the determination of FV. The

detector response modeling, including efficiency and energy resolution specific to

XENON1T, is presented in Sec. 5.2. The background model, which includes ten

ER components, is detailed in Sec. 5.3. Statistics method is given in Sec. 5.4. In

Sec. 5.5, a hypothesis of a new background is introduced upon the observation

of an excess, and the solar axion search result is reported. Sec. 5.6 provides a

variety of scrutiny checks on the excess, as well as a discussion on the tension with

astrophysical constraints.
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5.1 Data Selection

5.1.1 Effective Time of Data

This search employs the SR1 science data, i.e. data taken between February

2017 to February 2018 with XENON1T. The data are quite similar to the SR1

part in the WIMP search [23] with a few additional requirements. Events within 24

hours from the end of calibration campaigns using injected radioactive sources were

removed due to residual source activity, including 83mKr and 220Rn calibrations.

Additionally, several event selections remove events regardless of the properties of

the events and thus are deemed as a reduction for the effective live time, which is

the time that the detector accumulates science data for signal searches, excluding

the calibration time, data acquisition dead time, etc. Three of the four live time

selections in Ref. [59] were used except for the MuonVeto that is targeted at muon-

induced neutron events (Sec. 3.4.2), which is negligible compared to the ER events

was thus unused in this search. The final effective SR1 live time is 226.9 days, as

illustrated in Fig. 5.1.

5.1.2 Event Selection Critefria

The event selection criteria can be classified into 4 categories: (1) noise rejec-

tion, (2) S1S2 pairing requirements, (3) single scatter requirements, as well as (4)

the livetime reduction selection discussed in Sec. 5.1.1. Those selections are largely

the same as the ones detailed in Ref. [59] with a few exceptions that are described

below.

• A more stringent threshold of 500 PE was imposed on S2 size to reduce the

surface background (Sec. 3.4.4). Compared to the S2 threshold (200 PE)
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Figure 5.1: Science data in SR1 used in this analysis. The accumulated live time of
data used is indicated by the blue curve, amounting to a total of 226.9 days. The
while region is the science data taking period, while the magenta, pink, gray, blue
regions are the 220Rn, 83mKr, LED, and neutron calibration data taking periods,
respectively.

in WIMP searches, the surface background rate in the ROI in the 1T FV

(Sec. 5.1.4) is reduced by a factor of ∼ 60.1

• As part of the noise rejection criteria, one event will be removed if the pattern

in top PMT array illuminated by its S2 signal does not match well with its

reconstructed position, which is referred to as S2 hit pattern selection. The

updated cut used in this search accounts for the PMT after pulse effect for

events with S2 larger than 10000 PE and, thus mitigates the time dependence

of this event selection from the increasing after pulse over time.

• The single scatter requirement for S1 channel is also similar to that in the

WIMP search, with an improvement of taking into account the case that

PMT after pulses are sometimes misidentified as secondary S1s, resulting in

an increased selection efficiency.

• The single scatter requirement for S2 channel has relatively large change.

1This stringent cut cannot be applied to WIMP searches as it will significantly reduce NR
signals; however, ER signals have much larger S2 and thus are not affected.

91



The previous selection criterion was based on the sizes of the primary and

secondary S2s, whereas the updated version utilizes the hit pattern in top

PMT for the secondary S2, i.e. imposing the S2 hit pattern criterion on the

secondary S2. One event will be removed if its secondary S2 can pass the

S2 hit pattern criterion as it indicates the secondary S2 is a valid S2. Since

some “fake” secondary S2s, such as those with origins from PMT after pulse,

or single electron pile up, cannot be told by size but is differentiable by the

S2 hit pattern, this parameter space is more suitable and improves selection

efficiency.

• The 83mKr events, one of the backgrounds in this search (Sec. 5.3.2.2), can

have single- or multi-site energy depositions. The majority of 83mKr multi-

site events is already rejected by the aforementioned two single scatter re-

quirements; however, the S1s of some multiple scatters are misidentified as

S2s and escaped the removal. A new cut was developed to further reject the

multi-site 83mKr backgrounds with both high removal efficiency and signal

acceptance.

• Aside from the modifications and additions, several selections were removed

from the event selection criterion. Besides the MuonVeto, a selection used

to reduce AC background (Sec. 3.4.3) was not employed in this search as

AC backgrounds are negligible in this search compared to the ER events (see

Sec. 5.3).

5.1.3 Event Selection Efficiency

Although the event selection criteria aim to reject backgrounds, noisy events, or

events with poor quality, inevitably they would remove a fraction of good events.
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The acceptance of good events from the event selections are referred to as the

selection efficiency. Two methods were used to evaluate the selection efficiency in

this work.

The first method uses an analytic way to compute the efficiency. The stringent

S2 threshold falls into this category. The newly added cut, the one aiming to

remove multi-site 83mKr with misidentified S1, was evaluated to have unity accep-

tance analytically by its definition, which was verified by checking the background

data in the parameter space.

The efficiencies of most selections were derived based on the control sample from

220Rn calibration data. In this case, the 220Rn calibration data are applied with all

other selections except for the examined cut. This processed data are considered

to be a sample of good events, therefore the pass through of the examined cut on

this sample is considered to be the selection efficiency. Since the analysis space of

this work is the reconstructed energy, the cut acceptance was calculated over the

energy of events. The uncertainty of cut acceptance derived from 220Rn data was

estimated using a method based on Bayes’ Theorem [132].

The cumulative selection efficiency is the product of each selection efficiency,

where we conservatively assumed no correlation between each selection. Two se-

lections were evaluated using both methods; the analytical value is supposed to

be unity but the efficiency inferred from 220Rn data is slightly less. Therefore,

two different cumulative efficiencies were acquired depending on the method to

evaluate those two selections. The two cumulative results were then fitted by

two analytical functions, and the difference is treated as systematic uncertainty.

The statistical uncertainties from two fittings are similar, therefore the one from

analytical method was used as the statistical uncertainty. The final uncertainty

includes both systematic and statistical uncertainties by error propagation. The
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Figure 5.2: The cumulative selection efficiency in this analysis. The efficiency
uncertainty includes both systematic and statistical uncertainty and is indicated
by the band.

cumulative efficiency of aforementioned selections is illustrated in Fig. 5.2. The

average cumulative selection efficiency over the (1, 210) keV ROI is (91.2± 0.3)%.

5.1.4 Fiducial Volume

The same 1042 kg cylindrical FV, i.e. the 1T FV, as in Ref. [133] was used to

reduce the surface and material backgrounds. To verify this conservative FV does

not significantly lower our sensitivities, we compare the sensitivity in 1T FV and

the most optimized FV. The solar axion search was done together with the bosonic

DM search (Sec. 6.2) in Ref. [134], the signature of which is a mono-energetic peak

around its rest energy; therefore the optimized FVs in fact consider many different

bosonic DM masses. However, the sensitivity of solar axion search is not much

impacted as shown later.

The whole active volume of ∼ 2000 kg was divided into 10 kg bins with equal

interval in z and r2. For each bosonic DM mass, which is between 1–210 keV/c2,
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only events within energy region of ±3σ were taken into account.2 The optimized

FV was then determined by maximizing the figure of merit given by

f =

∑
i<n Si,E√∑
i<nBi,E

, (5.1)

Si,E is the expected signal in each binned volume within the ±3σ energy region

around the bosonic DM rest energy E, Bi,E is the background count in each binned

volume in the same energy region, i is the index of one binned volume ranked by

Si,E/
√
Bi,E in a descending order, and n is the total number of ranked indices in a

certain FV. Due to the fact that the sensitivity gets better with larger signal rate

and worse with background Poissonian fluctuation which can be approximated as

the square root of background events, a large figure of merit can be an indicator of

good sensitivities. Since signal scales linearly with exposure, Si,E is proportional

to the mass in each binned volume, which is fixed at 10 kg. Therefore, Eq. 5.1 can

be written as:

f(m,E) ∝ m√∑
i<nBi,E

, (5.2)

where m is the fiducial mass. Consequently, the optimized FV for each bosonic

DM mass is the one can that maximizes Eq. (5.2) with the fixed E. The maximized

figure of merit, fbest, as well as the one for 1T FV, f1T are illustrated as function

of bosonic DM rest energy in Fig. 5.3. Compared to the best figure of merit,

1T FV still maintains 80–90% sensitivity. Moreover, it is advised to avoid using

mass-dependent FV for signal searches if there is no strong motivation behind. For

solar axion search, the most relevant part is ∼ 2 keV, which also retains a decent

sensitivity (>80%). To summarize, as a balance between simplicity of analysis and

2The energy resolution used in this search can be found in Sec. 5.2.2.
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sensitivity of target signals, the 1T FV was employed in this search. Combined

with the effective live time of 226.9 days (Sec. 5.1.1), the SR1 data utilized in this

search yields an exposure of 0.65 tonne-years.
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Figure 5.3: Top: The figure of merit (Eq. (5.2)) of 1T FV (red) and the best FV
(red) that maximize it. Both are in arbitrary units (A. U.). Bottom: The ratio
between figure of merit in 1T FV and the one in the optimized FV. Both plots
show the figure of merit as function of bosonic DM rest energy.

5.2 Detector Response Modeling

Since the analysis space of this work is the reconstructed energy, two key factors

that are desired to convert the true energy to the reconstructed energy — which is

experimentally expected — are the efficiency and energy resolution in one specific

detector. This section describes the determination of these two factors and the

subsequent conversion of true energy spectrum to reconstructed energy spectrum

in XENON1T.
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5.2.1 Efficiency

The efficiency contains two parts, the detection and selection efficiencies. The

determination of latter is discussed in detail in Sec. 5.1.3, which yields a relatively

flat efficiency curve.

The detection efficiency is dominated by the 3-fold coincidence requirement

of S1s, which can greatly suppress the coincidence of PMT dark counts and en-

sure valid S1s. That efficiency was estimated using both a data-driven method of

sampling PMT hits from S1s in the 20–100 PE range and an independent study

based on simulation of low-energy S1 waveforms [59]. The difference between the

two methods (∼ 3% average relative difference in the drop-off region) was con-

sidered as a systematic uncertainty. This efficiency was then converted from S1

to reconstructed energy using the detector-response model described in Ref. [71],

accounting for additional uncertainties such as the photon yield. The S2 efficiency

can be assumed to be unity for the energies considered here [59].

The combined efficiency of detection and event selection with uncertainties is

shown in Fig. 5.4. Events with energies between (1, 210) keV are selected for

this search, with the lower bound determined by requiring the total efficiency be

larger than 10%, and the upper bound limited by an increasing γ−ray background

from detector materials, which is difficult to model due to large uncertainties on

its spectral shape. While extending the ROI to 210 keV is primarily motivated by

the bosonic DM search (see Sec. 6.2), all profile likelihood fits use this full energy

range, as it also allows for better constraints on the background components.
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efficiency and the associated 1-σ uncertainty, respectively. The detection threshold
is indicated by the right bound of the gray shaded region. Figure from Ref. [134].
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Figure 5.5: Relative energy resolution σ(E)/E as a function of energy. The en-
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(black line). Also shown are the energy resolutions from EXO-100 Phase II [135],
XENON100 [68], LUX [136], and PandaX-II [137].
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5.2.2 Energy Resolution

The energy resolution can be determined by fitting the energy resolutions ob-

tained from these multiple mono-energetic peaks with the following empirical func-

tion:

σ(E) = a
√
E + bE, (5.3)

where the first term a
√
E accounts for the statistical fluctuation that is dependent

on the energy and the second term bE includes instrumental uncertainties that

are independent of the energy. The fit is illustrated in Fig. 5.5. Only peaks

with energies below 1500 keV were used in the fit so as the energy resolution is

more suitable for low energies. The fit result gives a = (0.310± 0.004)
√

keV and

b = 0.0037± 0.0003.

5.2.3 Modeling

With the detector energy resolution and efficiency ready, the true signal spec-

tra of solar axions in Fig. 2.8 can be converted into the experimentally expected

spectrum specific to the XENON1T detector. The true spectrum is smeared by a

Gaussian distribution with resolution given by Eq. (5.3) and then is scaled by the

combined efficiency in Fig. 5.4. The solar axion spectra that takes the XENON1T

features into account are shown in shaded curves in Fig. 5.6. The “spikes” in the

ABC axion true spectrum from the atomic deexcitation and recombination are

smeared out by the energy resolution. Both the ABC and Primakoff signal spec-

tra in reality have the “double-peak” features, which is due to the σae increase at

∼5 keV due to the xenon L-shell, as mentioned in Sec. 2.3.2.2. The same proce-

dure is also applied to the energy spectra of background components, which are
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discussed in the next section.
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Figure 5.6: The ABC (blue), Primakoff (orange), and 57Fe (purple) spectrum be-
fore (unshaded) and after (shaded) considering the energy resolution and efficiency
specific to XENON1T. The assumed axion couplings are indicated in the plot. Fig-
ure adapted from Ref. [134].

5.3 Backgrounds

This section gives a detailed discussion of the background model B0 used in

this search, which includes a total of 10 ER background components. After event

selection and strict fiducialization, the non-ER backgrounds, i.e. the surface back-

grounds (Sec. 3.4.4), accidental coincidences (Sec. 3.4.3), and radiogenic neutrons

(Sec. 3.4.2) make up less than 0.003% of the total events (< 0.3% below 7 keV),

and thus are negligible for this search. The result of background-only fit to data

is presented in Sec. 5.5.1.
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5.3.1 β decay of 214Pb

The β decays from 214Pb, daughter of 222Rn, is the dominant continuous back-

ground in this analysis throughout the full ROI. 214Pb decays to the ground state

with a BR of 11% [138]. The lowest excited state it decays to is 295 keV, the emitted

γ of which is unresolved with β and thus does not enter the ROI [138]; the possibil-

ity that the accompanied γ escapes and only the β deposits energy in LXe is also

rejected by the strict 1T FV. The energy spectrum of 214Pb decay to the ground

state is usually approximated as flat; however, the unprecedented low background

achieved in the XENON1T experiment necessitated a more dedicated treatment,

which is discussed in Sec. 5.6.2 and detailed in the appendix of Ref. [134].3 214Pb

rate can be constrained by its parent and daughter in the 222Rn chain, which is

illustrated in Fig. 3.19. 218Po, parent of 214Pb, is an α-emitter with a energy of

6 MeV, which is easy to identify with the large S1 signals and thus place an upper

limit for 214Pb. On the other hand, 214Bi and 214Po, daughters of 214Pb, can place

a lower limit for 214Pb rate by its unqiue coincidence signature, where the β decay

of 214Bi is followed closely by the α decay of 214Po (t1/2 = 163.6µs [141]). The so-

called 214BiPo tagging can tag the β decay of 214Bi with a high efficiency, which is

thus not included in the background model. As a result, the upper and lower limits

on 214Pb in SR1 were determined to be (12.6±0.8)µBq/kg and (5.1±0.5)µBq/kg,

respectively. Due to its relatively loose constraints and the dominance it has in

the background model, the 214Pb rate was left unconstrained during the fit. Both

coincident 214BiPo and 218Po suggest a constant rate in time in SR1, thereby we

conclude that 214Pb rate was also constant throughout SR1.

3Updated β decay spectra, including that from 214Pb, 85Kr, and 212Pb, were available in
Ref. [139] after the work was out; therefore, this thesis sticks to the β spectra provided in the
appendix in Ref. [134]. The analysis with updated β decay spectra can be found in Ref. [140].
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5.3.2 Time-dependent Backgrounds

Due to different reasons, the rates of several backgrounds exhibit time-dependent

patterns, which can be utilized to predict and constrain the background rate.

5.3.2.1 131mXe, 133Xe, and 125I

Three time-dependent backgrounds in SR1 are induced by neutron activa-

tion. 131mXe and 133Xe are neutron-activated xenon isotopes with a half-life of

O(10) days. Another background, 125I, is produced from the β decay of 125Xe,

which is also from a neutron reaction 124Xe(n,γ)125Xe. Therefore, the time infor-

mation for these three backgrounds are all related to the neutron activation in

XENON1T.

There were three neutron activation periods in SR1, including two neutron

calibrations, a 241AmBe calibration in March 2017 and NG calibration in May

2017, and one neutron safety test in the beginning of May 2017. There was one

241AmBe calibration in SR0 in November 2016, which led to a residual activated

rate in the beginning of SR1. Given the similarity between the modelings of time

evolution for 131mXe and 133Xe, the modeling of 131mXe rate is explained as an

example.

131mXe produces a mono-energetic peak at 163.9 keV via IC [64], thereby events

within ±3σ energy resolution region around 163.9 keV are selected to model 131mXe

rate evolution. From the energy resolution in XENON1T (Eq. (5.3)), the selected

region is (145.6, 182.2) keV. All the event selections mentioned in Sec. 5.1.2 were

applied. The selected events were binned with the 5 calendar days; the center of

each bin is the weighted live time in the bin, while the rate in each bin considers

the live time and is without efficiency loss. The binned event rate evolution is
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Figure 5.7: Rate evolution of events within ±3σ region centered around 163.9 keV,
which is dominated by 131mXe events. The red line is the best-fit of a constant
offset plus multi-exponential decay functions sharing the same half-life, which is
determined to be (11.83 ± 0.08) days and is consistent with 131mXe half-life in
literature. The blue region indicates the neutron activation periods.

shown in Fig. 5.7.

The rate evolution of 131mXe event is modeled by a sum of multiple exponential

decay functions. Other backgrounds in this energy region, dominated by β decays

of 214Pb, were inevitably included and was modeled by a constant. The total rate

evolution is then modeled by

f(t) =
n∑
i

Ai ∗ exp

(
− t− ti
t1/2/ ln(2)

)
+ b, (5.4)

where n is the number of neutron activations (n = 4), Ai and ti is the number of

increased 131mXe atoms and time of each neutron activation, respectively, t1/2 is

the half-life of 131mXe, and b is the constant background rate in the selected energy

region. Eq. (5.4) was fit to the binned rate using χ2 minimization with all the

parameters allowed to vary freely. The best-fit t1/2 is (11.83± 0.08) days and is in

good agreement with the half-life in literature (t1/2 = 11.84 days [64]), shown in

Fig. 5.7. The 131mXe rate in a given period of science data can be predicted by the
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best-fit values. The uncertainty of prediction is dominated by statistical uncer-

tainty, which was assessed by toyMC simulations with wiggling each parameters

around the best-fit values with the fitted uncertainties. An example is illustrated

for the whole period in SR1 in Fig. 5.8, from which we predict the average 131mXe

rate to be (42310 ± 840) events/(t·y) in SR1 without efficiency loss. The total

uncertainty is 2.5%, with ∼2.0% from this statistical fluctuation.
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Figure 5.8: Distribution of predicted 131mXe rates in SR1 from toyMC simulations
is shown in the blue curve. The 1σ region (gray) predicts the 131mXe rate to be
(42310± 840) events/(t·y) without efficiency loss.

Similarly, the β decay rate of 133Xe can be predicted in this way. 133Xe decays

to an excited state with a dominant BR of 98.5% and emits an 81 keV prompt γ

upon de-excitation [142], resulting in a continuous spectrum starting at ∼75 keV

after the energy smearing. The rate evolution of events within (80, 100) keV,

where 133Xe events are most visible, was modeled in the same way as for 131mXe.

Afterwards, the rate is scaled from (80, 100) keV to (1, 210) keV based on the

fraction of smeared spectrum in each energy region, so is the rate uncertainty.
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Both 133Xe and 131mXe rates are constrained in the likelihood fit.

125I decays via electron capture (EC) of K-shell, L-shell, and M-shell with

decreasing probabilities and produces peaks at 67.3 keV, 40.4 keV, and 36.5 keV,

respectively [143]. 125I background modeling is a bit complicated as there are two

steps involved.4 Details of 125I modeling used in this analysis can be found in

Ref. [144].

5.3.2.2 83mKr

During SR1, a background from 83mKr (IC) was present due to a trace amount

of 83Rb (IC, t1/2 ∼86 days [145]) in the xenon recirculation system, which pre-

sumably was caused by a momentary malfunction of the source valve and con-

firmed using half-life measurements. 83mKr decays via a two-step scheme (second

step t1/2 ∼ 154 ns) [63] resulting in many of these events being removed by the

multi-site selections mentioned in Sec. 5.1.2; however, due to the short half-life of

the second step, these decays are often unresolved in time and hence contribute as

a mono-energetic peak at 41.5 keV. This component was also constrained using a

time-evolution model from a similar method as the 131mXe model in Sec. 5.3.2.1.

5.3.2.3 85Kr

The β decay of 85Kr was greatly suppressed by the cryogenic distillation [146,

147]. The remaining 85Kr decay rate was then inferred from dedicated measure-

ments of the isotopic abundance of 85Kr/natKr (2× 10−11 mol/mol) and the natKr

concentration evolution in LXe [148]. The same measurements also allow for the

time-dependence of the 85Kr decay rate to be taken into account. The average

expected rate of 85Kr is (7.4± 1.3) events/(t·y·keV) over the ROI in SR1 without

4The isotope 125I is the daughter of 125Xe that is generated through neutron activation.
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efficiency loss.

5.3.3 Solar Neutrino Electron Elastic Scattering

Elastic scattering of solar neutrinos off electrons is expected to contribute sub-

dominantly over the entire ROI. The expected energy spectrum was obtained

using the standard neutrino flux in the Large Mixing Angle Mikheyev-Smirnov-

Wolfenstein (LMA-MSW) model and cross section given by the SM [149, 150].

Based on rate calculations of neutrino-electron scattering in xenon as given in

Ref. [151], a 3% uncertainty was assigned and used to constrain the solar neutrino

rate in the fit.

5.3.4 Compton Scattering from Materials

An additional background arises from γ emissions from radioimpurities in de-

tector materials that induce Compton-scattered electrons; however, this back-

ground is subdominant in the ROI due to the strict fiducial volume selection.

The rate from materials was constrained by radioassay measurements [152] and

predicted by simulations [77] to be (2.7± 0.3) events/(t·y·keV) in the 1T FV. This

background was modeled by a fixed, flat component in the fit.

5.3.5 Double β decay of xenon isotopes

5.3.5.1 2νββ of 136Xe

One of the continuous backgrounds considered was 136Xe, a two-neutrino double

β decay (2νββ) emitter intrinsic to xenon. This component has an increasing rate

as a function of energy over the ROI. It was constrained in the fit according to the

predicted rate and associated uncertainties on (1) a 136Xe isotopic abundance of
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(8.49± 0.04stat ± 0.13sys)% as measured by a residual gas analyzer [153], (2) the

reported half-life [154], and (3) the calculated theoretical spectrum [155, 156].

5.3.5.2 2νECEC of 124Xe

The first observation of 2νECEC of 124Xe was recently reported using mostly

the same SR1 dataset (but different selection cuts) as used in this analysis [144]

and was treated as a background here.5 In Ref. [144] we considered the dominant

BR of 2νECEC, the capture of two K-shell electrons inducing a peak at 64.3 keV.

It is also possible to capture a K-shell and L-shell electron (36.7 keV) or two L-shell

electrons (9.8 keV) with decreasing probabilities, as calculated in Ref. [157]. 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 [158] with fixed BRs from Ref. [157]; the

overall rate was not constrained in the fit since the half-life was derived from the

same data set.

5.4 Statistics Method

An unbinned profile likelihood method is employed in this analysis. The like-

lihood is constructed as

5A summary can be found in Sec. 6.4.
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L(µs,µb,θ) = Poiss(N |µtot)

×
N∏
i

(∑
j

µbj
µtot

fbj(Ei,θ) +
µs
µtot

fs(Ei,θ)

)

×
∏
m

Cµm(µbm)×
∏
n

Cθn(θn), (5.5)

µtot ≡
∑
j

µbj + µs,

where µs and µb are the expected numbers of signal and background events, respec-

tively. Both µb and θ are nuisance parameters, where θ includes shape parameters

for the efficiency spectral uncertainty (see Fig. 5.4), as well as peak location un-

certainties, specifically for 124Xe (3 peaks), 83mKr, and 131mXe. Having largely

subdominant event rates, the 3 peak locations from 125I EC are fixed at their ex-

pected positions to save computation time. Index i runs over all observed events

with the total number of N (=42251 events), and Ei corresponds to the energy

of the ith event. fb and fs are the background and signal probability density

functions, and index j runs over all the background components. Cµ and Cθ are

constraints on the expected numbers of background events and the shape parame-

ters. Index m runs over backgrounds including 85Kr, solar neutrino, 136Xe, 83mKr,

125I, 133Xe, and 131mXe, while index n is for all six shape parameters.

Due to time-dependent backgrounds, the SR1 data set was divided into two

partitions: SR1a consisting of events within 50 days following the end of neutron

calibrations and SR1b containing the rest, with effective live times of 55.8 and

171.2 days, respectively. Including this time information allows for better con-

straints on the time-independent backgrounds and improves sensitivity to bosonic

DM, especially as the time-dependent background from 133Xe impacts a large frac-
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tion of its search region. The full likelihood is then given by

L = La × Lb, (5.6)

where La and Lb are evaluated using Eq. (5.5) in each partition. Nuisance param-

eters that do not change with time, along with all of the signal parameters, are

shared between the two partitions. The constant nuisance parameters are:

• the efficiency parameter, which is dominated by detection efficiency and does

not change with time.

• The 214Pb component, which was determined to have a constant rate in time

using detailed studies of the α-decays of the 222Rn and 218Po as well as the

coincidence signature of 214Bi and 214Po.

• The solar neutrino rate, which would vary by ∼3 % between the two parti-

tions on account of Earth’s orbit around the Sun. This is ignored due to the

subdominant contribution from this source.

• The decay rates of the intrinsic xenon isotopes 136Xe and 124Xe, as well as

the Compton continuum from materials.

The remaining parameters all display time dependencies that are modeled in the

two partitions.

The test statistic used for the inference is defined as

q(µs) = −2ln
L(µs, ˆ̂µb,

ˆ̂
θ)

L(µ̂s, µ̂b, θ̂)
, (5.7)

where (µ̂s, µ̂b, θ̂) is the overall set of signal and nuisance parameters that maxi-

mizes L, while L(µs, ˆ̂µb,
ˆ̂
θ) is the maximized L by profiling nuisance parameters
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with a specified signal parameter µs. The statistical significance of a potential

signal is determined by q(0). For the neutrino magnetic moment and bosonic dark

matter searches, a modified Feldman-Cousins method in Ref. [159] was adopted

in order to derive 90% C.L. bounds with the right coverage. An interval instead

of an upper limit is reported if the global significance exceeds 3σ. For bosonic

DM this corresponds to 4σ local significance on account of the look-elsewhere

effect, which is not present for the neutrino magnetic moment search. The 3σ

significance threshold only serves as the transition point between reporting one-

and two-sided intervals, and was decided prior to the analysis to ensure correct

coverage. A two-sided interval does not necessarily indicate a discovery, which

in particle physics generally demands a 5σ significance and absence of compelling

alternate explanations.

Since the solar axion search is done in the space of gae, gaegaγ, and gaeg
eff
an ,

we extend its statistical analysis to three dimensions. For this search, we use a

standard profile likelihood construction where the true 90th-percentile of the test

statistic (Eq. (5.7)) was evaluated at several points on a three-dimensional grid

and interpolated between points to define a 3D ‘critical’ volume of true 90-percent

threshold values. By construction, the intersection of this volume with the test

statistic q(gae, gaegaγ, gaegan) defines a three-dimensional 90% C.L. volume in the

space of the three axion parameters. In Sec. 5.5.3 we report the two-dimensional

projections of this volume, found by profiling over the third respective signal com-

ponent.
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5.5 Results

5.5.1 Excess at Low Energies

The background model B0 (see Sec. 5.3) was fit to the data by maximizing the

likelihood defined in Eq. (5.6). The expected and fitted results are consistent over

the ROI, which is summarized in Tab. 5.1. The best fit of B0 in SR1 is illustrated in

Fig. 5.9, with the best fits in SR1a and SR1b shown in Fig. 5.10 (top) and (bottom),

respectively. The fitted background rate in (1, 30) keV without efficiency loss is

(76±2) events/(t·y·keV), which is the lowest background rate ever achieved in a

DM direct detection experiment.

Table 5.1: Summary of components in the background model B0 with expected
and fitted number of events in the 0.65 tonne-year exposure of SR1. Both numbers
are within the (1, 210) keV ROI and with efficiency loss. See Sec. 5.3 for details
on the various components.

No. Component Expected Events Fitted Events

i 214Pb (3450, 8530) 7480 ± 160

ii 85Kr 890 ± 150 773 ± 80

iii Materials 323 (fixed) 323 (fixed)

iv 136Xe 2120 ± 210 2150 ± 120

v
Solar

neutrino
220.7 ± 6.6 220.8 ± 4.7

vi 133Xe 3900 ± 410 4009 ± 85

vii 131mXe 23760 ± 640 24270 ± 150

viii

125I (K) 79 ± 33 67 ± 12
125I (L) 15.3 ± 6.5 13.1 ± 2.3
125I (M) 3.4 ± 1.5 2.94 ± 0.50

ix 83mKr 2500 ± 250 2671 ± 53

x

124Xe (KK) 125 ± 50 113 ± 24
124Xe (KL) 38 ± 15 34.0 ± 7.3
124Xe (LL) 2.8 ± 1.1 2.56 ± 0.55
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Figure 5.9: Fit to the SR1 data set using the likelihood framework described in
Sec. 5.4 and the background model B0 in Sec. 5.3. The plot shows the entire SR1
spectrum, while the best fit in each partition is shown in Fig. 5.10. The light
green (yellow) band indicates the 1-σ (2-σ) residuals. The fit results are listed in
Tab. 5.1. Adapted from Ref. [134].

When compared to the background model B0, the data display an excess at low

energies, as shown in Fig. 5.11. The excess departs slightly from the background

model near 7 keV, rises with decreasing energy with a peak near 2–3 keV, and

then subsides to within ±1σ of the background model near 1–2 keV. Within this

reference region of 1–7 keV, there are 285 events observed in the data compared

to an expected (232± 15) events from the background-only fit, a 3.3σ Poissonian

fluctuation. Events in this energy region are uniformly distributed in the 1T FV.

The temporal distribution of these events and a more detailed discussion on spatial

dependence can be found in Sec. 5.6.6.

Two low-energy backgrounds that might in principle be present in trace amounts

were considered. First, low-energy X-rays from 127Xe EC, as seen in Refs. [109,

110], are ruled out for a number of reasons. 127Xe is produced from cosmogenic

activation at sea level; given the short half-life of 36.4 days and the fact that the
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Figure 5.10: Fit to the SR1 data set using the likelihood framework described in
Sec. 5.4 and the background model B0 in Sec. 5.3. The top (bottom) panel shows
SR1a (SR1b), which contains more (less) neutron-activated backgrounds. SR1a and
SR1b are fit simultaneously. The sum of the two spectra is illustrated in Fig. 5.9.
The light green (yellow) band indicates the 1-σ (2-σ) residuals. The summed fit
results are listed in Tab. 5.1. Figure adapted from Ref. [134].
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Figure 5.11: A zoomed-in and re-binned version of Fig. 5.9, where the data display
an excess over the background model B0. Figure from Ref. [134].

xenon gas was underground for O(years) before the operation of XENON1T, 127Xe

would have decayed to a negligible level. Indeed, high-energy γs that accompany

these X-rays were not observed, and with their O(cm) mean free path in LXe

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

conclude that 127Xe was no longer present during SR1.

Another potential background is 37Ar, which decays via EC to the ground state

of 37Cl, yielding a 2.82 keV peak with a BR of 90% [160]. It was considered by the

LUX collaboration as a background to explain a possible excess rate at ∼3 keV

in their data [161]. Its ingress was hypothesized to come from either from an

initial amount in the xenon gas or from an air leak during operations; however, no

definitive conclusion was drawn based on measurements of both the leakage rate

and the 37Ar concentration in air at the experimental site [162]. We consider the

two aforementioned possibilities for the introduction of 37Ar into the xenon target

and place quantitative constraints on each source.
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37Ar has a half-life of 35.0 days [160] and a typical abundance in natAr of

∼ 10−20 mol/mol [163]. Given an initial measured natAr concentration of < 5 ppm

in the xenon inventory [164], 37Ar decayed to a negligible level, < 1 events/(t·y),

by the start of the XENON1T commissioning phase (> 400 days). As with kryp-

ton, argon is not removed by the getter in the purification system, although it

is removed by online 85Kr distillation (Sec. 5.3.2.3). This further suppresses its

presence prior to SR1. These factors conclusively rule out the presence of 37Ar

from its initial concentration in the xenon inventory.

With respect to an 37Ar component from a constant air leak, the similarities

between krypton and argon noble gases allow us to use natKr to constrain the con-

centration of 37Ar in the detector. The natural krypton was observed to increase by

<1 ppt/year in the LXe using the periodical rare gas mass spectrometry (RMGS)

measurements [148]; with the krypton concentration in the air [165], the air leak

rate is estimated to be < 0.9 L/year in SR1, accounting for the different volatility

of krypton in LXe and GXe [147]. We make a conservative assumption that the

natKr increase is due entirely to a leak (neglecting emanation).

Table 5.2: Key quantities for the estimation of 37Ar rate due to a constant leak.

Quantity natKr 37Ar

Viscosity at 25 ◦C [Pa·s] 25.5× 10−6 [166] 22.8× 10−6 [166]

Concentration in the air 1.14× 10−6 [165] < 5 mBq/m3

Relative volatility in GXe over LXe 60 [147] 50 [147]

The air inside the experimental hall at LNGS, supplied from outside of the

laboratory and fully exchanged within 2.5 hours, has an 37Ar concentration of

< 3.2 mBq/m3, as determined from measurements taken in July 2020 following

the methods in Refs. [167, 168]. A robust upper limit of 5 mBq/m3 for the 37Ar

equilibrium concentration is set as the constraint to account for possible seasonal
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variations [169, 170]. The 37Ar rate estimation further considers the viscosity

difference between krypton and argon [166] and the argon volatility difference in

LXe and GXe [147]; assuming that 37Ar reached an equilibrium activity by the

start of SR1, the 37Ar rate is expected to be at most 5.2 events/(t·y) due to a

constant leak. The key quantities for the rate estimation, such as the viscosity,

relative volatility, and the concentration in the air, are listed in Tab. 5.2.6 To

explain the excess in XENON1T, the 37Ar rate is required to be ∼ 65 events/(t·y),

implying that the deduced upper limit is a factor of 13 too low to account for the

excess. This conservative constraint on its presence in SR1 therefore excludes 37Ar

from a constant air leak as an explanation for the excess.

The time dependence of a potential 37Ar background is discussed further in

Sec. 5.6.6; however no clear trend is observed due to low statistics, and any tem-

poral fluctuations are still constrained by the measured krypton concentrations

throughout SR1. Given its short half-life, low measured concentration, and strong

constraints from the leak hypothesis, we conclude that 37Ar cannot make up the

excess, although it may be present in the detector at a negligible level.

An additional background that was never observed in the two-phase LXe TPC

as a natural source was considered: the β emission of tritium,7 which has a Q-

value of 18.6 keV and a half-life of 12.3 years [172]. Tritium may be introduced

from predominantly two sources: cosmogenic activation of xenon during above-

ground exposure [173] and emanation of tritiated water (HTO) and hydrogen (HT)

6One may find that the relative volatility of krypton in GXe and LXe is taken as 60, a factor
of 6 larger than the nominal value of ∼ 10. This value comes from a fit to model the krypton
evolution trend in XENON1T, which is supposed to be more reliable than a single theoretical
distillation stage as it accounts for more reality factors, such as the additional bottle filling
after distillation and several steps of filling and recuperation during the commission that could
introduce residual krypton [147].

7Tritium in the form of tritiated methane has been used for calibration of LXe TPCs [24, 70,
171] including XENON100, but was not used as a calibration source in XENON1T. Following the
XENON100 tritium calibration, neither the xenon gas nor the materials that came into contact
with the tritiated methane were used in XENON1T.
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from detector materials due to its cosmogenic and anthropogenic abundance. In

contrast to 127Xe and 37Ar, the tritium hypothesis cannot be ruled out. In Sec. 5.5.2

we consider several possible mechanisms for the introduction of tritium into the

detector and the uncertainties involved in its production and reduction processes

in an attempt to estimate its concentration.

5.5.2 Tritium Hypothesis

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 B0. When compared to B0, the tritium hypothesis is favored at 3.2σ and

the fitted rate is (159± 51) events/(t·y) (68% C.L.), which would correspond to a

3H/Xe concentration of (6.2± 2.0)× 10−25 mol/mol. As tritium is expected to be

removed by the xenon purification system, this concentration would correspond to

an equilibrium value between emanation and removal. The spectral fits under this

hypothesis are illustrated in Fig. 5.12.

Due to its minute possible concentration, long half-life with respect to the SR1

exposure, and the fact that it decays through a single channel, we are unable to

confirm the presence of tritium from SR1 data directly. We therefore try to infer its

concentration from both initial conditions and detector performance parameters.

A tritium background component from cosmogenic activation of target mate-

rials has been observed in several dark matter experiments at rates compatible

with predictions [174], although it has never before been detected in xenon. From

exposure to cosmic rays during above-ground storage of xenon, we estimate a con-

servative upper limit on the initial 3H/Xe concentration of < 4 × 10−20 mol/mol,

based on GEANT4 activation rates [173] and assuming saturation activity. At this

stage, tritium will predominantly take the form of HTO, given the measured ppm
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Figure 5.12: Hypothesis test for tritium. The red and gray curves are the best-fits
under alternate and null hypotheses, respectively. The tritium component under
alternate hypothesis is denoted by the orange dashed line. Figure adapted from
Ref. [134].

water impurities in the xenon gas and equilibrium conditions [164, 175]. Through

xenon gas handling prior to filling the detector (i.e., condensation of H2O/HTO on

the walls of the cooled xenon-storage vessel) and purification via a high-efficiency

getter with a hydrogen removal unit [56, 176], we expect the concentration to be

reduced to < 10−27 mol/mol, thus reaching negligible levels with respect to the

observed excess.

Tritium may also be introduced as HTO and HT via their respective atmo-

spheric abundances. Water and hydrogen, and therefore tritium, may be stored

inside materials, such as the TPC reflectors and the stainless steel of the cryo-

stat. This type of source is expected to emanate from detector and subsystem

materials at a rate in equilibrium with its removal via getter purification. Tri-

tium can be found in water at a concentration of (5− 10)× 10−18 atoms of 3H for

each atom of hydrogen in H2O [177–179]. Here we assume the same abundance
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of 3H in atmospheric H2 as for water.8 Using the best-fit rate of tritium and the

HTO atmospheric abundance, a combined (H2O + H2) impurity concentration

of 30–60 ppbin the LXe target would be required to make up the excess. Since

water impurities affect optical transparency, the high light yield in SR1 indicates

an O(1)-ppb H2O concentration [77, 182], thus implying a maximum contribution

from HTO to the 3H/Xe concentration of ∼ 1 × 10−26 mol/mol. With respect to

H2, we currently have no direct or indirect measurements of its concentration in

the detector. Instead, we consider that O2-equivalent, electronegative impurities

must reach sub-ppb levels in SR1, given the achieved electron lifetime of ∼ 650µs

(at 81 V/cm) [23, 183]. Thus for tritium to make up the excess requires a factor

∼ 100 higher H2 concentration than that of electronegative impurities. Under the

above assumptions, tritium from atmospheric abundance appears to be an unlikely

explanation for the excess. However, we do not currently have measurements of

the equilibrium H2 emanation rate in XENON1T, and thus the HT concentration

cannot be sufficiently quantified.

In conclusion, possible tritium contributions from cosmogenic activation or from

HTO in SR1 appear too small to account for the excess, while it is not possible

to infer the concentration of HT. In addition, 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

report results using the background model B0, and then summarize how our results

8Although geographical and temporal HT abundances in the atmosphere vary due to anthro-
pogenic activities, HT that reaches the Earth’s surface undergoes exchange to HTO within 5
hours [180, 181].
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would change if tritium were included as an unconstrained background component.

All reported constraints are placed with the validated background model B0 (i.e.,

without tritium).

5.5.3 Solar Axions

We search for ABC, 57Fe, and Primakoff axions simultaneously. Under this

signal model, B0 is rejected at 3.4σ, a value determined using toy MC methods

to account for the three parameters of interest in the alternative hypothesis, as

shown in Fig. 5.13. A comparison of the best fits under the alternative hypothesis

(B0 + axion) and null hypothesis (B0) can be found in Fig. 5.14.
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Figure 5.13: Significance of the solar axion hypothesis. The blue curve is the
null distribution of log-likelihood ratio q of solar axion hypothesis fit to simulated
data from toyMC simulations using background model B0. The purple dashed line
represents the log-likelihood ratio that solar axion hypothesis is favored over B0 in
the data, which gives a significance of 3.4σ when compared to the null distribution.
A total of 8.2× 105 toyMCs were simulated to obtain the null distribution.

A three-dimensional confidence volume (90% C.L.) was calculated in the space
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Figure 5.14: Hypothesis test for solar axions. The red and gray curves are the best-
fits under alternate and null hypotheses, respectively. Each component of solar
axion under alternate hypothesis is denoted with corresponding colored dashed
line. Figure adapted from Ref. [134].

of gae vs. gaegaγ vs. gaeg
eff
an . This volume is inscribed in the cuboid given by

gae < 3.8× 10−12

gaeg
eff
an < 4.8× 10−18

gaegaγ < 7.7× 10−22 GeV−1.

While easy to visualize, this cuboid is more conservative (it displays over-

coverage) than the 3D confidence volume it encloses and does not describe the

correlations between the parameters. The correlation information can be found

in Fig. 5.15 and 5.16, which shows the 2D projections of the surface. For the

ABC–Primakoff and ABC–57Fe projections (Fig. 5.15 and Fig. 5.16 (top), re-

spectively), gae can be easily factored out of the y-axis to plot gaγ vs. gae and

geff
an vs. gae. This is not as straightforward for the 57Fe-Primakoff projection, shown

in Fig. 5.16 (bottom). Also shown in these two plots are constraints from other
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axion searches [109, 110, 184–188] as well as predicted values from the benchmark

QCD models DFSZ and KSVZ.
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Figure 5.15: Constraints on the axion-electron gae and axion-photon gaγ couplings
from a search for solar axions. The shaded blue regions show the two-dimensional
projections of the three-dimensional confidence surface (90% C.L.) of this work,
and hold for ma < 100 eV/c2. See text for more details on the three individual
projections. It include constraints (90% C.L.) from other axion searches, with
arrows denoting allowed regions, and the predicted values from the benchmark
QCD axion models DFSZ and KSVZ. Figure adapted from Ref. [134].

Fig. 5.15 is extracted from the projection onto the ABC–Primakoff plane. Since

the ABC and Primakoff components are both low-energy signals, the 90% confi-

dence 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 gaegaγ cannot be converted into a limit on gaγ on its own; i.e., with

gaegaγ=7.6× 10−22 GeV−1, gaγ →∞ as gae → 0, as shown in Fig. 5.15.

Fig. 5.16 (top) is taken from the projection onto the ABC–57Fe plane. Unlike

the ABC-Primakoff case, these two signals are not degenerate; however, they still
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Figure 5.16: Constraints on the axion-electron gae, axion-photon gaγ, and effective
axion-nucleon geff

an couplings from a search for solar axions. The shaded blue regions
show the two-dimensional projections of the three-dimensional confidence surface
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from Ref. [134].
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display anti-correlated behavior. The reason for this is that the test statistic q

(Eq. (5.7)) is relatively large with small gae, meaning small changes in the 57Fe

rate about the best-fit make q cross the 90% threshold value and thus be excluded

by our 90% confidence volume. There is no statistical significance (< 1σ) for the

presence of a 14.4 keV peak from 57Fe axions.

Lastly, Fig. 5.16 (bottom) shows the projection onto the Primakoff-57Fe plane,

where no correlation is observed. The Primakoff and 57Fe 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 con-

sistent with the observed excess.

The three projections can be used to reconstruct the 3D 90% confidence volume

for gae, gaegaγ, and gaeg
eff
an . Due to the presence of an excess at low energy, this

volume would 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 [186–190], with the exception of a

minute region in the 3D coupling space which corresponds to small gae and large

geff
an , gaγ. The CAST constraints [184] as shown are valid for axion masses below

10 meV/c2 while those from XENON1T and similar experiments hold for all axion

masses up to ∼ 100 eV/c2 (Sec. 2.3.2). For an axion mass below 10 meV/c2, the

CAST result prefers the region with large gae and small gaγ; however, there is no

tension between the CAST result and this result for higher axion masses (ma >

250 meV/c2) due to the limited sensitivity of CAST for high-mass axions.9

As described above, 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 B0 and profiled over alongside

9The conversion probability from an axion to a photon is suppressed with a large mass, see
Eq. (2.8).

124



0 5 10 15 20 25 30
Energy [keV]

0

20

40

60

80

100

120

140

E
ve

nt
s/

(t
·y
·k

eV
)

H0: B0 + 3H
H1: B0 + 3H + axion

ABC axion
57Fe axion
Primakoff axion
3H

Figure 5.17: Hypothesis test for solar axions, with an unconstrained tritium com-
ponent added in both alternate and null hypotheses. The red and gray curves are
the best-fits under alternate and null hypotheses, respectively. Each component
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axion is more favored than tritium by data. Figure adapted from Ref. [134].
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the other nuisance parameters. In this case, the null hypothesis is the background

model plus tritium (B0 + 3H) and the alternative includes the three axion signal

components (B0 + 3H + axion), where tritium is unconstrained in both cases. The

solar axion signal is still preferred in this test, but its significance is reduced to

2.0σ. The fits for this analysis are shown in Fig. 5.17. 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.

5.6 Additional Checks and Discussion

5.6.1 Check on Science Run 2

We also checked data from SR2, an R&D science run that followed SR1, in

an attempt to understand the observed excess. 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 214Pb background rate in

the TPC [191, 192], which was further decreased by online radon distillation. The

resulting increased purification 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. 5.1.2, we removed several periods of
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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 83mKr 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 ∼ 10 days 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 24.4 days, 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 back-

ground model as SR1, denoted as BSR2. Since we are primarily interested in using

this data set to test the tritium hypothesis, we focus on the tritium results.
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Figure 5.18: A fit to SR2 data if tritium is treated as a signal. The red (gray) line
is the fit with (without) tritium in the background model. Figure from Ref. [134].

Similarly to SR1, we search for a tritium signal on top of the background

model BSR2, and find that the background-only hypothesis is slightly disfavored at

127



0 100 200 300 400 500 600
3H rate [events/(t·y)]

0

1

2

3

4

5

6

q

SR2 LLR
SR1 fit (1σ)

Figure 5.19: The log likelihood ratio curve for the tritium rate in SR2. The orange
line and band indicate the best-fit and 1σ uncertainty for the tritium rate in SR1.
The SR2 fit result is consistent with SR1, but with a large uncertainty due to
limited statistics. Figure from Ref. [134].

2.3σ. The SR2 spectrum, along with the fits for the null (BSR2) and alternative

(BSR2 + 3H) hypotheses, can be found in Fig. 5.18. A log-likelihood ratio curve for

the tritium component is given in Fig. 5.19, 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 ∼ 2σ and best-fit values larger than, but consistent with,

the respective SR1 fit results. Thus these SR2 studies are largely inconclusive.

5.6.2 Impact from β Spectral Shape

Since the dominant background is the β decay of 214Pb, the β decay spectral

shape uncertainty, especially that at low energies, can play a role in the low-energy

excess. In addition, the β decay spectral of 85Kr can also have an impact. The
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shape of these spectra, particularly at low energies, can be affected by atomic

screening and exchange effects, as well as by nuclear structure [193, 194]. The β

decays of 214Pb and 85Kr are first forbidden non-unique and first forbidden unique

transitions, respectively; however spectra from the IAEA LiveChart (Nuclear Data

Services database) [195] are based on calculations of allowed and forbidden unique

transitions, neither of which includes exchange effects [196]. Likewise, models

from GEANT4 [197] include only the screening effect; however, its implementation

displays a non-physical discontinuity at low energies [196, 198]. For this work,

we performed dedicated theoretical calculations to account for possible low-energy

discrepancies from these effects in 214Pb and 85Kr spectra.10 These calculations are

described in detail in the appendix in Ref. [134]. The comparison of aforementioned

spectra for 214Pb are illustrated in Fig. 5.20. The data for the ground-state to

ground-state β decay spectra of 214Pb, 85Kr, and 212Pb, which is used in calibration

(Sec. 3.3.1) and also involves the first forbidden non-unique transition, are available

in Ref. [200] over the ROI.

Uncertainties in the theoretical background models were considered, particu-

larly for the dominant 214Pb component. More details can be found in the appendix

in Ref. [134], but a brief summary is also given here. A steep rise in the spectrum

at low energies could potentially be caused by exchange effects in β-decay emis-

sion; however, this component is accurate to within 1% and therefore negligible

with respect to the observed excess. The remaining two components, namely the

endpoint energy and nuclear structure, tend to shift the entire β distribution,

rather than cause steep changes over a range of ∼ 10 keV. Conservatively, the

combined uncertainty from these two components is +6% in the 1–10 keV region.

10Two recent studies [139, 199] on the β spectrum of 214Pb were available after the work in
Ref. [134]; in this thesis, we will limit our discussion to the β spectrum calculated in Ref. [134]
only.
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Figure 5.20: Low energy part of the β spectral shape of the ground-state to ground-
state transition in 214Pb decay. This first forbidden non-unique transition was
calculated as allowed in every case but with different levels of approximations, as
described in the text. The four spectra are normalized by area over the full energy
range. Figure from Ref. [134].

In comparison, a +50% uncertainty at 2–3 keV on the calculated 214Pb spectrum,

as constrained by the higher energy component, would be needed to make up the

excess. Therefore, we conclude that the β decay spectral shape of 214Pb in low

energies cannot explain the observed excess.

5.6.3 Efficiency Check with 220Rn Calibration Data

The detection and selection efficiencies were verified using 220Rn calibration

data. The β decay of 212Pb, a daughter of 220Rn, was used to calibrate the ER

response of the detector (Sec. 3.3.1), and thus allows us to validate the efficiency

modeling with a high-statistics data set. Similarly to 214Pb, the model for 212Pb

was calculated to account for atomic screening and exchange effects, as detailed

in appendix in Ref. [134]. A fit to the 220Rn data with this model and the effi-

ciency parameter described in Sec. 5.4 is shown in Fig. 5.21 for a 1T FV, where
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good agreement is observed (p-value = 0.50). Consequently, we conclude that the

efficiency used in this search is validated and cannot explain the excess.

5.6.4 Detection Threshold

The energy threshold (1 keV) and efficiency (along with uncertainty) are illus-

trated in Fig. 5.4. Since the total efficiency at the threshold is only ∼10%, it is

motivated to validate the observed excess with thresholds of better efficiencies.

Four different energy thresholds were chosen in this study, including 1.6, 2, 3,

and 4 keV. The latter three were selected from even spacing, while the 1.6 keV

threshold has ∼ 50% total efficiency. Efficiency at each energy can be found in

Tab. 5.3. Three cases were tested: (1) solar axion, (2) tritium, and (3) solar ax-

ion vs. tritium. For simplicity, ABC solar axion will be used in lieu of the full

three-component solar axion model.

Table 5.3: Total efficiencies, including detection and event selection efficiency, at
several energies that were used as energy thresholds in this threshold study.

Energy [keV] Efficiency

1 12%

1.6 52%

2 73%

3 85%

4 87%

The same background model and likelihood was used for each threshold. The

results for solar axion and tritium hypotheses are shown in Tab. 5.4. The signifi-

cance of solar axion increases with threhshold at 1.6 and 2 keV, no matter whether

an unconstrained tritium is added in the background model. Tritium, on the other

hand, decreases with a higher energy threshold.

The various hypothesis tests are also illustrated in Fig. 5.22. ABC axion fit
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Figure 5.22: Fitting of different hypotheses under different energy thresholds indi-
cated inside the parenthesis. Top: ABC axion. Middle: Tritium. Bottom: ABC
axion vs. Tritium. See text for more details.
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Table 5.4: Significances of solar axion and tritium hypotheses with different energy
thresholds.

Energy threshold [keV] ABC axion ABC axion vs. 3H 3H

1 3.75 2.33 2.93

1.6 3.98 2.71 2.92

2 4.09 2.97 2.81

3 2.35 1.69 1.64

4 1.10 1.24 0.85

(Fig. 5.22 (top)) was partly constrained by (1, 2) keV bin, where data is about the

same as fit. Without this bin, H1 (coral) just shoots up with 2 keV as the energy

threshold. Background-only fits are largely the same with all given thresholds, since

it is mostly constrained by the whole ROI. When we use 3 keV as energy threshold,

most of the excess is excluded and thus the significance begins to decrease. How-

ever, it is a bit different for tritium. Unlike ABC axion, tritium (Fig. 5.22 (middle))

has a relatively flat spectral shape and extends to 18 keV; thus, tritium fit with a

2 keV threshold (coral) does not tend to go higher even starting with the highest

bin of (2, 3) keV. In addition, tritium fit with 1 keV threshold (crimson) is already

higher than data around 10 keV, which further prevents the fit from being pulling

higher with 2 keV threshold. When an unconstrained tritium is added to both null

and alternate hypotheses (Fig. 5.22 (bottom)), the ABC axion component com-

pletely outperforms tritium, as the best-fit of tritium in the alternate hypothesis

is zero, which holds for threshold up to 3 keV (3 keV included).11 This is also good

evidence that ABC axion is preferred than tritium. Thus, in this scenario, the

11One can find it by the fact that square of significance in the second column in Tab. 5.4 is
the sum of squares of third and forth columns. This is because when T(3H) contributes nothing
in the alternate fit, the best-fit of (B0+axion+T) is the same as (B0+axion), i.e. the axion
hypothesis, therefore the comparison of (B0+axion+T) vs. (B0+T) is equivalent to (B0+axion)
vs. (B0+T); as the significance is computed assuming asymptotic distribution of the test statistic,
the significance of axion vs. T is

√
qaxion − qT (q from Eq. (5.7)), whereas the significance of axion

and T, σaxion and σT, are calculated as
√
qaxion and

√
qT, respectively.
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best-fit actually comes from axion best-fit while background-only fit comes from

tritium best-fit; thus, we would expect an increase of significance at 2 keV energy

threshold.

This study proves that the excess still exists with higher thresholds of better

efficiencies, and that the solar axion hypothesis is always favored over tritium. The

signal significances with an unconstrained tritium component in the background

model even increase with higher threshold until a 3 keV threshold where most of

the excess is gone.

5.6.5 S2-only Check
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Figure 5.23: Using S2-only approach in [103] to probe the main hypotheses for
the excess, including solar axion (ABC), tritium, and neutrino magnetic mo-
ment (Sec. 6.1). The balck line is the background model in S2-only approach [103].
The best-fits of ABC solar axion (green), tritium (blue), and neutrino magnetic
moment (orange) from the S1S2 analysis are overlaid over the background to com-
pare to with S2-only data (black dots) in XENON1T.

As mentioned in Sec. 4.2.1, S2-only approach has a lower threshold than this

S1S2 analysis.12 Therefore, it is beneficial to use S2-only to check the excess in

12S1S2 analysis refers to the utilization of both S1 and S2 signal, but not necessarily in (S1,
S2) space.
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the context of each main hypothesis; if the result of one hypothesis from S1S2

analysis contradicts with the upper limit placed by the S2-only approach, then

this hypothesis can be ruled out.

Here we focus on three hypotheses: (1) ABC solar axion, (2) tritium, and (3)

neutrino magnetic moment, which is detailed in Sec. 6.1. The ABC solar axion is

used instead of the full solar axion model for simplicity. The best-fit of each signal

in S1S2 analysis is overlaid over the background model in S2-only approach and

is compared to the S2-only data, as shown in Fig. 5.23. From the plot, both ABC

axion and tritium are apparently lower than the data, while the neutrino magnetic

moment signal is lower by a smaller difference. For one, all the signals are lower

than the data largely due to the fact that the background model in S2-only is

quite conservative and thus S2-only search in XENON1T is designed as a limit-

only analysis [103] (see Sec. 4.2.1); for another, neutrino magnetic moment has the

least difference with the data as its spectrum rises the most rapidly towards low

energies, making it the most sensitive signal for the S2-only approach.

The S2-only results are listed in Tab. 5.5. Each result is larger than the upper

bound of result from S1S2 analysis, which is understandable as discussed above.

Therefore, we conclude that all the hypotheses are compatible with S2-only ap-

proach.

Table 5.5: 90% C.L. upper limit for each hypothesis using S2-only method, includ-
ing the avarage tritium activity over SR1, the axion-electron coupling gae inferred
from ABC solar axion only, and the neutrino magnetic moment µν . The S1S2
results are also listed for comparison; all the results there are of 90% C.L. except
for 3H that gives a 68% confidence region. µB is the Bohr magneton.

Method 3H [events/(t·y)] gae µν [µB]

S2-only < 2256 < 4.84× 10−12 < 3.07× 10−11

S1S2 159± 51 (2.75, 3.63)× 10−12 (1.4, 2.9)× 10−11
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5.6.6 Time and Spatial Dependence

The time dependence of events with energies in (1, 7) keV reference region in

SR1 was investigated and found to be inconclusive. The event rate is slightly

higher in the beginning of SR1, but the rate evolution is statistically consistent

with (1) a constant rate, (2) a constant background rate (B0) plus a subtle ∼ 7 %

(peak-to-peak) rate modulation from the change in Earth-Sun distance, and (3) a

constant background rate (B0) plus an exponentially decreasing component with

a fixed half-life of 35 days (37Ar half-life) or 12.3 years (3H half-life). As another

test of time dependence, we split SR1 into three periods with equal exposure and

fit the data in each period with the ABC solar axion signal model. Similarly to

the (1,7) keV rate evolution, the best-fit signal rate is the highest in the first

period of SR1, but is not statistically significant as the signal rate is consistent

within uncertainty between the three periods. We therefore conclude that, due to

limited statistics, at this time we cannot use time dependence to exclude any of

the hypotheses discussed in this work. More detailed time dependence studies will

be presented in a forthcoming publication [201].

The events of energies within the (1, 7) keV reference region are spatially uni-

form inside the 1T FV, as illustrated in Fig. 5.24. The distribution of excess-like

events is also checked, which is visualized by using the solar axion hypothesis as

an example. In this case, one event is deemed as excess-like if the relative prob-

ability of being solar axions is larger than 25%. Since the analysis is done in the

space of reconstructed energy and solar axion signal is most prominent ∼ 2 keV,

most excess-like events under solar axion hypothesis are in fact around that energy.

From the same plot, the excess-like events are also quite homogeneous in spatial

distributions.
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Figure 5.24: The spatial distribution of events with energies between 1–7 keV.
Events with relative probabilities of being solar axions larger than 25% are indi-
cated with pie charts, the sizes of which increase with the relative probabilities.
The relative probabilities of being solar axions and backgrounds are represented
by the orange and purple portion in pie charts, respectively. The 1T FV used in
this search is denoted by the red curve.
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The excess was also checked in different FVs. Two cylindrical FVs, 0.7T and

1.3T FV were selected for this check. The 0.7T FV and 1.3T FV have a radius of

30.3 cm and 41.3 cm, respectively, and share the same z definition as 1T cylindrical

FV (-92.9 < z < -9 cm). The significance of the excess in the (1, 7) keV reference

region in each FV was calculated as a counting experiment to avoid model depen-

dence. For the reference, the Poissonian significance of the excess in the reference

region in 1T FV is 3.3σ (Sec. 5.5.1).

The background rate prediction is slightly dependent on the FV due to the

spatial dependence of material and surface backgrounds. The material background

rate decreases by∼ 5.8×10−6 events/(kg·day·keV) from 1T to 0.7T FV [77], leading

to a difference of 5.5 events in (1, 7) keV. The surface background, on the other

hand, only amounts to 0.4 events inside 1T FV thanks to the strict S2 cut (S2

> 500 PE), thus the surface background difference between 0.7T and 1T FV can

be safely neglected. By accounting for the rate change of materials background

and scaling the rate of the rest backgrounds, a total of 150 events are expected in

(1, 7) keV inside 0.7T FV. Since 192 events were observed, the significance of the

excess in 0.7T FV was evaluated to be 3.3σ.

The predicted number of background events in 1.3T FV are subject to changes

from both material and surface backgrounds. The material background increases

by 5.3 events/(t·y·keV) from 1T to 1.3T FV [77]; the surface background increases

by 5.9 events, i.e., 6.3 events in 1.3T, from the updated surface background tem-

plate. Therefore, after scaling to 1.3T FV, we expect in total 323 events in the (1,

7) keV. With 382 events observed, the significance excess in the reference region is

found to be 3.2σ. In a summary, the excess events are uniformly distributed and

do not rely on a specific FV.
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5.6.7 Tension with Astrophysical Constraints

If this excess were a hint of a solar axion, our result would suggest either (1)

a non-zero rate of ABC axions or (2) a non-zero rate of both Primakoff and 57Fe

axions. If we interpret the excess as an ABC axion signal (i.e., take gaγ and geff
an

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 [202,

203], a brief introduction of which can be found in Sec. 1.2.2. 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 addi-

tional source of cooling compatible with axions [189, 202]. If the indirect hints and

the XENON1T excess were indeed explained by axions, the tension in gae could

be relieved by underestimated systematic uncertainties in, e.g., stellar evolution

theory [203] or white dwarf luminosity functions [204], or by a larger solar axion

flux than that given in Ref. [18].

Although not considered in this work, XENON1T is also directly sensitive to the

axion-photon coupling gaγ via the inverse Primakoff effect, whereby a solar axion

coherently scatters off the effective electric field of the xenon atom, thus producing

an outgoing photon and inducing an electronic recoil. This detection channel

was considered only recently for xenon-based detectors in Refs. [40, 41], which

demonstrated that the tension of axion-photon coupling between the XENON1T

excess and stellar constraints can be significantly reduced. Since Refs. [40, 41] were

both after this work, this channel was not included.
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Chapter 6

Searches for Other New Physics

and Rare Processes

This chapter describes searches for other physics and rate processes in ER

events and is organized as follows. Sec. 6.1 discusses the search for an anomalously

large neutrino magnetic moment, which is also a plausible explanation for the ex-

cess observed in Chap. 5. The search for bosonic DM is presented in Sec. 6.2,

where the most favored mass is 2.3 keV/c2 and is also a viable interpretation for

the excess. Lastly, Sec. 6.3 hunts for the leptophillic DM that has an axial-vector

coupling with electrons; unlike the other two candidates of new physics, the lep-

tophillic DM cannot explain the excess and thus an upper limit of the interaction

strength is given as a function of DM mass. Sec. 6.4 describes the first observation

of two-neutrino double electron capture of 124Xe, which is a SM process but had

remained elusive for years to detect due to the extremely long half-life.
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6.1 Neutrino Magnetic Moment

In the SM, eutrinos are massless and therefore without a finite magnetic dipole

moment. However, the observation of neutrino oscillation tells us that neutri-

nos have mass and the SM must be extended, implying a magnetic moment of

µν ∼ 10−20 µB [205–208], where µB is the Bohr magneton. Larger values of µν

have been considered theoretically and experimentally [208–210]. Interestingly,

in addition to providing evidence of beyond-SM physics, the observation of a

µν & 10−15 µB would suggest that neutrinos are Majorana fermions [208]. Cur-

rently the most stringent direct detection limit is µν < 2.8× 10−11 µB from Borex-

ino [210], and indirect constraints based on the cooling of globular cluster and

white dwarfs are an order of magnitude stronger at ∼ 10−12 µB [203, 211, 212].
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Figure 6.1: Electronic recoils induced by solar neutrino assuming finite magnetic
moment µν = 2.8 × 10−11 µB, excluding the contribution from neutrino elastic
scattering off the electrons. The curve and shaded region are before and after
accounting for the efficiency and energy resolution specific in the XENON1T de-
tector. Figure adapted from Ref. [134].

An enhanced magnetic moment would increase the neutrino scattering cross-
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sections at low energies (on both electrons and nuclei), and thus could be observ-

able by low-threshold detectors such as XENON1T. Here we only consider the

enhancement to elastic scattering on electrons, given by [213]

dσµ
dEr

= µ2
να

(
1

Er

− 1

Eν

)
, (6.1)

where Er is the electronic recoil energy, Eν is the energy of the neutrino, and α

is the fine structure constant. Note that Eq. (6.1) 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, predom-

inantly those from the proton-proton (pp) reaction [149]. The expected energy

spectrum for µν = 2.8× 10−11 µB is shown in Fig. 6.1, which was calculated by

folding the expected solar neutrino flux [149] with Eq. (6.1) and applying a step-

function approximation to account for the electron binding energies. In the energy

range considered here, this approximation agrees well with more detailed calcu-

lations [214]. Note that this signal would be added to the SM neutrino elastic

scattering spectrum, which we treat as a background as described in Sec. 5.3.3.

When compared to the neutrino magnetic moment signal model, the back-

ground model B0 is rejected at 3.2σ. The best-fits of the null (B0) and alternative

(B0 + µν) hypotheses for this search are shown in Fig. 6.2.

The 90% confidence interval for µν from this analysis is given by

µν ∈ (1.4, 2.9)× 10−11 µB,

and is shown in Fig. 6.3 along with the constraints from other searches. The upper

boundary of this interval is very close to the limit reported by Borexino [210],

which is currently the most stringent direct detection constraint on the neutrino
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Figure 6.2: Hypothesis test for neutrino magnetic moment. The red and gray
curves are the best-fits under alternate and null hypotheses, respectively. The
green dashed line is the best-fit of the neutrino magnetic moment contribution to
ER spectrum. Figure adapted from Ref. [134].

magnetic moment. Similar to the solar axion analysis, if we infer the excess as a

neutrino magnetic moment signal, our result is in strong tension with astrophysical

constraints from analyses of white dwarfs [216] and globular clusters [203]. The

result is also compatible with the constraint from XENON1T using the S2-only

method, which is able to probe a lower energy region and is further discussed

in Sec. 5.6.5. It is important to note that the neutrino flavor does impact the

interaction involving the magnetic moment, which in reality is a 3 × 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 in Sec. 5.5.3, we report on an additional statistical test where an uncon-

strained tritium component was included in both null and alternative hypotheses.

In this test the significance of the neutrino magnetic moment signal is reduced to
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Figure 6.3: Constraints (90% C.L.) on the neutrino magnetic moment from this
work using both S1 and S2 signals compared to experiments Borexino [210] and
Gemma [215], along with astrophysical limits from the cooling of globular clus-
ters [203] and white dwarfs [216]. The 1 (2)σ sensitivity band is indicated in the
green (yellow) region. The constraint from XENON1T using ionization signal only
(S2-only) is also shown (see Sec. 5.6.5). 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 mo-
ment signal, its 90% confidence interval is in strong tension with the astrophysical
constraints. Figure adapted from Ref. [134].
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0.9σ with the presence of a tritium background.

This is the most sensitive search to date for an enhanced neutrino magnetic

moment with a DM detector, and suggests that this beyond-the-SM signal be

included in the physics reach of other dark matter experiments.

6.2 Bosonic Dark Matter

Bosonic DM can be classified into pseudoscalar and vector bosons. In addition

to the pseudoscalar ALPs that are discussed in Sec. 2.3.3, XENON1T is also sen-

sitive to vector bosonic DM, of which dark photons are a common example. Dark

photons can couple weakly with SM photons through kinetic mixing [217] and be

absorbed with cross section σV given by [119]

σV '
σpe

β
κ2, (6.2)

where σpe, α, and β are the same as in Eq. (2.15), and κ parameterizes the strength

of kinetic mixing between the photon and dark photon. Similarly to Eq. (2.18),

by following the calculation in Ref. [50], the rate for non-relativistic dark photons

in a detector reduces to

Rate ' 4.7× 1023

A
κ2

(
keV/c2

mV

)(σpe

b

)
kg−1d−1, (6.3)

where mV is the rest mass of the vector boson. The detection rate dependency on

mass is illustrated in Fig. 6.4 for both ALP and dark photon DM. Compared to

dark photon, ALP DM rate has a slower decreasing trend over mass as its cross

section involves an extra dependency on m2
a (Eq. (2.15)).

For bosonic DM, we iterate over (fixed) masses between 1 and 210 keV/c2 to
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Figure 6.4: The detection rates for ALPs and Dark photon as function of mass,
assuming all the local DM are made of them, respectively. The assumed axion-
electron coupling gae = 1 × 10−13 and the kinetic mixing parameter κ = 1 ×
10−14. Detector features, such as detection efficiency and energy resolution, are
not included.

search for peak-like excesses. The trial factors to convert between local and global

significance were extracted using toyMC methods. While the excess does lead to

looser constraints than expected at low energies, we find no global significance over

3σ for this search under the background model B0. We thus set an upper limit on

the couplings gae and κ as a function of particle mass.

These upper limits (90% C.L.) are shown in Fig. 6.5, along with the sensitivity

band in green (1σ) and yellow (2σ). The losses of sensitivity at 41.5 keV and

164 keV are due to the 83mKr and 131mXe backgrounds, respectively, and the gains

in sensitivity at around 5 and 35 keV are due to increases in the photoelectric

cross section σpe in xenon from M-shell and L-shell electrons, respectively, see

Fig. 2.6. The fluctuations in the limit are due to the photoelectric cross section, the

logarithmic scaling, and the fact that the signal energy spectra differ significantly

across the range of masses. For most masses considered, XENON1T sets the most
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stringent direct-detection limits to date on pseudoscalar and vector bosonic DM

couplings.1
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Figure 6.6: Left: The log-likelihood ratio for different bosonic dark matter masses
with respect to the best-fit mass at 2.3 keV/c2. 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. The local significance
for each mass is also indicated. Right: Best-fit of a 2.3 keV peak and B0 to the
data. A 0.4 keV binning is used for better visualization. Figure from Ref. [134].

Due to the presence of the excess, we performed an additional fit using the

bosonic DM signal model, with the particle mass allowed to vary freely between

1.7–3.3 keV/c2. The result gives a favored mass value of (2.3 ± 0.2) keV/c2 (68%

C.L.) with a 3.0σ global (4.0σ local) significance over background. A log-likelihood

ratio curve as a function of mass is shown in Fig. 6.6 (left), along with the

asymptotic 1-σ uncertainty. The spectral fit of the 2.3 keV peak is illustrated

in Fig. 6.6 (right). Since the energy reconstruction in this region is validated using

37Ar calibration data, whose distribution has a mean value within < 1% of the

expectation at 2.82 keV [160], this analysis can also be used to compare the data

to potential mono-energetic backgrounds in this region.

1The astrophysical constraint is not added to Fig. 6.5 (top) because those constraints are
usually derived under the massless assumption; the calculation itself does not present much diffi-
culties though, e.g. the stellar bound [119] considers the dark photon mass in Fig. 6.5 (bottom).
See more detail in Sec. 2.3.3.

150



6.3 Leptophillic Dark Matter

WIMPs interact with electrons in leptophilic DM models. One specific model [224]

assumes the interaction is via the axial-vector coupling with a differential rate given

by:

dR

dEr

' 3ρ0

4mχmXeme

σ0
χe

∑
nl

√
2me(Er − EB,nl)(2l + 1)× 2

×
∫

dpp

(2π)3
|χnl(p)|2I(vmin),

(6.4)

where σ0
χe is cross section for WIMPs coupling to electrons through axial-vector in-

teractions, EB,nl is the binding energy for xenon shell with principal and azimuthal

quantum number of n and l, respectively [225, 226], and χnl(p) is the momentum

wave function of the nl shell. The velocity term is calculated as

I(vmin) =

∫
d3v

f(v)

v
θ(v − vmin), (6.5)

where f(v) is the distribution function of WIMP velocity relative to the detector

(Eq. (2.2)), and the minimum velocity vmin to induce an ER with an energy of Er

is

vmin ∼
Er

p
+

p

2mχ

. (6.6)

The numerical expression of χnl(p) is given in Ref. [224] and its expansion coef-

ficients calculated by Roothaan-Hartree-Fock method are available in Ref. [227].

Momentum wave functions from different xenon shells are shown in Fig. 6.7.

Since Er is detectable above 1 keV in XENON1T, only large momentum transfer
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Figure 6.7: Momentum space wave functions in different xenon shells.

(p & O(MeV)) contributes, otherwise the minimum required velocity vmin would

exceed the DM escape velocity vesc (vesc < 2× 10−3 c), see Eq. (6.6).
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Figure 6.8: Energy spectrum for a 200 GeV/c2 WIMP coupled with electrons
through axial-vector coupling of σ0

χe = 1 × 10−34 cm2. The thick black curve is
the total energy spectrum while the various thin curves represent the contribution
from different xenon shells.

The signal spectrum of a 200 GeV/c2 WIMP is calculated as an example. In

Fig. 6.8, the main contribution between (1, 5) keV is from 3s shell as its electrons
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can be scattered off (Eb ∼1.15 keV [225, 226]) and the large momentum wave

function shown in Fig. 6.7. It is noteworthy that this calculation does not consider

the relativistic effect, which could enhance the WIMP-electron scattering rate as

pointed by Ref. [228].
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Figure 6.9: Spectra for WIMP-electron scattering via axial-vector coupling for
different WIMP masses with σ0

χe = 1×10−34 cm2. The detection threshold (1 keV)
in XENON1T is indicated by the right bound of the shaded region.

Fig. 6.9 shows signal spectra with different WIMP masses. The signal spec-

trum is affected by WIMP mass mχ in two ways: (1) change WIMP number

density. This only scales the signal spectrum up and down. (2) Change required

minimum velocity vmin to get a detectable signal, see Eq. (6.6). For relatively

heavy WIMPs (mχ & 20 GeV/c2), the first term in Eq. (6.6) dominates and thus

the minimum velocity will be independent of WIMP mass mχ. For WIMPs with

mχ . 20 GeV/c2, the second term in Eq. (6.6) also play a role; therefore, a smaller

mχ will lead to a larger vmin, resulting in a lower signal rate. As a consequence, for

light WIMPs, spectrum with lower mass drops faster, see the comparison between

spectra for 1 GeV/c2 and 5 GeV/c2 WIMPs in Fig. 6.9; the spectral shape for the
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heavy WIMP is almost identical.

No excess is observed for WIMP signals with any mass, therefore an upper

limit is reported. Due to the low background and large exposure, XENON1T

sets the most stringent limit for WIMP-electron interaction cross section σ0
χe with

axial-vector coupling for WIMP mass ranging from 2 to 1000 GeV/c2, as shown in

Fig. 6.10. This result is about 3 orders of magnitude lower than the 3σ DAMA

region [224].

Figure 6.10: 90% C.L. upper limit on the cross section σ0
χe for WIMPs coupling to

electrons through axial-vector interactions, along with the 1 (2)σ sensitivity bands
indicated by the green (yellow) region. The 3σ DAMA region [224] and XENON100
upper limit (90% C.L.) [35] are represented by the red region and magenta curve,
respectively.

6.4 Double Electron Capture of 124Xe

This search is different from the all the other searches mentioned in this thesis.

It aims for a process predicted in SM, the 2νECEC of 124Xe, other than new physics

that are beyond the SM. This work [144] is earlier than the search for solar ax-
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ions [134], where the 2νECEC of 124Xe was treated as a background (Sec. 5.3.5.2).

For this search, we only considered the capture of two K-shell electrons, which

produces a peak at 64.3 keV with the dominant BR of 76.7% [229]. The analysis

framework is also different from that used in the aforementioned ER signals.
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Figure 6.11: Best-fit of the background model plus the signal of 2νECEC of 124Xe
to the measured energy spectrum. The shaded region was blinded before the event
selection and background model were finalized. Figure published in Ref. [144].

The FV was optimized for this particular signal and was determined as a 1.5T

superellipsoid. The most dominant background, as shown in Fig. 6.11, is from the

K-shell EC of 125I. The other two peaks produced by 125I was not considered here

as they are subdominant and are also away from the signal region. Since 125I was

produced during the neutron calibrations, using a dedicated neutron calibration

in SR2, the effective decay constant for 125I was evaluated to be (9.1 ± 2.6) days,

which took into account the decrease from the natural decay and the removal from

the purification. This search was also done with SR1 data, a large period after

the neutron calibrations was removed to reduce the 125I background, resulting in
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a final live time of 177.7 days. The 1.5T FV was divided into an inner volume

(1T) and an outer volume (0.5T) in the statistics inference with fit range of 10–

200 keV and 10–300 keV, respectively; the fit range in the inner volume is allowed

to extend more towards high energy due to the smaller spectral shape uncertainty

of Compton scattering from the materials. The inference was done by a combined

χ2 method that accounts for inner/outer volume as well as a number of systematic

constraints. The fit result in the 1.5T FVin 10–200 keV is illustrated in Fig. 6.11,

where the 2νECEC of 124Xe is visible in the expected energy region thanks to the

unprecedented low background in XENON1T. This work gives the half-life of K-

shell 2νECEC of 124Xe t1/2 = (1.8± 0.5stat± 0.1sys)× 1022 years with a significance

of 4.4σ. Since the peak signal has a fixed energy, the look-else effect is irrelevant

here. More detail can be found in Ref. [144].
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Chapter 7

The XENONnT Experiment

This chapter describes the future aspects of the XENON project and is struc-

tured as follows. Sec. 7.1 introduces the XENONnT experiment, the next-generation

experiment of XENON1T, with a focus on the expected level of ER and NR back-

grounds. The projected sensitivity of SI WIMP-nucleon scattering cross section is

presented in Sec. 7.2. The prospects of the investigation on the excess observed in

XENON1T are briefly discussed in Sec. 7.3.

7.1 Background Predictions

The XENONnT experiment [55] is currently under commissioning in LNGS and

is expected to start taking science data soon. The majority of systems outside the

inner cryostat vessel in XENON1T have been reused in XENONnT, including the

outer cryostat vessel, water tank, etc, which allows for a fast and stable upgrade.

The detector will have 8 tonne LXe in total, 5.9 tonne of which are in the active

volume. The CAD of XENONnT TPC, as well as the two cryostat vessels, are

illustrated in Fig. 7.1. The TPC has a diameter and height of 1.3 m and 1.5 m,

respectively, with the top (bottom) PMT array consisting of 253 (241) PMTs.
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A 4 tonne cylindrical FV is chosen based on the spatial distribution of materials

background [55]. Assuming a 5 year live time of science data collection, XENONnT

is projected to embrace an unprecedented exposure of 20 tonne-years. Compared

to the detectors of previous generations, XENONnT will not only feature a larger

target, but also significantly reduce both the ER and NR backgrounds.

Figure 7.1: The CAD rendering of the two cryostat vessels, as well as the
XENONnT TPC, which has a diameter of 1.3 m and a height of 1.5 m. A total of
253 and 241 PMTs are deployed in the top and bottom PMT arrays, respectively.
Figure from Ref. [55].

The main ER background, the β decay of 214Pb, will be mitigated by the rig-
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Figure 7.2: Left: Projected ER backgrounds in XENONnT. The solid lines are
the true energy spectra, i.e. excluding efficiency or energy resolution. The dashed
lines are 124Xe peaks after considering XENON1T energy resolution [144]. Right:
Projected NR backgrounds in XENONnT. The solid lines represent the three main
categories of NR backgrounds, while the blue and orange non-solid lines detail the
contributions from two categories, i.e. solar neutrino, and atmospheric and diffuse
supernovae neutrino (Atm+DSN), respectively. The ROI for WIMP search is
denoted by the white region in both plots. Figure from Ref. [55].
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orous selection of low radon-emanating materials, smaller surface-to-volume ratio,

and a dedicated online 222Rn distillation column in XENONnT. The distillation

method has been tested in the XENON100 experiment [230] and the XENON1T

experiment [147, 192], respectively. It was demonstrated in the XENON1T exper-

iment that 222Rn level reached down to 4.5µBq/kg in SR2 [147, 192] (Sec. 5.6.1);

therefore, together with other improvements, the 222Rn concentration in XENONnT

is assumed to be 1µBq/kg. This design goal predicts 5.5 events/(t·y·keV) 214Pb

β-decay events in the (1, 13) keVee energy region, which is roughly the ROI for

WIMP search in XENONnT. Another ER background, the β decay of 85Kr, is also

significantly mitigated by the distillation of whole xenon inventory for XENONnT

in 2019 and is expected to contribute 1.3 events/(t·y·keV) in the (1, 13) keVee en-

ergy region, which is even lower than the predicted contribution from the solar

neutrino electron scattering rate in this energy region. The ER backgrounds in

XENONnT are illustrated in Fig. 7.2 (left).

The dominant NR background in XENON1T, radiogenic neutron background,

will also be greatly suppressed in XENONnT thanks to the careful materials se-

lection, smaller surface-to-volume ratio, and more importantly the introduction of

a neutron veto system. The neutron veto is outside the outer cryostat vessel and

inside the water tank, which is filled with Gd-loaded water. Gd has the highest

thermal neutron capture cross section among the known stable isotopes. Radio-

genic neutrons from detector materials that deposit energy in LXe once and escape

the detector would be moderated by water and become thermal neutrons after a

typical length of ∼20 cm. Most of the thermal neutrons would be captured by Gd,

which is followed by emissions of ∼8 MeV γ rays. A 150µs window coincident

with this distinct neutron signature will be tagged and vetoed, which is expected

to have a ∼87% tag efficiency for single scatter radiogenic neutron events [55].
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With other additional improvements, the radiogenic neutron background is only

expected to contribute an average differential rate of ∼9×10−4 events/(t·y·keV) in

(4, 50) keVnr energy region, which is even lower than the CEνNS background. The

NR backgrounds in XENONnT are shown in Fig. 7.2 (right).

7.2 Projected WIMP Sensitivity

Figure 7.3: XENONnT experiment projected sensitivity of SI WIMP-nucleon cross
section. The 1 (2)σ sensitivity band is shown in green (yellow) region and the
median of sensitivity band is denoted with the black line. The discovery limit,
at which an excess is expected to observe with 50% chance, are shown for 3 (5)σ
significance with dashed (dotted) lines. The current best limit from XENON1T [23]
is shown in blue curve. The limitation curve that assumes 1000 ty exposure and
CEνNS as the only background [231] is illustrated by the dash-dotted gray line,
below which the WIMP discovery potential is significantly slowed with increasing
exposure due to the resemblance between WIMP events and CEνNS events. Figure
adapted from Ref. [55].

The statistical inference for the WIMP sensitivity estimation in XENONnT

is done in the (cS1, cS2b) parameter space, with the ER and NR backgrounds
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summarized in Fig. 7.2. The sensitivity projection for SI WIMP-nucleon cross

section σSI in XENONnT is shown in Fig. 7.3, assuming the 20 tonne-year exposure

and the designed 1µBq/kg 222Rn activity. The projected median exclusion limit

at 90% C.L. level for a 50 GeV/c2 WIMP is 1.4× 10−48 cm2, more than 1 order of

magnitude smaller than the current best limit. Additionally, the experiment has a

50% chance to observe an excess from a 50 GeV/c2 WIMP with 3σ (5σ) significance

for a σSI of 2.6× 10−48 cm2 (5.0× 10−48 cm2).

7.3 Discrimination Power on the XENON1T ER

Excess

With the large exposure and low backgrounds, the XENONnT experiment can

further investigate on the low-energy ER excess found in XENON1T based on the

spectral shape. Here the discussion is mainly devoted to the tritium hypothesis

and solar axion hypothesis, the latter of which is restricted to ABC solar axion only

for simplicity. The full ROI for this investigation is temporarily chosen to be (1,

30) keVee in this work to get a balance between focusing on the low-energy region

and maintaining a good constraint on the 214Pb background which mainly relies

on statistics. The fiducialization follows the same 4T cylindrical FV used in the

WIMP sensitivity projection and thus all the ER backgrounds adopt the predicted

values in Ref. [55] except for 222Rn. Since 222Rn is the dominant background in

ER signal search, the study is done with different 222Rn activity levels between 1

and 5µBq/kg, the upper bound of which has been achieved in SR2 [192]. Different

livetime is also assumed to explore the discrimination power over time. A statistical

framework similar to that in XENON1T (Sec. 5.4) is used except for the partition,

because the two time-dependent backgrounds are either too subdominant (85Kr)
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or of negligible variation (solar neutrino; ∼ 7% peak-to-peak amplitude).
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Figure 7.4: Top: The rejection power of solar axion hypothesis with coupling
obtained from XENON1T [134] if the excess is completely gone in XENONnT.
Bottom: The significance of solar axion hypothesis with an unconstrained tri-
tium component in the alternate and null hypotheses in XENONnT, if the ex-
cess electronic recoils in XENONT were induced by solar axions and preserve in
XENONnT. Both show the median significance with respect to different 222Rn ac-
tivities and livetime, assuming the 4T cylindrical FV. Only ABC component is
considered in the solar axion hypothesis for simplicity. See text for more detail.

To study the discrimination power over the solar axion and tritium hypothe-
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ses, two scenarios are postulated here: (1) the excess in XENON1T was induced

by tritium or some other contaminants and is completely gone in XENONnT,

and (2) the excess in XENON1T was produced by solar axions and persists in

XENONnT.1 Accordingly, the first case would focus on the rejection power of so-

lar axion with the best-fit axion-photon coupling gae from XENON1T, whereas the

second case studies the solar axion significance with an unconstrained tritium in

both alternate and null hypotheses. With the assumptions mentioned above, the

excess discrimination power in XENONnT for the two cases are summarized in

Fig. 7.4. As expected, the discrimination power improved with lower 222Rn activ-

ities and larger exposure. Should the excess remain in XENONnT, it will require

longer livetime and/or lower 222Rn activities to distinguish tritium and solar ax-

ions, compared to the case that the excess is gone; however, it still only demands a

few months of data to achieve 5σ significance depending on the 222Rn level. With

the next-generation LXe experiments being online soon, such as PandaX-4T [232],

LZ [233], as well as XENONnT, we expect the excess observed in XENON1T to

be investigated independently with better sensitivities in the near future.

7.4 Acknowledgements
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1The tritium-induced excess is not investigated because tritium concentration can change
significantly between detectors even if the excess was from tritium. Besides, this study is intended
to investigate the discrimination power over different hypotheses in XENONnT thus the axion-
induced excess should suffice.
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